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ABSTRACT 

Climate change necessitates the re-evaluation of viticultural practices to manage increasing 
grape sugar concentrations and meet consumer demand for lower-alcohol wines. This study 
aimed to evaluate whether modifying the leaf area to fruit weight (LA:FW) ratio through shoot 
trimming could reduce sugar accumulation while maintaining phenolic quality in Pinot noir 
grapes. We examined both the timing and severity of canopy reduction, implementing shoot 
trimming treatments (half canopy, H, in 2015–2016 and 2016–2017, and quarter canopy, Q, 
in  2016–2017) at three stages: pre-veraison (V–,  E-L  34), veraison (V,  E-L  35), and post-
veraison (V+, E-L 36) across three vineyard locations. In each trimmed treatment (H or Q), 
lateral shoots were removed concurrently with shoot trimming to maintain consistent leaf area. 
Our results show that reducing the LA:FW ratio through trimming delayed and reduced grape 
sugar accumulation. Phenolic responses, however, varied by timing: early trimming (V–, V) 
decreased anthocyanin concentration at harvest of up to 37  % in QV– vines compared to 
controls, primarily due to reduced accumulation rates. In contrast, late trimming (QV+, HV+) 
maintained the concentration of anthocyanins at harvest and at target soluble solids and 
preserved anthocyanin-to-sugar ratios similar to the control. Total phenols, seed and skin tannins 
were unaffected by trimming, particularly in QV+ and HV+ treatments. Therefore, while these 
treatments decreased soluble solids, these phenolic components remained unchanged. Our 
results demonstrated that post-veraison  (V+) shoot trimming could be a promising strategy 
to produce darker-colored berries at lower sugar concentrations. Therefore, trimming post-
veraison but early in the maturity phase (~15  °Brix) to half-canopy level  (HV+), represents 
a more sustainable approach for achieving dark-colored grapes while maintaining unaltered 
phenolic profiles at lower sugar concentrations.

 KEYWORDS:  climate change, Pinot noir, shoot trimming, post-veraison, low-alcohol wine, phenolics, 
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INTRODUCTION

Rising temperatures and elevated CO2 concentrations caused 
by climate change (IPCC, 2021) accelerate vine phenology, 
leading to higher berry sugar concentrations, elevated wine 
alcohol levels, and altered dynamics in the accumulation 
of various grape compounds (Cameron  et  al.,  2021; 
Cameron  et  al.,  2022; Cook & Wolkovich,  2016; Droulia 
& Charalampopoulos,  2021; Hannah  et  al.,  2013; 
Parker et al., 2011; Ramos & Martínez de Toda, 2020; Tiffon-
Terrade  et  al.,  2023; Webb  et  al.,  2007). These changes 
necessitate a re-evaluation of viticultural strategies to manage 
sugar concentration while maintaining wine quality. This 
shift aligns with growing consumer preferences for lower-
alcohol wines due to health and lifestyle considerations 
(Bragato  Research  Institute,  2024; Saliba  et  al.,  2013; 
Trought & Agnew,  2013). While technological methods 
exist for producing lower-alcohol wines, there is increasing 
demand for natural alternatives. Harvesting grapes at 
lower sugar concentrations offers a natural solution to both 
circumstances, but poses challenges in preserving other 
grape quality attributes.

This study is a continuation of the work by Assefa et al. (2024), 
which demonstrated that shoot trimming, by reducing the 
leaf area to fruit weight (LA:FW) ratio, decreased sugar 
accumulation and lowered total soluble solids (TSS) by 1.0 
to 2.7 °Brix, without affecting berry weight or yield. In that 
study, pH and titratable acidity  (TA) remained stable, and 
early trimming (pre-veraison and at veraison) was found 
to increase yeast-assimilable nitrogen  (YAN), while post-
veraison trimming had no effect on YAN. Root carbohydrate 
reserves were maintained only in vines that were trimmed to 
half canopy during post-veraison and were optimally cropped. 
Building on these findings, the present study expands the 
investigation by evaluating the impact of reduced LA:FW 
ratio on phenolic composition, an aspect not addressed 
previously. The focus is on key phenolic compounds, 
including anthocyanins and tannins, in Pinot noir.

Phenolic compounds are complex secondary metabolites 
that significantly influence grape and wine characteristics. 
They are essential for defining wine quality and typicity, 
particularly astringency (tannins) and colour (anthocyanins) 
in red grape cultivars (Macheix et al., 1991; Singleton, 1992). 
Understanding the dynamics of anthocyanins and tannins 
during ripening is critical when implementing canopy 
management practices, such as shoot trimming, to reduce 
sugar concentrations. This is especially relevant for Pinot 
noir, a red variety known for its light colour and low skin 
tannins (Lee, 2010; Parley  et al., 2001), both of which are 
significant for winemaking.

Anthocyanin accumulation starts with that of sugar 
concentration in the berries at the start of the ripening phase 
(Coombe,  1992; Dai  et  al.,  2014; Lecourieux  et  al.,  2014; 
Vitrac  et  al.,  2000), with greatest increases during early 
ripening stages (Filippetti et al., 2015; Guidoni et al., 2008). 
Severe reductions in the LA:FW ratio before veraison, 
which markedly decrease berry sugar concentration, have 

been shown to adversely affect anthocyanin concentrations 
(Bobeica et al., 2015; Pastore et al., 2011; Pastore et al., 2013; 
Wu et al., 2013).

While minor LA:FW ratio modifications from veraison 
to post-veraison have no significant effects on sugar or 
anthocyanin concentrations (Pastore  et  al.,  2013) more 
severe post-veraison reductions in the LA:FW ratio (36  % 
to 48 %) significantly decreased sugar concentration without 
affecting anthocyanin concentration (Filippetti et al., 2015; 
Palliotti et al., 2013; Poni et al., 2013; Valentini et al., 2019). 
These findings suggest that the dynamics of sugar and 
anthocyanin accumulation can be independently influenced 
by precisely timed and scaled reductions in leaf area.

Tannins, another important class of phenolic compounds, 
contribute to wine astringency and colour stability (Ewing-
Mulligan & McCarthy, 2005; Jackson, 2014; Somers, 1971). 
This is particularly critical for Pinot noir wines, which are 
often light in colour (Parley et al., 2001). However, limited 
research exists on the effects of reduced LA:FW ratios on 
tannins. Filippetti  et  al.  (2015) found no changes in seed 
tannins in Sangiovese after a 58  % post-veraison LA:FW 
reduction, but the effects on skin tannins, which are critical 
from an oenological perspective, remain unexplored.

The complex interplay between the timing and severity of 
leaf removal of LA:FW ratio manipulations (particularly 
from veraison onwards) on phenolics and carbohydrate 
partitioning has not thus far been systematically investigated 
to determine how to retain phenolic composition at a lower 
sugar concentration. Therefore, this study investigates how 
LA:FW ratio manipulations at different developmental times 
and severity, influence the sugar concentration, anthocyanin 
and tannin accumulation in the seeds and skins of Pinot noir 
grapevines. Unlike previous studies that were often limited to 
specific stages or single canopy reduction treatments, multiple 
timing and severity levels from pre-veraison to mid-ripening 
were evaluated. Phenolic compound concentrations were 
analysed at targeted soluble solids concentrations  (°Brix) 
to examine compositional changes relevant to lower-
alcohol wine production. Anthocyanin accumulation rates 
during early stages of development were evaluated. It is 
hypothesized that well-timed and appropriately scaled 
reductions in the LA:FW ratio post-veraison can lower 
berry sugar concentrations without adversely affecting 
anthocyanin and tannin composition. Conducted across 
three distinct wine-growing regions, this research highlights 
trends demonstrating the potential of canopy manipulation 
for climate adaptation and lower-alcohol wine production.

MATERIALS AND METHODS

1. Vineyard trials and climatic conditions

The experiments were conducted in three different Pinot 
noir vineyards in New Zealand during the 2015–2016 and 
2016–2017 growing seasons. Vines of Pinot noir (clone 777) 
grafted onto 3309  rootstocks were grown in a vertical 
positioned trellis system. These vineyards were located 
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in Marlborough (41°  38'  25"  S 174°  06'  47"  E), Central 
Otago (45°  04'  12"  S 169°  11'  26"  E), and Canterbury 
(43° 38' 60" S 172° 30' 0" E). The Marlborough vineyard, 
established in 1999, had a vine spacing of 2.4 m by 1.4 m, 
making 2976 vines per hectare. In Central Otago, the vines 
were planted in 2000, with a spacing of 2.5  m by 1.6  m 
(2,500  vines/ha). Vines in both vineyards were trained to 
bilateral cordons, with two-node spurs in Marlborough 
and three-node spurs in Central Otago. The  Canterbury 
vineyard, also established in 1999, had a denser spacing of 
2.5 m by 1.2 m (3,333 vines/ha) with vines pruned to two 
16 node-canes. Canopy height was consistently maintained 
at 1.2 m across all sites.

During the study period, climatic conditions differed 
between the 2015–2016 and 2016–2017 seasons. Overall, 
the 2015–2016 season was drier, with Marlborough and 
Central Otago receiving less rainfall compared to their 
long-term averages  (LTA). Particularly, pre-harvest 
months (March–April  2017) experienced significant 
rainfall in Marlborough and Canterbury, contributing 
45 % and 43 % of their total seasonal rainfall (July–April), 
respectively. Growing degree days  (GDD), calculated 
using the Winkler Index (1st  October–30th  April, base 
10 °C), further classified these vineyards as Region-I cool-
climate viticultural zones (Amerine & Winkler,  1963). 
The cumulative GDDs for 2015–2016 and 2016–2017 
were 1339 and 1307 for Marlborough, 1220 and 1025 
for Central Otago, and 1032 and 1037 for  Canterbury. 
Additional climatic data are provided in the supplementary 
material (Figure S1).

Due to differences in climate, soil characteristics, 
management practices (e.g., pruning types), and cropping 
levels, the study did not aim to statistically analyse 
comparisons among the three sites.

2. Experimental design and grape sampling

Field experiments were conducted over two growing 
seasons (2015–2016 and 2016–2017) using a randomized 
block design, with treatments replicated five times, each 
replicate consisting of one bay of five vines. In 2015–2016, a 

50 % canopy trimming treatment (H) was applied, reducing 
canopy height from 1.2 m to 0.6 m at three phenological 
stages: pre-veraison (V–,  E-L  34), veraison (V,  E-L  35), 
and post-veraison (V+, E-L 36). The V-treatment was not 
implemented at the Central Otago site in 2015–2016. In the 
following season (2016–2017), the experiment was modified 
by introducing a quarter-canopy trimming treatment (Q) at 
all sites, which removed ~75 % of leaf area by trimming 
shoots to half their height, followed by manual leaf removal 
at V–, V, and V+. Additionally, lateral shoot removal for 
full-canopy (F) vines was applied only at the V– stage, as 
previous results indicated that timing had no effect. These 
vines were treated as experimental control. To prevent 
carry-over effects, new vines were used in 2016–2017. The 
trimming levels, phenological stages, and corresponding 
treatments for both seasons are summarized in Table 1.

3. Berry sample and analysis

A total of 120  berries per replicate were sampled from 
randomly chosen clusters on the East and West sides of the 
canopy. One berry at a time was systematically collected 
from the top, middle, and bottom positions of each cluster. 
The collected berries were placed into sample bags, 
transported to the laboratory in an insulated container, and 
stored at –20 °C until analysis.

Total soluble solids (TSS, measured in °Brix) were analysed 
using a digital refractometer (PAL-1; Atago Inc., USA).

Anthocyanins and total phenols: Fifty frozen berries, were 
thawed overnight at 4 °C. The samples were homogenized 
for 30  seconds using a Breville™ coffee grinder 
(New Zealand). Any material sticking to the grinder’s shaft 
was removed, and the sample was further homogenized for 
an additional 15 seconds to ensure thorough breakdown of 
seeds and skins. After homogenization, 1.0  g subsample 
of the berry mixture was placed into a pre-weighed 15 mL 
centrifuge tube for extraction. Extraction followed the 
method of Iland  (2000), in which 10 mL of ethanol-water 
solution (50  %  v/v, adjusted to pH  2.0) is added to the 
subsample. Tubes were inverted every 10 minutes during a 
one-hour extraction period to facilitate compound diffusion. 

TABLE 1. Canopy trimming treatments applied in 2015–2016 and 2016–2017 growing seasons, showing different 
levels of leaf area removal (full canopy, half canopy, and quarter canopy) and the corresponding phenological stages 
at which trimming occurred. F, H, and Q represent full canopy (control), ~50 % canopy removal, and ~75 % canopy 
removal, respectively.

Season Trimming level Pre-veraison 
(V–, E-L 34) Veraison (V, E-L 35) Post-veraison 

(V+, E-L 36)

2015–2016
Full canopy (F) FV– FV FV+

Half canopy (H) HV– HV HV+

2016–2017

Full canopy (F) FV– - -

Half canopy (H) HV– HV HV+

Quarter canopy (Q) QV– QV QV+

https://ives-openscience.eu/
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The samples were then centrifuged at 1,095 g for 5 minutes, 
and 1.0 mL of the resulting supernatant was incubated for 
three hours in 10  mL of 1  N  HCl in a 1  cm path-length 
methacrylate cuvette. Anthocyanin concentration  (mg/g) 
and total phenolic content  (mg/g) were measured 
spectrophotometrically using a UV-1800 spectrophotometer 
(Shimadzu  Corporation, Kyoto,  Japan) at wavelengths of 
520 nm and 280 nm, respectively.

Tannins: The concentration of tannins in grape seeds 
and skins was determined using a methylcellulose 
precipitation  (MCP) assay, with results expressed in 
milligrams per  gram  (mg/g) of epicatechin equivalents 
(Mercurio et al., 2010; Sarneckis et al., 2006). Absorbance at 
280 nm was measured using a UV-1800 spectrophotometer 
(Shimadzu  Corporation, Kyoto,  Japan) with methacrylate 
disposable cuvettes (1  cm path length) containing 
supernatants from both test and control samples. Deionized 
water served as the blank. A standard curve was generated 
using aqueous (–)-epicatechin solutions (Sigma-Aldrich) at 
concentrations of 0, 25, 50, 75, 100, and 120 µg/L.

Supporting data from previous study: As this study is a 
continuation of Assefa et al. (2024), additional data on vine 
physiological, vegetative, and yield responses confirming 
that the canopy treatments were effectively established are 
reported in that publication. These include measurements of 
leaf area and pruning weight, which were used to quantify 
the severity of canopy reduction, as well as assessments 
of cluster exposure. Grapevine physiological performance 
was evaluated through measurements of leaf chlorophyll 
concentration and stomatal conductance. Furthermore, basic 
fruit chemistry parameters (pH, titratable acidity (TA), and 
yeast-assimilable nitrogen  (YAN)), yield components, and 
root carbohydrate reserves were assessed to understand 
the broader impacts of shoot trimming. These data 
demonstrated that the leaf area-to-fruit weight (LA:FW) 
ratio was successfully reduced and that the treatments were 
physiologically meaningful.

4. Statistical analysis

Data were analysed using analysis of variance (ANOVA), 
and treatment means were separated with Fisher’s 
unprotected least significant difference  (LSD) test at a 
significance level of p < 0.05 (Saville, 2003). Exponential 
three-parameter growth models (y = a + brx) were fitted for 
Marlborough and Central Otago, while linear curves were 
used for Canterbury to estimate the days required to reach 
target TSS concentration, consistent with the approach 
described in Assefa  et  al.  (2024). The selection of these 
models was based on the observed patterns of total soluble 
solids  (TSS) progression at each location. Regression 
analyses determined the days required to reach site-specific 
TSS concentration targets: 18  °Brix (10  %  alcohol) in 
Marlborough, 20  °Brix (11  %  alcohol) in Central Otago, 
and 16 °Brix (8.9 % alcohol) in Canterbury. These targets 
reflected local conditions, such as pre-harvest wet and cold 
weather in Canterbury, which limited ripening to 16 °Brix, 
and Central Otago’s earlier 18.8  °Brix, necessitating a 

20  °Brix target compared with Marlborough. Phenolic 
concentrations (anthocyanin, tannin, and total  phenols) 
were interpolated at these TSS concentrations. Additionally, 
the rate of anthocyanin accumulation during the initial 
phase (before levelling  off) was assessed to identify 
treatment‑specific differences. Mean separation was also 
conducted for days to reach 12  °Brix and anthocyanin 
concentration at 12  °Brix in  2017. Statistical analyses 
were conducted using the GenStat  18 software package 
(VSN International Ltd, UK). All Figures were plotted in 
Microsoft Excel 365.

RESULTS

1. Total soluble solids

Figure  1 shows the effect of a reduced leaf area-to-fruit 
weight (LA:FW) ratio, achieved through shoot trimming 
at various berry developmental stages, on total soluble 
solids (TSS;  i.e.,  sugar) accumulation. Trimming slowed 
sugar accumulation (see Table  2), resulting in lower TSS 
concentrations due to the reduced LA:FW ratio, consistent 
with findings reported by Assefa et al. (2024).

2. Anthocyanins 

Early trimming consistently reduced anthocyanin accumulation 
in Marlborough and Central Otago (p < 0.05), while its effect 
in Canterbury varied by season (Figure 2). In Marlborough, 
anthocyanins at harvest in HV– vines (similar to HV) were 
25  % lower than FV– in  2016, and 22  % lower in  2017. 
QV– vines showed the greatest reduction (–37 % vs FV–). In 
Central Otago, anthocyanins in HV  vines were 19  % lower 
than FV in 2016, and 21 % lower in 2017.

QV–  vines accumulated the least anthocyanins  (–28  %). At 
18 °Brix and 20 °Brix, QV– berries had 30 % and 15 % lower 
anthocyanins than FV– in Marlborough and Central Otago, 
respectively (Table 2). In Canterbury, anthocyanins showed no 
difference in 2016 due to low yield (see (Assefa et al., 2024) 
for yield data).

In 2017, increased trimming severity (Q) reduced anthocyanins 
by 28 % in HV– and 24 % in HV. QV– vines had the lowest 
anthocyanins (–30  %). At 16  °Brix, QV–  berries had 19  % 
lower anthocyanins (Table 2).

Across sites and seasons, HV+  (2016 & 2017) and 
QV+ (2017) had similar anthocyanin concentration to control 
vines, (Figure  2). Anthocyanins: TSS ratio confirmed that 
HV+ and QV+ berries retained high colour at similar sugar 
concentrations, unlike QV–, QV, HV–, and HV (Figure 3). The 
lower anthocyanin concentration plateau in early trimmed vines 
(Figure 2, season 2017) suggests reduced accumulation rates at 
all sites (Table 3). The stronger reduction in QV– vs HV– vines 
indicates that both timing and severity influenced anthocyanin 
accumulation.

Mewael Kiros Assefa et al.
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FIGURE 1. Total soluble solids (TSS) at Marlborough (a, b), Central Otago (c, d), and Canterbury (e, f) as affected by 
trimming levels and trimming time. FV– (✚); FV (◇); FV+ (◆); HV– (●); HV (■); HV+ (▲); QV (○); QV– (☐) and QV+ (△). 
F = Full canopy, H = Half canopy, Q = Quarter canopy; V– = Pre-veraison, V = Veraison, V+ = Post-veraison. Error 
bars at each time point indicate least significant differences (LSD) for Fisher’s unprotected LSD (p < 0.05).
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3. Seed and skin tannins

Seed and skin tannin concentrations remained largely 
unaffected by treatments in both seasons (Figure  4 and  5, 
respectively). In 2016, seed and skin tannin concentrations 
remained relatively stable from the first sampling date 
through harvest. In contrast, in 2017, tannin concentrations 
showed a decline over time, likely due to earlier sampling 
during berry development. Across all trial sites, reducing 
the LA:FW ratio did not affect seed or skin tannin 
concentrations. In  2016, concentrations were similar 
across treatments, except Marlborough, where FV– and 
HV+ vines temporarily exhibited higher seed tannins at the 

second sampling. Similarly, in 2017, most treatments showed 
no impact on tannin concentrations, with a few exceptions. 
Exceptions include 1) late trimming (like controls) resulted 
in slightly higher seed tannins in Marlborough during pre-
harvest and harvest, 2)  inconsistent skin tannin differences 
appeared at the second and third sampling dates at Central 
Otago, 3) brief, irregular variations in skin tannins occurred 
at the second sampling in Canterbury without a clear 
pattern. In Marlborough, HV+ and QV+  vines had higher 
seed and skin tannin concentrations at 18  °Brix, similar to 
controls. However, at 20 °Brix (Central Otago) and 16 °Brix 
(Canterbury), tannin concentrations did not differ among 
treatments (Table 2).

TABLE 2. Response of phenolic compounds at target sugar (°Brix) concentrations, as affected by trimming height and 
trimming time in the 2016–2017 season.

Treatments → FV– HV– HV HV+ QV– QV QV+ p-value LSD 
(5 %)

Marlborough

DOY at 18 °Brix 66f 85ab 78cd 72ef 90a 81bc 73de < 0.001 6.6

Anthocyanins (mg/g, FW) 0.83a 0.71b 0.72b 0.86a 0.58c 0.70b 0.83a < 0.001 0.03

Seed tannins (mg/g, DW) 95ab 89d 93bcd 99a 92cd 92cd 97ab 0.006 5.2

Skin tannins (mg/g, DW) 23ab 19c 22abc 23a 20c 21bc 22ab 0.005 2.2

Total phenols (AU/g) 1.06a 0.96bc 0.95bc 1.03ab 0.92c 0.97abc 1.01abc 0.062 0.10

Central Otago

DOY at 20 °Brix 87d 95bc 93c 87d 100a 98ab 88d < 0.001 5

Anthocyanins (mg/g, FW) 0.77a 0.55b 0.64b 0.80a 0.64b 0.65b 0.80a < 0.001 0.07

Seed tannins (mg/g, DW) 122ab 120ab 123ab 126a 118b 119ab 127a 0.134 7.2

Skin tannins (mg/g, DW) 15.6 15.6 14.8 17.1 15.0 15.7 16.3 0.551 2.5

Total phenols (AU/g) 0.92ab 0.86abc 0.83c 0.92a 0.81c 0.84bc 0.89abc 0.052 0.08

Canterbury

DOY at 16 °Brix 89d 94b 93bc 91cd 97a - 91cd < 0.001 2.4

Anthocyanins (mg/g, FW) 0.71a 0.61b 0.58b 0.75a 0.58b - 0.72a 0.001 0.09

Seed tannins (mg/g, DW) 114 110 113 110 107 - 107 0.587 9.8

Skin tannins (mg/g, DW) 32 30 30 34 31 - 32 0.467 4.5

Total phenols (AU/g) 1.30 1.28 1.28 1.31 1.29 - 1.29 0.967 0.07

F = Full canopy, H = Half canopy, Q = Quarter canopy; V– = Pre-veraison, V = Veraison, V+ = Post-veraison. Mean values separated 
using Unprotected Fisher’s LSD test (p < 0.05) and means within rows represented by different superscript letters are significantly different.
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FIGURE 2. Anthocyanins (mg/g) accumulation at Marlborough (a, b), Central Otago (c, d), and Canterbury (e, f) as 
affected by trimming levels and trimming time. FV– (✚); FV (◇); FV+ (◆); HV– (●); HV (■); HV+ (▲); QV (○); QV– (☐) 
and QV+ (△). F = Full canopy, H = Half canopy, Q = Quarter canopy; V– = Pre-veraison, V = Veraison, V+ = Post-
veraison. Error bars at each time point indicate least significant differences  (LSD) for Fisher’s unprotected  LSD 
(p < 0.05).
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FIGURE 3. Anthocyanins (mg/g) to TSS (°Brix) ratio at Marlborough (a, b), Central Otago (c, d), and Canterbury (e, f) 
as affected by trimming levels and trimming time. FV– (✚); FV (◇); FV+ (◆); HV– (●); HV (■); HV+ (▲); QV (○); QV– (☐) 
and QV+ (△). F = Full canopy, H = Half canopy, Q = Quarter canopy; V– = Pre-veraison, V = Veraison, V+ = Post-
veraison. Error bars at each time point indicate least significant differences  (LSD) for Fisher’s unprotected  LSD 
(p < 0.05).
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FIGURE 4. Seed tannins at Marlborough (a, b), Central Otago (c, d), and Canterbury (e, f) as affected by trimming 
levels and trimming time. FV– (✚); FV (◇); FV+ (◆); HV– (●); HV (■); HV+ (▲); QV (○); QV– (☐) and QV+ (△). F = Full 
canopy, H = Half canopy, Q = Quarter canopy; V– = Pre-veraison, V = Veraison, V+ = Post-veraison. Error bars at 
each time point indicate least significant differences (LSD) for Fisher’s unprotected LSD (p < 0.05).
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https://ives-openscience.eu/


OENO One | By IVES 2025 | volume 59–2 11

FIGURE 5. Skin tannins at Marlborough (a, b), Central Otago (c, d), and Canterbury (e, f) as affected by trimming 
levels and trimming time. FV– (✚); FV (◇); FV+ (◆); HV– (●); HV (■); HV+ (▲); QV (○); QV– (☐) and QV+ (△). F = Full 
canopy, H = Half canopy, Q = Quarter canopy; V– = Pre-veraison, V = Veraison, V+ = Post-veraison. Error bars at 
each time point indicate least significant differences (LSD) for Fisher’s unprotected LSD (p < 0.05).
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4. Total phenols

Trimming had no effect on total phenols overall (Figure 6). 
However, at 18 °Brix and 20 °Brix, HV+ and QV+ (similar 
to controls) had higher phenols than QV–, QV, HV–, and HV 
in Marlborough and Central Otago (Table 2). No differences 
were observed at Canterbury.

DISCUSSION

1. Total soluble solids

Reduced LA:FW ratio via shoot trimming significantly 
lowered sugar accumulation in berries (Figure 2 and Table 2). 
For additional details, see Assefa et al. (2024).

2. Anthocyanin

2.1. Pre-veraison trimming
Except in Canterbury  (2016), where low yield resulted in 
minimal differences in LA:FW ratios (Assefa  et  al., 2024), 
early trimming reduced anthocyanin accumulation at the 
other two sites in 2016 and 2017 (Figure  2). Assessment 
of the rate of accumulation prior to the plateau in 
anthocyanin concentration (initial phase) revealed that the 
reduced maximum levels observed in early trimmed vines 
(Figure  2) were attributable to a lower rate of anthocyanin 
accumulation (Table 2), likely resulting from reduced source 
capacity and limited sugar availability due to early canopy 
reduction. Previous severe leaf area reduction studies 
such as –83  % in Jingyan (a  Chinese red table grape) at 
E-L 29 (Wu et al., 2013), –83 % (0.67 m2/kg) at E-L 34 in 
Cabernet-Sauvignon and –71  % (0.33  m2/kg) at E-L  34 in 
Sangiovese (Bobeica et al., 2015), caused 99.2 %, 74.8 % and 
93.5  % reductions in anthocyanins, respectively. Likewise, 
approximately 50 % leaf area loss such –54 % (0.8 m²/kg) 
at E-L 35 in De Chaunac (Reynolds & Wardle, 1989), –48 % 
(0.51  m2/kg) at E-L  19 in Cabernet‑Sauvignon (Poni & 
Giachino, 2000), 44 % (0.71 m2/kg) at E-L 34 in Grenache 
(Toda & Balda, 2013) and –50 % (0.6 m2/kg) at E-L 34 in 
Sangiovese (Pastore et al., 2011) caused 25 %, 55 %, 10 % 
and 17 % reductions in anthocyanins at harvest, respectively. 
These studies also reported significant reductions in sugar 
accumulation at harvest due to early source limitation.

The mechanism behind reduced anthocyanin concentrations 
under source limitation via leaf removal has been elucidated 
in (Wu  et  al.,  2013), where two leaf area treatments 
combined with shoot girdling were applied at E-L  29 for 
the Jingyan variety: 2 leaves per cluster (2 L) and 12 leaves 
per cluster  (12  L). The study showed that at maturity, 
total anthocyanin accumulation in the 12  L treatment 
(0.66  mg/g  FW) was significantly higher than in the 2  L 
treatment (0.0053 mg/g FW). Proteomic profiling of Jingyan 
grape skins in the 2  L treatment revealed that only 20  % 
of identified proteins were upregulated, while 80  % were 
downregulated. Key enzymes involved in anthocyanin 
biosynthesis were among those downregulated, including 
chalcone synthase  (CHS), which catalyses the first step 
in the flavonoid biosynthetic pathway; dihydroflavonol 

reductase  (DFR), which converts dihydroflavonols 
into anthocyanidins; and UDP-glucose: flavonoid-3-O-
glucosyltransferase (UFGT), the enzyme responsible for 
anthocyanidin stabilization and visual colour development. 
This downregulation may be attributed to a lack of glucose, 
a crucial substrate for anthocyanin production, highlighting 
the essential role of sugar in the biosynthesis of stable 
anthocyanin molecules (Larronde et al., 1998).

These findings align with the report of (Bobeica et al., 2015) 
that, under carbon-limited conditions, the accumulation of 
primary metabolites is prioritized over secondary metabolite 
production. Similarly, Palliotti  et  al.  (2013) proposed that 
source limitation due to leaf removal (at  E-L  35), which 
reduces the source-to-sink ratio, might downregulate genes 
involved in starch and sugar production, breakdown, and 
transport in berries. Consequently, the proteomic analysis 
and explanation provided by (Wu  et  al.,  2013) (early leaf 
removal at  E-L  19) may also apply under later, severe 
source limitations, such as those occurring at E-L 34  (V–) 
and E-L 35 (V).

2.2 Post-veraison trimming
Irrespective of trial sites and seasons, late trimming  (V+), 
regardless of canopy size, resulted in higher berry 
pigmentation, reflected in higher anthocyanin concentrations, 
comparable to the control. This suggests that trimming 
time plays a crucial role. By the time shoot trimming 
was applied  (V+), anthocyanin development was already 
advanced (Figure  2), and berries could access additional 
photoassimilates from retained lateral shoots, which were 
removed post-veraison, late in the season.

Findings in Pinot noir align with previous studies in 
Sangiovese, where leaf area removal –39  % (1.08  m²/kg) at 
E-L  36 (Poni  et  al.,  2013), 36  % (1.13  m²/kg) at E-L  37 
(Palliotti  et  al.,  2013), 58  % (0.39  m²/kg) at E-L  37 
(Filippetti  et  al.,  2015), and 40  % (0.8  m²/kg) at E-L  37 
(Valentini  et  al.,  2019) had no effect on anthocyanin 
accumulation despite reducing berry sugar concentration. 
These results reinforce the strong association between 
anthocyanins and sugar, particularly early in the season 
(Filippetti et al., 2015; Guidoni et al., 2008). In this study, 
HV+ and QV+ berries maintained anthocyanin concentrations 
similar to the control while reducing total soluble solids.

Late source limitation also tended to maintain anthocyanin-
to-sugar ratios similar to the control (Figure  3). When 
18 °Brix (Marlborough) and 20 °Brix (Central Otago) were 
reached, post-veraison shoot trimming increased anthocyanin 
concentrations by 14  % to 31  % (depending on the site) 
compared to the earliest and most severely source-limited 
berries (QV–).

3. Skin and seed tannins and total phenols

Condensed tannins contribute to the astringent and 
bitter properties of wines and are extracted from grape 
skins and seeds (Chira  et  al.,  2009; Sun  et  al.,  2013). 
Skin tannins were found to be lower in concentration 
than seed tannins, consistent with previous studies 

Mewael Kiros Assefa et al.
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FIGURE 6. Total phenols at Marlborough (a, b), Central Otago (c, d), and Canterbury (e, f) as affected by trimming 
levels and trimming time. FV– (✚); FV (◇); FV+ (◆); HV– (●); HV (■); HV+ (▲); QV (○); QV– (☐) and QV+ (△). F = Full 
canopy, H = Half canopy, Q = Quarter canopy; V– = Pre-veraison, V = Veraison, V+ = Post-veraison. Error bars at 
each time point indicate least significant differences (LSD) for Fisher’s unprotected LSD (p < 0.05).
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(Bonada et al., 2015; Casassa et al., 2015; Chira et al., 2009; 
Obreque‑Slier et al., 2010; Sun et al., 2013). The evolution 
of seed and skin tannins during ripening showed minimal 
change in 2016, likely due to late-season sampling. However, 
in 2017, both seed tannins (Kallithraka  et  al.,  2006; 
Kennedy et al., 2001; Obreque‑Slier et al., 2010), and skin 
tannins (Bordiga  et  al.,  2011; Obreque-Slier  et  al.,  2010) 
showed a declining trend from ripening through to 
harvest. A reduced LA:FW ratio, applied at different 
developmental stages, had no effect on harvest seed or 
skin tannin concentrations. This aligns with findings 
from Filippetti  et  al.  (2015) and Palliotti  et  al.  (2013), 
where canopy reductions of 58  % (0.39  m²/kg) and 36  % 
(1.13  m²/kg), respectively, in Sangiovese did not alter 
tannin concentrations. This stability is likely due to tannin 
accumulation peaking before the earliest treatment was 
applied, and the results therefore indicate that season plays 
an important role in resulting concentrations irrespective of 
canopy manipulations. However, grape tannins (Figures  4 
and 5) and acid parameters (Assefa  et  al., 2024) remained 
stable across treatments, even at lower sugar concentrations. 
This stability supports the potential for producing high-quality, 
lower-alcohol red wine, as tannins and acidity contribute to 
mouthfeel and balance (Ewing-Mulligan & McCarthy, 2005). 
Moreover, free anthocyanins, the primary pigments in red 
wines, are inherently unstable. Colour stability is improved 
through multiple reactions, including acylation, but also 
anthocyanin polymerization with tannins (Conde et al., 2007; 
Jackson, 2014; Zimman & Waterhouse, 2004). The unaltered 
tannin concentrations across treatments supports the idea of 
colour retention as wines age, particularly in HV+ and QV+ 
grapes destined for lower-alcohol wines, which maintained 
high anthocyanin concentrations at lower soluble solids. This 
is particularly significant given the naturally light colour of 
Pinot noir grapes (Parley et al., 2001).

Total phenol concentrations remained largely unchanged across 
both seasons, potentially allowing to produce typical, but 
lower-alcohol, Pinot noir, as sugar content varied while phenols 
remained stable (particularly in QV+ and HV+) (Figure 6).

4. Practical significance

Both QV+ and HV+ vines maintained tannin concentrations 
and produced highly coloured grapes, similar to the control. 
However, from a practical perspective, only post-veraison 
half-canopy reduction (HV+) appears to be a viable strategy 
for adapting to warming climates and producing lower-
alcohol wines. Unlike  QV+, which failed to replenish 
carbohydrate reserves under the environmental conditions of 
our trials, HV+  did not compromise carbohydrate reserves 
(Assefa  et  al.,  2024), which are essential for vineyard 
longevity. Moreover, HV+ not only effectively reduced sugar 
concentrations while preserving anthocyanin and tannin 
levels but also maintained acidity, pH, and yeast-assimilable 
nitrogen (Assefa et al., 2024).

CONCLUSION

This study revealed the critical role of the timing of trimming 
in managing anthocyanin accumulation. Early trimming 
consistently reduced berry anthocyanin concentrations across 
all sites and seasons, whereas late trimming (HV+ and QV+) 
preserved colour comparable to the control. Late source 
limited berries-maintained anthocyanin-to-sugar ratios and 
anthocyanin concentrations at target TSS concentrations like 
the control: key attributes for Pinot noir, a variety known for 
its light-coloured wines. Total phenols remained consistent 
across seasons, and seed and skin tannins were unaffected by 
trimming. This led to a desynchronisation of phenolics from 
sugar concentrations in HV+ and QV+ treatments, which 
supports the potential for producing lower-alcohol Pinot noir 
wines without compromising phenolic and colour attributes. 
Among the treatments tested, halving the canopy after 
veraison (HV+) was the most effective in balancing reduced 
sugar accumulation with the preservation of anthocyanin 
levels and root carbohydrate reserves. These findings 
position HV+ as a promising approach to address climate-
related challenges while meeting the growing demand for 
lower-alcohol wines.
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