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Abstract: Shoot topping and other summer grapevine management practices are considered crucial
for producing high-quality wine. However, in recent years, climate change is increasing the need
to reassess these strategies, as excessive radiation and high temperatures can negatively impact
canopy functionality and berry quality. Indeed, it has been hypothesized that limiting summer
vegetative pruning may protect the bunch, via shading, and the leaf by maintaining a more favorable
environment for leaf functionality (e.g., lower VPD, reduced high light stress) owing to a denser
canopy. In this work, a series of canopy manipulation treatments (shoot topping vs. long-shoot
bundling; secondary shoot trimming vs. untrimmed) were tested in a replicated factorial block
design over two seasons in field-grown grapevine plants (cv. Cabernet Franc grafted in SO4). Overall,
treatments in which secondary shoot removal and/or shoot topping were not applied produced a
higher canopy area, increased pruning wood and leaf layers, and had a higher Fv/Fm on warm days
when compared to pruned canopies. These were associated with a year-dependent modulation of
quality parameters of the must in which long-shoot bundling treatment, overall, produced the highest
polyphenol and anthocyanin contents and must acidity. Our data provide evidence of a potential
usefulness of preserving dense canopies under high temperature – high irradiance conditions with
desirable effects on leaf photosynthesis and must quality when long-shoot bundling was applied.

Keywords: canopy management; Vitis vinifera; climate change; photosynthesis; anthocyanins;
must acidity

1. Introduction

Canopy management in grapevine plants is a critical practice that optimizes the pho-
tosynthesizing area during the reproductive and ripening processes while improving the
microclimate conditions of the leaf and the bunch [1,2]. A series of summer canopy man-
agement approaches have been shown to be effective in terms of maintaining an acceptable
ratio between canopy leaf area and bunch number [3], ameliorating assimilate allocation to
productive shoots [4], and improving ventilation and reducing relative humidity around
the berry [5]. However, these approaches can enhance canopy light penetration, increase
the risk of prolonged leaf photoinhibition, and increase leaf-to-air vapor pressure deficit,
leading to limited transpiration-driven evaporative cooling [2]. In addition, summer prun-
ing can expose the bunch to direct sunlight, increasing the berry temperature and reducing
must quality. For instance, shoot topping is a canopy management technique applied to
grapevine post-flowering to reduce vine vigor and improve canopy ventilation [6]. In-
creased ventilation and exposure to sunlight has been shown to significantly reduce disease
incidence [7] and to improve fruit quality [8] under specifically nonstressful environmental
conditions. For instance, in shoot-topped vines in which secondary shoots where retained,
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the possible competition with berry ripening led to lower total soluble solids compared
to the vines in which secondary shoots were removed [6]. However, Vandeleur, et al. [9]
showed that a continued reduction in root hydraulic conductivity after shoot topping via
rapid shoot-to-root signaling is present in grapevine plants. The same authors suggested
that summer pruning operations during periods of high evaporative demand may result
in reduced canopy cooling, thus nullifying the additional expected positive effect on tran-
spiration [10] derived from a reduced source–sink ratio. This finding, when associated
with increases in canopy radiative interception and bunch exposure to direct sunlight, may
suggest a negative effect of intensive summer pruning in areas in which high temperature
and high light stress occurs, or in vineyards in which row orientation exposes bunches to
direct overexposure and heat peaking during the late afternoon [11].

It has been extensively demonstrated that grapevine berry ripening processes are
influenced by temperature. For instance, the composition and quality of berries at harvest
is greatly modulated by the ambient temperature occurring from veraison to harvest [12,13].
Indeed, high temperatures produce various direct and indirect effects on berry physiology
with a string of interactions in the developmental stage. A quicker malic acid break-
down [14] and a decrease in anthocyanins associated with potential variations in acylation
in red-berry cultivars [15] are the most challenging impacts of high temperatures on fruit
quality. On the contrary, berry sugar concentration is enhanced under high developing
temperatures, which can lead to excessively alcoholic wines [2], whereas extreme heat can
halt sugar accumulation [16].

In this work, different canopy management approaches were applied in a commercial
vineyard to test the hypothesis in which, assuming a successful pest management program,
reducing canopy summer pruning (i.e., avoiding shoot topping and secondary shoot
trimming) can reduce leaf photoinhibition via a denser canopy area and thus directly (or
indirectly via shading effects) modulate must quality. Our work provides evidence of how
canopy management in grapevine plants can modify must and shoot physiology, stressing
the importance of canopy management in mitigating the impact of climate change on
grapevine plants.

2. Materials and Methods
2.1. Experimental Site

The experiments were carried out over two consecutive years in 2019 and 2020 in a
commercial vineyard located in San Michele all’Adige (TN, Italy) (Weizacher vineyard,
46.193485 N, 11.136731 E) within Fondazione Edmund Mach (cv. Cabernet franc grafted
in SO4). The vineyard was planted in 2004 in a field with a 15 to 20% slope and east–west
exposure. An analysis of the soil texture showed the soil to typically be a loamy soil with
39.8% of sand, 48.1% of silt, and 12.1% of clay. The density of planting was 5600 plants ha−1

(0.80 m × 2.10 m) and vines are trained to a Guyot system. Application of fungicides was
carried out by the Fondazione Edmund Mach farm following standard vineyard practices
in the Trentino region and no significant incidence of foliar disease was recorded in 2019
and 2020. Temperature and irradiance were monitored with a weather station 250 m away
from the field site (shorturl.at/apUX7) and are reported in Figure 1.
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Two adjacent rows were selected in both 2019 and 2020 to produce a factorial design 
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with factors being shoot topping (ST), in which shoots were either trimmed or rolled 

Figure 1. Dynamic of environmental conditions during 2019 and 2020. Average monthly temperature (A),
cumulative monthly precipitation (B), and average monthly radiation (C). (D) An example of the
application of shoot bundling or topping.

2.2. Treatment Applications

Two adjacent rows were selected in both 2019 and 2020 to produce a factorial design
in blocks in which 24 plants represented a block. A 2 × 2 factorial design was then applied
with factors being shoot topping (ST), in which shoots were either trimmed or rolled
around the last wire (shoot bundling, Figure 1D), or secondary shoot removal (SR), where
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secondary shoots were either left growing or manually removed (n = 36 plant per treatment).
In all the treatments basal defoliation was applied around the bunches. Treatments and
bunch-zone defoliation were applied for both years in June (24 of June in 2019 and 12 of
June 2020) and subsequent manual canopy management (either shoot topping, secondary
removal, or shoot bundling) was carried out every two weeks to maintain the treatments.
In 2020, a separate and independent experiment (2020 b) on 10 vines was carried out in
which bunch zone defoliation, secondary removal, and shoot topping were applied as for
the previously described experiment, and south- or north-exposed bunches were compared.
The experiment (n = 24 plant) was carried out in two adjacent rows.

2.3. Canopy Parameters and Productivity

In 2020, the leaf area of primary leaves (from the main shoot) and the leaf area of
secondary leaves (from the secondary shoots) were assessed via ImageJ by randomly
collecting one shoot per plant, destructively assessing the leaf area for each leaf, and
multiplying the area obtained by the number of shoots available on each plant (n = 24).
Total leaf area was calculated as the sum between the area of primary and secondary leaves.
Productivity (kg/m2) was calculated as the ratio of bunch weight per plant (below) and
the total leaf area. Shoot number per plant was visually counted for each plant as was the
number of bunches at harvest (1 October in 2019 and 22 September 2020). For each plant,
total bunch weight was assessed with a scale, while mean bunch weight was calculated as
the ratio between the total bunch weight per plant and the number of bunches. Pruning
wood was evaluated during winter pruning for both years and for each plant and assessed
via a scale. Yield to pruning weight ratio (Ravaz index) and fertility were calculated as
the ratio between bunch weight per plant and pruning wood and the ratio between the
number of bunches per plant and the number of shoots per plant, respectively.

2.4. Point Quadrat Analysis

Point quadrat analyses were performed with a metal rod and by slowly inserting
the rod inside the canopy horizontally in 2020. The number of contacts with leaves and
bunches were recorded. Analyses were carried out on the basal, median, and apical parts
of the canopy (n = 12 for each layer). Gaps within the canopy (%), interior leaves (%), and
the number of leaf layers were then calculated as proposed in [17].

2.5. Chlorophyll Fluorescence Analysis and Leaf and Berry Temperature

Chlorophyll fluorescence analyses were carried out with either a PAM 2000 (2020) or a
HandyPEA (2019). Data were collected between 10:00 and 17:00 in the 6–9th leaf of each
tagged shoot. All leaves were dark-adapted before measurement for 30 min. The maxi-
mum quantum yield of PSII efficiency in dark-adapted samples (Fv/Fm) was calculated as
Fv/Fm = (Fm − Fo)/Fm, where Fo and Fm represent the minimum and maximum fluores-
cence after a saturation pulse of 6000 µmol m−2 s−1 PAR, respectively. Data were collected
on the 6–9th leaf of each tagged shoot (n = 30–40) and for 2020 data were collected either
on the north- or south-exposed side of the row. In 2019, leaf temperature and fluorescence
measurements were performed on the same leaves with a MultispeQ (PhotosynQ, East
Lansing, MI, USA). Berry temperature was measured with an infrared thermometer (Hand-
held Infrared Laser Thermometer, 62 MAX+, FLUKE Corporation, Everett, Washington,
WA, USA) on 15th of September 2020 in n = 30.

2.6. Must Quality Analysis

At harvest, bunches for all the treatments were harvested and the resulting bunches
were assembled in n = 6. In the 2020 experiment, bunches from the north- and the south-
exposed sides of the row were harvested. Bunches were then manually pressed in plas-
tic bags for must extraction in both years. In 2020, another sampling was carried out
(n = 3) in a separate experiment where intensively bunch-zone-defoliated vines were
present to evaluate the direct effect of different exposures, and thus berry temperature,



Horticulturae 2022, 8, 679 5 of 14

on must quality. Samples of fresh must were then analyzed for pH, total soluble solids
(TSS) (◦Brix), total acidity (TA) (g/L as tartaric acid), tartaric and malic acid concentration
(g/L), and YAN (mg/L) using a WineScan infrared spectrophotometer (FOSS, Hillerφd,
Denmark). The extraction of the anthocyanin and polyphenol content of the peel was
carried out using the method proposed in [18]. Briefly, the skins of berries were peeled and
subjected to extraction for 24 h in 100 mL of methanol. After the first extraction, the extract
was separated and 50 mL of methanol was added to the skins, which were subjected to
further extraction for 2 h. Both extracts were combined and stored in a freezer at −30 ◦C
until the analysis was carried out.

2.7. Statistical Analysis

Statistical analyses were carried out with Rstudio (R Core Team 2018, PBC, Boston,
MA, USA, http://www.rstudio.com/, accessed on 20 June 2022). All data were checked for
normality and homoscedasticity through visual assessment of distribution and residuals
versus fitted values. When skew distribution was present, data were log-transformed. Data
were then subjected to three-, two-, or one-way ANOVA depending on the factor number.
Mean separation was carried out via Tukey’s test.

3. Results
3.1. Environmental Conditions

Environmental data from 2019 and 2020 (Figure 1A–C) showed similar average tem-
peratures for the two field seasons, while 2019 was characterized by higher total precipi-
tation (1306 mm) when compared to 2020 (1091 mm) and lower average daily radiation
(12.66 and 13.88 MJ m−2, respectively). These differences were more pronounced over the
post-veraison pre-harvest period (August–September) with 2020 showing higher tempera-
tures and radiation on average when compared to 2019. Indeed, 2020 was characterized by
faster phenological progress and an earlier harvest.

3.2. Canopy, Vegetative, and Productivity Traits

The application of shoot topping (Figure 1D) significantly reduced the leaf area of
primary leaves (Figure 2, p < 0.001) and the total leaf area (p < 0.001) by up to 50% when
compared to shoot bundling. Similarly, a reduction in the secondary leaf area was observed
in plants where secondary shoots were removed, while no effects were observed for shoot
topping. In general, the total leaf area was reduced by both shoot topping and secondary
removal, leading to a higher bunch being produced for each unit of leaf area (p < 0.001).

Application of SSR and ST overall increased (p < 0.001) gaps within the canopy and for
all the positions (Figure 3). When no SSR and shoot bundling were applied, a significant
increase in interior leaves was observed although this was more pronounced in the apical
and median positions of the canopy (p < 0.001). This was associated with a higher number
of leaf layers (p < 0.001), which was higher in the apical part of the canopy and plants in
which no ST and no SSR was applied. No effects were observed in the basal leaf position
between treatments.

Treatment applications did not influence shoot number per plant (around nine on
average), bunch number per plant (around 14 on average), bunch weight (around 250 g on
average), or fertility (Table 1). However, a significant effect of the year was observed, with
2020 being characterized by a higher productivity (p < 0.001). In general, shoot topping
reduced pruning wood in both years, leading to a higher Ravaz index, particularly in the
2020 season (p < 0.001).

http://www.rstudio.com/


Horticulturae 2022, 8, 679 6 of 14

Horticulturae 2022, 8, x FOR PEER REVIEW 6 of 15 
 

 

 
Figure 2. Area of primary leaves (A), area of secondary leaves (B), total canopy area per plant (C), 
and plant productivity kg/m2 (D) in plants subjected to shoot topping or shoot bundling (no ST) 
where secondary shoots were either removed (secondary shoot removal) or not (no SSR) (n = 24). In 
the graphs, points represent raw data, horizontal lines within boxes indicate the median, and boxes 
indicate the upper (75%) and lower (25%) quartiles. Whiskers indicate the ranges of the minimum 
and maximum values. Data were analyzed with two-way ANOVA and p-values are shown in the 
graph (ST—shoot topping factor; SR—secondary removal factor; ST × SR—interaction). 

Application of SSR and ST overall increased (p < 0.001) gaps within the canopy and 
for all the positions (Figure 3). When no SSR and shoot bundling were applied, a signifi-
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Figure 2. Area of primary leaves (A), area of secondary leaves (B), total canopy area per plant (C),
and plant productivity kg/m2 (D) in plants subjected to shoot topping or shoot bundling (no ST)
where secondary shoots were either removed (secondary shoot removal) or not (no SSR) (n = 24). In
the graphs, points represent raw data, horizontal lines within boxes indicate the median, and boxes
indicate the upper (75%) and lower (25%) quartiles. Whiskers indicate the ranges of the minimum
and maximum values. Data were analyzed with two-way ANOVA and p-values are shown in the
graph (ST—shoot topping factor; SR—secondary removal factor; ST × SR—interaction).
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bunch number per plant, bunch weight per plant, mean bunch weight, pruning wood, Ravaz index, 
and fertility collected in 2019 and 2020. Data are means (n = 24). Data were analyzed with three-way 
ANOVA to assess interactions between years (ST—shoot topping factor; SR—secondary removal 
factor; Y—Year). p-value is shown in the text while ns express non-significant differences (p > 0.05). 
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Figure 3. Gaps (A), interior leaves (B), and leaf layers (C) in plants subjected to shoot topping or
shoot bundling (no ST) where secondary shoots were either removed (secondary shoot removal) or
not (no SSR) (n = 24). In the graphs, points represent raw data, horizontal lines within boxes indicate
the median, and boxes indicate the upper (75%) and lower (25%) quartiles. Whiskers indicate the
ranges of the minimum and maximum values. Data were analyzed with two-way ANOVA while
leaf position was evaluated as single factor with one-way ANOVA. p-values are shown in the graph
(ST—shoot topping factor; SR—secondary removal factor; ST × SR—interaction).
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Table 1. Effect of shoot topping application and secondary removal on shoot number per plant,
bunch number per plant, bunch weight per plant, mean bunch weight, pruning wood, Ravaz index,
and fertility collected in 2019 and 2020. Data are means (n = 24). Data were analyzed with three-way
ANOVA to assess interactions between years (ST—shoot topping factor; SR—secondary removal
factor; Y—Year). p-value is shown in the text while ns express non-significant differences (p > 0.05).
Different letters represent significant differences between treatments according to Tukey’s test.

Shoot Number
per Plant

Bunch Number
per Plant

Bunch Weight
per Plant (kg)

Mean Bunch
Weight (g FW)

Pruning Wood
(g FW)

Ravaz
Index Fertility

2019

Shoot
topping

SSR 9.71 11.92 b 3.16 b 271.92 0.72 bc 4.49 bc 1.25 b
No SSR 9.54 11.08 b 2.92 b 272.52 0.69 bc 4.37 bc 1.18 b

No shoot
topping

SSR 9.79 12.50 b 3.23 b 264.32 0.77 ab 4.43 bc 1.30 b
No SSR 9.33 11.71 b 3.11 b 272.04 0.85 ab 3.92 c 1.29 b

2020

Shoot
topping

SSR 9.70 17.39 a 4.18 a 252.40 0.60 c 7.17 a 1.78 a
No SSR 9.61 18.70 a 4.79 a 256.17 0.73 bc 6.82 a 1.94 a

No shoot
topping

SSR 9.71 17.92 a 4.44 a 249.21 0.83 ab 5.39 b 1.85 a
No SSR 9.29 17.88 a 4.66 a 263.06 0.92 a 5.34 b 1.94 a

p-value

ST ns ns ns ns <0.001 <0.001 ns
SR ns ns ns ns 0.015 ns ns
Y ns <0.001 <0.001 ns ns <0.001 <0.001

ST × SR ns ns ns ns ns ns ns
ST × Y ns ns ns ns ns 0.003 ns
SR × Y ns ns ns ns ns ns ns
ST × SR
× Y ns ns ns ns ns ns ns

3.3. Chlorophyll Fluorescence Analysis

Maximum quantum yield of PSII in dark-adapted samples was significantly higher in
the north-exposed side of the row when compared to the south side (Figure 4A). Significant
reductions (p < 0.001) in Fv/Fm were observed in plants where shoot topping was applied
in both 2019 and 2020. No effects were observed in plants where secondary shoots were
removed. Significant differences were observed for leaf temperature with plants subjected
to shoot topping highlighting higher temperatures than plants subjected to shoot bundling
(p = 0.032).
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for plants subjected to shoot topping or shoot bundling (no ST) where secondary shoots were either
removed (secondary shoot removal) or not (no SSR) (n = 24). (C) The dynamic of leaf temperature
collected in 2019. In the graphs, points represent raw data, horizontal lines within boxes indicate the
median, and boxes indicate the upper (75%) and lower (25%) quartiles. Whiskers indicate the ranges
of the minimum and maximum values. Data were analyzed with three- (2020) and two-way (2019)
ANOVA. p-values are shown in the graph (ST—shoot topping factor; SR—secondary removal factor;
ST × SR—interaction).

3.4. Must Quality and Berry Temperature

There were significant differences between the 2019 and 2020 seasons in terms of
must quality, with 2020 (the warmer year) being characterized by lower TSS, titratable
acidity, tartaric and malic acid, and anthocyanins and polyphenols as compared to 2019
(p < 0.001) (Figure 5). No differences were noted for YAN or must pH. The SR factor was
not significant for any of the parameters assessed, although significant interactions were
present with ST for titratable acidity and malic acid. ST had an overall significant effect on
TSS, anthocyanins and polyphenols, with plants subjected to shoot topping also showing
lower values when compared to shoot bundling. Significant interactions were observed
between ST and Y for TSS and YAN, as the effect of shoot topping was more pronounced in
2020, with reduced TSS and YAN when compared to shoot bundling.

In 2020, significant effects were observed for berry temperature in south- and north-
exposed bunches, with south-exposed bunches showing significantly higher berry temper-
atures (Table 2). Differences in berry temperature (i.e., bunch exposure to direct afternoon
sunlight) were associated with reduced acidity and increases in pH, followed by reduced
anthocyanins and polyphenols when compared to the north-exposed bunches.

Table 2. Effect of bunch exposure on berry temperature and quality parameters of the must: total
soluble solids (TSS), must pH, titratable acidity, tartaric acid, malic acid, yeast available nitrogen,
total anthocyanins, and total polyphenols collected in 2020 and for south- or north-exposed bunches.
Data are means (n = 3). Data were compared with t-test.

Bunch
Exposure

Berry
Temperature

(◦C)

TSS
(Brix◦)

pH
Total Acidity Tartaric Acid Malic Acid Potassium

(g L−1)
Yeast-

Assimilable
N (mg L−1)

Anthocyanins
(mg L−1)

Polyphenols
(mg L−1)(g L−1) (g L−1) (g L−1)

South 35.27 23.55 3.44 4.2 7.2 1.39 1.96 35.33 348.67 529.33
North 29.14 22.07 3.29 4.63 7.21 1.43 1.76 21.33 481.33 645.33

p-value 0.001 0.055 0.004 0.007 0.467 0.394 0.033 0.065 0.028 0.015

Horticulturae 2022, 8, x FOR PEER REVIEW 10 of 15 
 

 

 
Figure 5. Total soluble solids (TSS, (A)), titratable acidity (B), must pH (C), tartaric acid (D), malic 
acid (E), total anthocyanins (F), yeast available nitrogen (G), and total polyphenols (H) in plants 
subjected to shoot topping or shoot bundling (no ST) where secondary shoots were either removed 
(secondary shoot removal) or not (no SSR) (n = 24). In the graphs, points represent raw data, hori-
zontal lines within boxes indicate the median, and boxes indicate the upper (75%) and lower (25%) 
quartiles. Whiskers indicate the ranges of the minimum and maximum values. Data were analyzed 
with three-way ANOVA and p-values are shown in the graph (ST—shoot topping factor; SR—sec-
ondary removal factor; ST × SR—interaction). 

Figure 5. Cont.



Horticulturae 2022, 8, 679 10 of 14

Horticulturae 2022, 8, x FOR PEER REVIEW 10 of 15 
 

 

 
Figure 5. Total soluble solids (TSS, (A)), titratable acidity (B), must pH (C), tartaric acid (D), malic 
acid (E), total anthocyanins (F), yeast available nitrogen (G), and total polyphenols (H) in plants 
subjected to shoot topping or shoot bundling (no ST) where secondary shoots were either removed 
(secondary shoot removal) or not (no SSR) (n = 24). In the graphs, points represent raw data, hori-
zontal lines within boxes indicate the median, and boxes indicate the upper (75%) and lower (25%) 
quartiles. Whiskers indicate the ranges of the minimum and maximum values. Data were analyzed 
with three-way ANOVA and p-values are shown in the graph (ST—shoot topping factor; SR—sec-
ondary removal factor; ST × SR—interaction). 

Figure 5. Total soluble solids (TSS, (A)), titratable acidity (B), must pH (C), tartaric acid (D), malic acid (E),
total anthocyanins (F), yeast available nitrogen (G), and total polyphenols (H) in plants subjected to
shoot topping or shoot bundling (no ST) where secondary shoots were either removed (secondary
shoot removal) or not (no SSR) (n = 24). In the graphs, points represent raw data, horizontal lines
within boxes indicate the median, and boxes indicate the upper (75%) and lower (25%) quartiles.
Whiskers indicate the ranges of the minimum and maximum values. Data were analyzed with
three-way ANOVA and p-values are shown in the graph (ST—shoot topping factor; SR—secondary
removal factor; ST × SR—interaction).
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4. Discussion

Summer pruning incorporates a series of management practices that allow vine vigor
to be controlled and to balance productivity with grapevine vegetative growth [19]. While
these practices (shoot topping, defoliation, secondary shoot topping) are also useful to
avoid the development of powdery mildew and restrict the proliferation of other pathogens
(e.g., Plasmopara viticola) via improving microclimatic conditions (e.g., [20]), they have been
estimated to significantly contribute to the total vineyard management costs. Therefore,
assuming the presence of an effective pest management scheme and considering the major
impact of extreme weather conditions on berry quality [2], harmonizing the implementation
of summer pruning techniques is critical both (i) to shield canopy functionality and the
bunch from stressful environments and (ii) to reduce management costs. In our work,
maintaining the canopy density led to a preserved quantum yield of PSII, which was mainly
associated with an increase in leaf layers and leaf area when compared to vines subjected to
shoot topping and/or secondary shoot removal. In particular, the data show how, even in
relatively cool areas (north Italy), limiting summer pruning can be effective at counteracting
the negative effects of specifically warm seasons (e.g., 2020) on leaf photosynthesis, must
acidity, and berry color.

4.1. Can Shoot Bundling Be Effective at Reducing Photosynthetic Impairment under Multifactorial
Summer Stresses?

Air temperature and humidity significantly drive physiological fitness in grapevine
plants [21]. Under summer conditions, these signals interact with the light intercepted
by the leaf [22], thus making it difficult to understand and evaluate the degree of stress
tolerance within the canopy and the hierarchical effect of each specific individual envi-
ronmental cue [23]. It has been shown that high temperatures and the subsequent de-
crease in air relative humidity can impair photosynthetic capacity via direct damage to the
photosystem II [21], following an increased stomatal limitation of photosynthesis [24] and
owing to reduced leaf evaporative cooling, which increases leaf temperature to suboptimal
values for photosynthesis [25]. These conditions are often experienced under oversaturat-
ing light conditions that exacerbate the aforementioned negative effects and contribute,
in Mediterranean conditions, to chronic photoinhibition and leaf chlorosis [26,27]. While
genotypic variation in varieties [24] and scion x rootstocks combinations [28,29] have been
shown to exhibit different degrees of tolerance to multiple summer stresses, which opens
the possibility of selecting adapted genetic material in the long term, in the short term,
canopy management can be targeted to mitigate summer stress conditions. Although
relative humidity inside the canopy was not monitored, a tight positive association can be
observed between Fv/Fm and the number of leaf layers present in the apical and median
parts of the canopy. These data suggest that reducing PAR penetration in the canopy in
combination with a higher leaf number, and therefore leaf self-shading, under multiple
stress conditions can increase the relative humidity between leaves [19] and maintain
acceptable VPD and light levels for photosynthesis [24]. This was particularly evident in
the south-exposed side of the row where multiple stresses mostly occurred in the after-
noon and where shoot bundling maintained higher Fv/Fm values with respect to vines
in which shoot topping was applied. This is confirmed by the lower leaf temperature
observed in plants in which shoot bundling was applied, suggesting the presence of higher
leaf evaporative cooling, potentially driven by a more suitable environment for stomatal
opening. Although the microclimatic effects imposed by the maintenance of a complex
canopy may be numerous (high RH, higher transpiration, lower oversaturated leaves) and
somehow undesirable under high pathogen pressure or in cool seasons [30], the exploita-
tion of these approaches may enhance the tolerance of source leaves subjected to combined
radiative and temperature stress. Further work will focus on determining the physiological
basis underlying the preferable response of a dense canopy under different degrees of
stress intensity.
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4.2. Dense Canopies Reduce Malic Acid Breakdown and Anthocyanins Degradation under Hot
Summer Conditions

Uncoupled ripening processes are one of the major issues related to climatic changes
and berry quality [11,31]. High temperatures accelerate sugar accumulation in the berry [32],
although the effects of temperature on final sugar accumulation does not seem to be a
primary determinant of quicker ripening kinetics [33]. Indeed, Brix levels higher than
24◦ are unlikely due to assimilate transport from the leaves, but the total soluble solid
concentration due to evaporative loss [34] often increased under multiple stress conditions.
Similarly, while tartaric acid concentration does not seem to be affected by increasing
temperatures or radiative stress, malic acid levels are closely associated with environmental
conditions and decrease with increasing air temperatures [31]. Reduced must acidity is also
associated with berry pH and is strongly affected by potassium accumulation. Potassium is
reallocated in berry cells with a direct exchange for protons and from other above-ground
vegetative vine organs and its levels increases with increasing air temperature [35]. Lower
anthocyanin levels putatively associated with a decrease in synthesis and an increase in
degradation were observed when high-temperature conditions occur post-veraison, as
the activity of enzymes involved in anthocyanin biosynthesis is affected by elevated tem-
perature [15]. Therefore, since environmental cues and microclimatic conditions play a
critical role in defining berry quality, redefining summer pruning techniques to minimize
uncoupled ripening processes is of critical importance [2]. In our work, when harvest was
carried out in 2020 both in bunches exposed to the north and south side of the row, negative
trends were observed, which were strongly associated with berry temperature pre-harvest.
In essence, in Cabernet Franc, south-exposed bunches (i.e., bunches subjected to high
temperatures and radiative stress in the afternoon) showed similar Brix levels compared to
the north-exposed bunches, yet a reduction in the acidity, mainly associated with potassium
concentration and reduced anthocyanin and polyphenol levels, was also observed. In the
canopy manipulation experiments, and especially in 2020 when post-veraison occurred
in warmer conditions, similar trends were observed. Brix was generally higher in vines
subjected to shoot bundling, suggesting that, under the conditions applied in this work,
multiple stresses potentially hastened TSS accumulation in vines with lower leaf layers,
thus reducing bunch shading from leaves and producing higher temperatures, as was
previously proposed. In 2020, the uncoupling between ripening was much more evident
than in 2019, with lower Brix values associated with lower must acidity. This was obvious in
vines subjected to shoot topping, with a significant ST x SR interaction, which may suggest
potential trade-offs between shoot bundling and secondary removal on must acidity and
hence the microclimate around the bunch. Bergqvist et al., (2001) showed that anthocyanins
and phenolics increased linearly with light exposure on the north-facing side, whereas they
declined when cluster exposure on the south side exceeded a PAR of 1000 µmol m−2 s−1,
suggesting a biphasic anthocyanin response to increases in temperature [36]. In our work,
a dense canopy with a higher bunch shading potential was also associated with higher
anthocyanin and polyphenol values, suggesting lower anthocyanin degradation due to less
stressful microclimatic conditions in dense canopies.

5. Conclusions

Our work provides evidence for the importance of canopy management in protecting
leaves and bunches from environmental stresses, with dense canopies being associated
with lower photoinhibition and ameliorated must quality. Avoiding shoot topping and
secondary shoot trimming produces canopies with higher leaf layers, which can preserve
photosynthesis and evaporative cooling on warm days. A higher canopy density also
produced a mitigative effect on anthocyanin degradation and Brix accumulation, especially
on the warmer year. However, in years characterized by a marked uncoupled ripening,
interactions were observed between treatments, with malic acid breakdown generally being
associated with canopies with lower leaf layers, although different trends for secondary
shoot removal were detected. In addition, these practices should be carefully and specif-
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ically evaluated in each season as the expected increase in relative humidity in a dense
canopy might increase pest incidence and severity in seasons characterized by elevated
rainfall. We speculate that rethinking summer management practices in grapevine plants
with a focus on the conservation of the leaf area may help in reducing the negative impacts
of climate change on berry ripening while limiting expensive field operations.
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