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Highlights 

1. Moderate warming increased berry weight and advanced ripening in Monastrell. 

2. 140Ru showed larger losses in phenolics and must colour than 110R. 

3. Rootstock choice can reduce quality losses under warmer ripening conditions. 

4. Monitoring berry heat exposure can improve harvest decisions in warm vineyards. 

Abstract 

We evaluated moderate cluster-zone warming in field-grown Monastrell grafted onto 

110R and 140Ru over two seasons (2020–2021) in a semi-arid vineyard in south-eastern 

Spain. From pea-size to harvest, an open warming system increased cluster-zone air tem-

perature by 1.15 °C on average. Warming increased cluster-zone mean and maximum 

temperatures, but berry temperature responses depended on year and rootstock because 

berry–air temperature differences and also time above thresholds changed. Berry weight 

increased in harvest in both years, and technological ripening advanced, with higher total 

soluble solids and maturity index, especially during ripening. Acid composition re-

sponded differently between rootstocks: under warming, 140Ru maintained higher malic 

acid and lower tartaric acid than 110R, resulting in a lower tartaric/malic ratio. Phenolic 

and colour responses were clearest at mid-ripening. Warming reduced must total phe-

nolic index (TPI), skin-related phenolics, anthocyanins, and must colour more strongly in 

140Ru, while 110R retained a more stable phenolic and colour profile. Exposure–response 

analyses showed that time in the 25–35 °C range and berry thermal time were more closely 

related to technological and phenolic variation than time above 35 °C. These results sug-

gest that, under the warming conditions imposed in this study, 110R offered a better com-

promise than 140Ru between ripening advancement and the preservation of phenolic and 

colour-related traits. 
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1. Introduction 

Climate change is unequivocal and is already altering temperature regimes and 

evaporative demand in many agricultural regions. The IPCC Sixth Assessment cycles 

highlight sustained warming since the mid-19th century and project further increases in 

mean temperature during the 21st century, with important regional consequences for wa-

ter availability and extreme events [1]. Rising temperatures pose significant threats to vit-

iculture, a sector highly sensitive to climate change. Mediterranean viticulture is particu-

larly vulnerable because grape ripening frequently occurs under hot, dry conditions, and 

additional warming is expected to intensify heat loads and atmospheric demand, espe-

cially in semi-arid areas such as south-eastern Spain. 

Temperature is a key driver of grapevine phenology and berry development. 

Warmer conditions can advance developmental stages, shift ripening towards hotter pe-

riods of the season, and modify the balance between sugar accumulation and organic acid 

degradation [2,3]. A common consequence in warm seasons is an increase in soluble solids 

accompanied by lower titratable acidity, mainly due to enhanced malic acid degradation. 

This increases the maturity index (TSS/TA) and contributes to wines with higher alcohol, 

lower acidity, and reduced colour intensity, potentially complicating harvest decisions 

when technological and sensory targets diverge [4–6]. Temperature also influences the 

accumulation of secondary metabolites, including anthocyanins and tannins, which are 

critical for red-wine colour and mouthfeel. Elevated berry temperatures around and after 

veraison can reduce anthocyanin accumulation and/or promote anthocyanin degradation, 

and may alter phenolic trajectories relative to sugar accumulation, contributing to a partial 

decoupling between technological and phenolic maturity [7–9]. 

These challenges underscore the need for adaptive strategies to safeguard wine qual-

ity and regional identity. Potential approaches include the adoption of cultivars better 

suited to future climatic conditions. There is substantial inter- and intra-cultivar variation 

in traits such as phenology and drought tolerance, offering opportunities to better match 

grapevine performance to new climate scenarios [10]. Monastrell (also known as 

Mourvèdre or Mataro), for example, is a late-ripening, black-skinned cultivar native to 

south-eastern Spain. Well adapted to high temperatures and frequent drought, it exhibits 

physiological characteristics associated with tolerance to moderate water stress [11]. Nev-

ertheless, being adapted to warm and dry conditions does not necessarily mean that Mo-

nastrell berries are insensitive to further temperature increases, especially for composi-

tional traits closely linked to fruit-zone microclimate. In this context, rootstock choice may 

further influence the magnitude and direction of these responses, as rootstocks modulate 

vine water uptake, hydraulic conductance, stomatal regulation, vigour and nutrient sta-

tus, which can, in turn, affect berry growth and composition under stressful environmen-

tal conditions [12]. These effects are particularly relevant because rootstock genotype can 

affect both primary and secondary berry metabolism, including phenolic accumulation 

and other quality-related traits [13,14]. Thus, the rootstock–scion combination appears to 

be highly relevant for assessing climate resilience in warm viticultural areas [11,14,15]. In 

south-eastern Spain, Monastrell is commonly grafted onto drought-tolerant rootstocks 

such as 110R and 140Ru [11]. Recent studies conducted under well-irrigated conditions 

have shown contrasting rootstock responses to moderate warming: 110R maintained 

higher stomatal conductance and transpiration, whereas 140Ru exhibited a more con-

servative behaviour. In addition, warming treatment delayed veraison and early ripening 

in 110R but not in 140Ru [16]. Collectively, these findings support the hypothesis that 

rootstock genotype can influence how warming affects ripening trajectories in warm, 

semi-arid environments [11,12]. 

https://doi.org/10.3390/horticulturae12080913
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This study examined how a realistic, moderate increase in cluster-zone temperature 

(mean +1.15 °C, representing local fruit-zone warming rather than a specific IPCC sce-

nario), applied from pea-size to harvest using an open-field warming system, affects Mo-

nastrell berry growth, technological maturity, organic acid composition, and phenolic 

traits, and whether these responses differ between 110R and 140Ru. We also related com-

positional changes to berry thermal exposure and berry–air temperature differences in 

order to interpret year-to-year variability under semi-arid field conditions. These findings 

contribute to better understanding of grapevine adaptability and may help inform future 

viticultural strategies in semi-arid regions facing progressive warming. 

2. Materials and Methods 

2.1. Site, Plant Material, and Vineyard Management 

The trial was conducted during the 2020 and 2021 growing seasons in an 

experimental vineyard located in Cehegín (Murcia, south-eastern Spain; 38°6′38.13″ N, 

1°40′50.41″ W; 432 m a.s.l.) on a 0.10 ha plot of young Vitis vinifera L. cv. Monastrell vines. 

Vines were 3–4 years old during the experiment, grafted onto 110R and 140Ru rootstocks, 

planted at 2.8 × 1.0 m (3571 vines ha−1) and trained to a bilateral cordon system. The site 

has a semi-arid Mediterranean climate, with hot and dry summers and low annual 

rainfall. During the study years, annual rainfall was 281 mm in 2020 and 386 mm in 2021, 

while mean annual air temperature was similar between years (18.0 and 18.1 °C, 

respectively). The main phenological periods considered were budburst–fruit set, fruit 

set–veraison, veraison–harvest, post-harvest and dormancy. During the veraison–harvest 

period, mean air temperature was 23.5 °C in 2020 and 24.1 °C in 2021, with very low 

rainfall in both seasons (6 and 3 mm, respectively). Winter pruning retained six two-bud 

spurs per vine, and non-productive shoots were removed in May. Irrigation was applied 

from April to October using the same seasonal water amount for all rootstock × scion 

combinations (mean 204 mm year−1), scheduled according to ETc estimates. Additional 

irrigation and fertigation details are provided by Navarro et al. [16].  

2.2. Experimental Design and Warming Treatment 

The experiment followed a factorial design with two factors: temperature treatment 

(high temperature [HT] and control temperature [C]) and rootstock (140Ru and 110R), 

arranged in four blocks (Figure S1). Each block contained the four temperature × rootstock 

combinations, with six vines per combination, and the same plot structure was used in all 

blocks. The two outer vines of each plot were excluded to avoid border effects, and meas-

urements were performed on the central vines according to the sampling scheme de-

scribed in each methodological section. Control plants were positioned within each block, 

close to the corresponding HT plants and arranged similarly, but without the heating sys-

tem. Vines were spaced 1.0 m within rows and 2.8 m between rows. The nearest control 

vine was 0.5 m from the edge of the HT structure, but this border vine was not used for 

measurements; therefore, the first measured control vine was 1.5 m from the structure 

edge. The perpendicular distance between adjacent rows was 2.8 m. 

An open warming system was installed each season from pea-size until harvest to 

increase the cluster-zone temperature in the HT treatment. The system consisted of mod-

ular transparent cellular polycarbonate panels placed on both sides of the vine row from 

ground level to cluster height (Figure 1). The panels were assembled in continuous sec-

tions, positioned at a fixed distance from the vine row, and stabilized using anchors and 

vertical supports. Material properties and installation details are described by Navarro et 

al. [16]. 
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Figure 1. Experimental vineyard with Monastrell vines and the open warming system used in the 

high temperature (HT) treatment. (A,B) Transparent cellular polycarbonate panels (8 mm; 65 × 210 

cm) installed on both sides of the row from ground level to cluster height, set at 70° and positioned 

50 cm from the vine row. HT structures were installed from pea-size stage to harvest each year. 

Control vines were managed identically but without panels (left side in (B)). (C) Cluster-zone mi-

croclimate station equipped with a shielded air temperature/relative humidity sensor. (D) TMC6-

HD temperature probe positioned within a representative bunch to record berry surface tempera-

ture. 

2.3. Microclimatic and Berry Temperature Measurements 

Temperature and relative humidity in the cluster zone were recorded using data log-

gers installed in three of the four blocks for each treatment (Figure S1), providing three 

microclimate replicates per treatment (n = 3). Only air temperature was used for the ther-

mal analyses presented in this study. Air temperature sensors (HOBO U12-013 datalog-

gers; Onset Computer Corporation, Bourne, MA, USA) were placed at cluster height 

within the fruit zone and protected from direct solar radiation, and temperature was rec-

orded at 10 min intervals. 

Berry temperature was monitored using one TMC6 HD probe (Onset Computer Cor-

poration, Bourne, MA, USA) placed inside a representative cluster in each monitored plot 

(Figures 1D and S1). To reduce variability due to cluster exposure, all monitored clusters 

were selected with the same orientation and a similar position within the vine and canopy, 

so that berry temperature measurements provided a standardized estimate of berry tem-

perature under comparable cluster-zone conditions. Berry temperature data were ana-

lyzed from 21 June onwards, after probe contact had stabilized. 

From the 10 min records of cluster-zone air temperature (Tair) and berry temperature 

(Tberry), daily Tmax (highest value recorded each day) and Tmean (mean of all daily records) 
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were calculated for both variables. Berry–air temperature difference was calculated as ΔT 

= Tberry − Tair. Thermal exposure was quantified as cumulative hours within the 25–35 °C 

range and above 35 °C by summing the corresponding 10 min intervals over each period. 

Berry growing degree-days (GDD; base 10 °C) were calculated from berry Tmean as Σ(Tmean 

− 10) for days when Tmean exceeded 10 °C. 

2.4. Berry Sampling and Chemical Analyses 

Monastrell berries were sampled at three common dates per season, corresponding 

to end of veraison, mid-ripening, and harvest at the experimental vineyard level: 8 August 

2020, 1 September 2020, and 23 September 2020 in 2020, and 10 August 2021, 9 September 

2021, and 30 September 2021 in 2021. In this sampling scheme, mid-ripening corresponded 

to 24 and 30 days after the end of veraison in 2020 and 2021, respectively. The same sam-

pling dates were used for all rootstocks and temperature treatments within each season. 

Therefore, samples were compared at common calendar dates representing the ripening 

sequence, rather than at identical technological maturity for each treatment. For berry 

growth and quality analyses, two vines per block were sampled for each treatment com-

bination. The two outer vines of each plot were excluded to avoid border effects. This 

resulted in eight sampled vines per treatment combination (two vines × four blocks; n = 

8). 

For each replicate, 500–600 g of berries were randomly collected from multiple clus-

ters per vine, weighed, counted, and stored at −2 °C until analysis. A subset of 10 repre-

sentative berries per replicate was stored at −80 °C for further skin and seed phenolic anal-

yses. Dry matter was determined on a berry subsample by oven-drying at 60 °C to con-

stant weight and expressed as % dry matter and dry matter per berry (g berry−1). The re-

maining berries were gently crushed while avoiding seed breakage and centrifuged, and 

the obtained must (grape juice fraction) was clarified and analyzed for pH, total soluble 

solids (TSS), titratable acidity (TA), tartaric and malic acids, solutes per berry, and ma-

turity index (MI = TSS/TA). Malic and tartaric acids were quantified by ion chromatog-

raphy with suppressed conductivity detection on a Dionex ICS-3000 ion chromatography 

system equipped with an IonPac AS11 column (Dionex Corporation, Sunnyvale, CA, 

USA), with KOH as the eluent, using diluted and filtered samples (0.45 μm) and external 

calibration. 

Total phenolic index (TPI) and extractable anthocyanins were determined following 

the methods described by Saint-Cricq et al. [17] and Ribéreau-Gayon et al. [18], and total 

tannins (catechin equivalents, mg g−1 berry fresh weight) were determined by methyl cel-

lulose precipitation [19]. Must yield (%) was calculated as the juice mass recovered after 

crushing and centrifugation relative to the initial fresh berry mass. After centrifugation, 

colour intensity (CI) was calculated as A420 + A520 + A620, hue as A420/A520, and CIELab coor-

dinates (L*, a*, and b*) were measured in clarified must using a Konica Minolta CR-400 

colorimeter (Konica Minolta Sensing, Inc., Osaka, Japan) following the calibration proce-

dure of the manufacturer. 

2.5. Phenolic and Anthocyanin Extraction 

The standard phenotyping protocol proposed by Rustioni et al. [20] was adopted for 

eno-carpological evaluation. Ten berries per replicate (stored at −80 °C) were dissected to 

separate skins, pulp, and seeds. These berries were considered a subsample within each 

vine replicate and not independent biological replicates. Skins were weighed, seeds were 

counted and weighed, and pulp mass was calculated by difference. Tissue proportions 

(%) were expressed relative to whole berry fresh weight, and the skin/pulp ratio was cal-

culated as skin mass divided by pulp mass. 
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Skins and seeds were extracted for 24 h in 20 mL of ethanol:water:HCl (70:29:1). After 

filtration, total phenolic compounds were quantified spectrophotometrically using the Fo-

lin–Ciocalteu assay and expressed as catechin equivalents. Total anthocyanins in skin ex-

tracts were determined from absorbance at 540 nm and expressed as malvidin-3-O-gluco-

side equivalents. Total phenolics and anthocyanin concentrations obtained were normal-

ized to tissue mass and expressed as mg g−1 fresh weight of skin or seed by accounting for 

extraction volume and tissue mass. 

2.6. Statistical Analysis 

Data were analyzed separately for each year. For each sampling date, the effects of 

rootstock, temperature treatment, and their interaction were assessed by two-way 

ANOVA. When the rootstock × temperature interaction was significant, mean separation 

among the four treatment combinations was performed using Duncan’s multiple range 

test. When the interaction was not significant, significant main effects were interpreted 

from the two-way ANOVA. All analyses were performed using Statgraphics Plus 5.1. Lin-

ear and non-linear regressions were fitted using SigmaPlot 11.0. Exposure–response anal-

yses were performed using mean values calculated for each year, sampling date, root-

stock, and temperature treatment combination, with the thermal exposure metrics (hours 

at 25–35 °C, hours > 35 °C, or berry GDD, base 10 °C) as covariates and year and/or root-

stock as fixed factors. Factor × covariate interactions were tested to compare slopes. When 

interactions were not significant, a common slope was applied and group differences were 

evaluated through adjusted means/intercepts. These analyses were used to describe asso-

ciations between berry thermal exposure and ripening or phenolic variables across sam-

pling dates. Relationships between skin/pulp ratio and phenolic variables at harvest were 

assessed by Pearson correlation using replicate-level data. Statistical significance was set 

at p ≤ 0.05. 

3. Results 

3.1. Environmental Conditions and Temperature Treatment 

Mean temperature in the cluster zone increased under HT at all stages in both years 

and rootstocks (Table 1), with highly significant differences of approximately 1 °C and no 

clear divergence between 140Ru and 110R. By contrast, berry surface temperature (here-

after, berry temperature), however, followed a different pattern from cluster-zone air tem-

perature (Table 1), indicating that air warming did not translate linearly into berry warm-

ing. This was particularly evident in 110R at mid-ripening in 2020, when HT increased 

cluster-zone air temperature by +1.38 °C but mean berry temperature was 0.25 °C lower 

than in control. This decoupling between air and berry temperature was reflected in ΔT 

(Tberry − Tair), which tended to be more negative under HT (Table S1), with clearer effects 

in 2020 and a more limited response in 2021. Table 1 shows the mean temperature context 

(cluster-zone air and berry) for both rootstocks and treatments. In 2020, HT effects were 

limited and included lower mean berry temperature in 110R at the end of veraison and 

mid-ripening, whereas at harvest HT increased mean berry temperature in 140Ru (+0.39 

°C) but not in 110R. In 2021, mean berry temperature was increased by HT at the end of 

veraison in both rootstocks, at mid-ripening in 110R, and at harvest in 140Ru. 

Table 1. Mean and maximum cluster-zone air temperature and mean and maximum berry temper-

ature under high temperature (HT) and control (C) treatments at the end of veraison, mid-ripening, 

and harvest in 2020 and 2021 for ‘Monastrell’ grafted onto 110R and 140Ru. Values are period means 

derived from continuous 10 min records. THT−C indicates the difference between HT and control 

for each stage and rootstock. 
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 Mean Cluster-Zone Air Temperature 

  2020 2021 

  
End- 

Veraison 

Mid- 

Ripening 
Harvest 

End- 

Veraison 

Mid 

Ripening 
Harvest 

140Ru C 25.11 25.30 21.26 24.76 25.75 21.36 

 HT 26.18 26.63 22.53 25.89 26.61 22.23 

 THT-C 1.07 (***) 1.33 (***) 1.27 (***) 1.13 (***) 0.86 (***) 0.87 (***) 

110R C 25.00 25.19 21.94 24.65 25.69 21.29 

 HT 26.19 26.57 22.43 25.93 26.69 22.25 

 THT-C 1.19 (***) 1.38 (***) 1.34 (***) 1.28 (***) 1.00 (***) 0.96 (***) 

  Mean berry temperature 

  2020 2021 

  
End- 

veraison 

Mid- 

ripening 
Harvest 

End- 

veraison 

Mid- 

ripening 
Harvest 

140Ru C 24.57 25.48 21.83 24.54 26.12 21.79 

 HT 24.53 25.70 22.22 25.41 26.28 22.10 

 THT-C −0.04 (ns) 0.22 (ns) 0.39 (***) 0.87 (***) 0.16 (ns) 0.31 (*) 

110R C 24.97 25.80 21.94 24.56 25.80 21.42 

 HT 24.83 25.55 21.86 25.67 26.11 21.87 

 THT-C −0.14 (***) −0.25 (*) −0.08 (ns) 1.11 (***) 0.31 (**) 0.45 (ns) 

  Maximum cluster-zone air temperature 

  2020 2021 

  
End- 

veraison 

Mid- 

ripening 
Harvest 

End- 

veraison 

Mid- 

ripening 
Harvest 

140Ru C 35.70 37.18 31.52 35.50 36.63 31.21 

 HT 37.91 40.13 34.66 37.88 38.87 33.80 

 THT-C 2.21 (***) 2.95 (***) 3.14 (ns) 2.38 (***) 2.24 (***) 2.59 (***) 

110R C 35.48 36.91 30.97 35.32 36.42 30.95 

 HT 37.64 39.89 34.41 37.62 38.72 33.24 

 THT-C 2.16 (***) 2.98 (***) 3.44 (***) 2.30 (ns) 2.30 (***) 2.29 (ns) 

  Maximum berry temperature 

  2020 2021 

  
End-verai-

son 

Mid- 

ripening 
Harvest 

End-verai-

son 

Mid- 

ripening 
Harvest 

140Ru C 35.80 38.73 34.48 35.70 39.16 34.24 

 HT 35.03 39.14 35.32 37.63 40.41 35.79 

 THT-C −0.77 (ns) 0.41 (***) 0.84 (ns) 1.93(***) 1.25 (ns) 1.55 (ns) 

110R C 36.07 39.95 35.60 35.64 37.94 32.55 

 HT 36.00 39.15 34.73 37.59 38.89 34.13 

 THT-C −0.07 (ns) −0.50 (ns) −0.87 (ns) 1.95 (***) 0.95 (ns) 1.58 (***) 

Values are means of three microclimate replicates per treatment (n = 3). ns, *, **, and *** indicate 

non-significant and significant differences at p ≤ 0.05, 0.01, and 0.001, respectively. 

HT increased daily maximum cluster-zone temperature by approximately 2–3 °C 

(Table 1). In 2020, maximum cluster-zone temperature under HT exceeded control at mid-

ripening and harvest by 3.1 °C, whereas in 2021 values were lower (2.3 °C). In 2021, the 

HT–C difference was significant at all stages in 140Ru and at mid-ripening in 110R. With 

regard to maximum berry temperature, no differences were detected between treatments 

in 2020, except for the values recorded at mid-ripening for 140Ru (Table 1). However, in 
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2021, the maximum berry temperature reached by HT at the end of veraison was signifi-

cantly higher and close to 2 °C, and this increase was maintained later without significant 

differences at mid-ripening and significant differences in 110R at harvest. 

The cumulative hours of berry temperatures on the 25–35 °C range and above 35 °C 

were calculated (Table 2). HT treatment did not significantly affect the cumulative hours 

of berry temperature within the 25–35 °C range in either year, but increased cumulative 

hours above 35 °C in 2021 across stages, with positive and significant HT–C differences at 

the end of veraison for 140Ru, and for 110R across all stages. The effect of HT treatment 

on berry thermal exposure was mainly associated with changes in residence time in high 

temperature (>35 °C) in 2021 rather than with large shifts in mean berry temperature. 

Table 2. Cumulative hours of berry temperature in 25–35 °C and >35 °C at end-veraison, mid-rip-

ening, and harvest (2020–2021) for ‘Monastrell’ grafted onto 110R and 140Ru under control and HT. 

Based on berry temperature records from 21 June onwards. 

 2020 2021 

  
End-Verai-

son 

Mid- 

Ripening 
Harvest 

End-Verai-

son 

Mid- 

Ripening 
Harvest 

  25–35 °C 

140Ru C 562 753 910 508 725 811 

 HT 603 788 942 494 717 803 

 THT-C 41 (ns) 35 (ns) 32 (ns) −14 (ns) −6 (ns) −1 (ns) 

110R C 551 731 875 512 757 851 

 HT 585 770 914 495 729 817 

 THT-C 34 (ns) 39 (ns) 39 (ns) −17 (ns) −28 (ns) −34 (ns) 

 >35 °C 

140Ru C 120 218 246 174 303 326 

 HT 92 199 233 229 354 381 

 THT-C −28 (ns) −19 (ns) −13 (ns) 55 (*) 51 (ns) 55 (ns) 

110R C 154 268 307 170 272 284 

 HT 123 228 262 239 356 377 

 THT-C −31 (ns) −40 (ns) −45 (ns) 69 (*) 84 (*) 93 (*) 

Values are means of three microclimate replicates per treatment (n = 3).ns and indicate non-signifi-

cant and significant differences at p ≤ 0.05, respectively. 

Year-to-year differences between treatments are summarized in Table S2 and Figures 

S2–S4. In 2020, GDD did not differ between control and HT at any stage for either root-

stock; however, in 2021, GDD was higher under HT, reaching significance at mid-ripening 

and harvest in 140Ru. The time series and scatterplots in the Supplementary Section show 

the same year contrast: HT and control were very similar through most of 2020, whereas 

in 2021, HT was often more warmer than control during ripening, mainly during warmer 

periods; the HT–control series shows mostly negative values in 2020 and more sustained 

positive values in 2021, especially from end-veraison to mid-ripening. Thus, the imposed 

warming produced a consistent increase in cluster-zone air temperature, whereas berry 

thermal exposure varied mainly with season and, to a lesser extent, rootstock. 

3.2. Berry Growth and Morphological Traits 

Berry weight was influenced by temperature treatment and, to a lesser extent, by 

rootstock (Figure 2). At the end of veraison, HT increased berry weight in vines grafted 

onto 110R in both years, whereas in 140Ru the effect was slightly negative in 2020 and 

negligible in 2021. However, the rootstock differences observed earlier in ripening were 

not maintained at harvest. During ripening, HT generally promoted berry mass increase, 
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and at harvest, berries from HT treatments were significantly heavier than control berries 

in both rootstocks and years (Figure 2). 

 

Figure 2. Berry weight, dry matter, and must yield (%) across ripening (2020–2021) in 110R and 

140Ru under control and HT. R, T and R × T indicate the significance of rootstock, temperature 

treatment and their interaction, respectively, according to two-way ANOVA. ns, *, **, and *** indi-

cate non-significant and significant differences at p ≤ 0.05, 0.01, and 0.001, respectively. Different 

letters indicate significant differences according to Duncan’s multiple range test at the 95% confi-

dence level. 
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Dry matter accumulation showed year- and rootstock-dependent responses (Figure 

2). In 2021, HT increased dry matter, particularly in 110R, whereas in 2020, the percentage 

of dry matter tended to decrease under HT in both rootstocks during ripening, but not at 

harvest. 

The contribution of skin, pulp, and seeds to total berry weight was also analyzed 

(Figure 3). In 2020 (harvest), HT reduced the skin percentage and increased the pulp per-

centage in 110R, resulting in a lower skin/pulp ratio. In 2021, HT effects on tissue alloca-

tion were generally small and reached significance only at the end of veraison, when HT 

tended to increase the skin percentage and reduce the pulp percentage, leading to a higher 

skin/pulp ratio at this stage. These results indicate that HT promoted berry mass increase 

in a relatively consistent way, whereas changes in dry matter accumulation and tissue 

allocation depended more on year, rootstock, and ripening stage. 

 

Figure 3. Skin, seed, and pulp proportions and skin/pulp ratio in 2020–2021 (harvest in 2020; ripen-

ing in 2021) for 110R and 140Ru under control and HT. R, T and R × T indicate the significance of 
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rootstock, temperature treatment and their interaction, respectively, according to two-way 

ANOVA. ns, *, and ** indicate non-significant and significant differences at p ≤ 0.05, and 0.01, re-

spectively. Different letters indicate significant differences according to Duncan’s multiple range 

test at the 95% confidence level. 

3.3. Technological Ripening 

3.3.1. Titratable Acidity and Organic Acids 

Titratable acidity decreased during ripening in both years and across all treatments 

(Figure 4), but its dynamics were modulated by rootstock and temperature treatments. In 

2020, HT caused an increase in TA in 140Ru at the end of veraison, mainly associated with 

higher malic acid. This effect was not sustained, and TA was lower under HT at harvest 

in both rootstocks. In 2021, HT effects on acidity were more rootstock-dependent, decreas-

ing malic acid in 110R at the end of veraison but increasing it in 140Ru at harvest. 

Malic acid showed greater variability than tartaric acid (Figure 4) and was the main 

contributor to treatment differences in TA. Berries from 140Ru generally exhibited higher 

malic acid concentrations during ripening in both years. At the end of veraison, HT accel-

erated malic acid decline in 110R in 2021, whereas its effect in 140Ru was stage-dependent, 

with higher malic acid at harvest in 2021. By contrast, tartaric acid remained relatively 

stable across treatments and years, while showing modest changes over the course of rip-

ening. In both years, at harvest, tartaric acid increased under HT in 140Ru, whereas it 

decreased under HT in 110R. 

The tartaric/malic ratio increased as ripening progressed, and values were higher in 

110R than in 140Ru across sampling dates. At harvest, HT further increased this ratio in 

110R in both years. In 140Ru, the harvest response varied by season: the ratio was unaf-

fected by HT in 2020, but it decreased under HT in 2021. These results show that HT af-

fected the acid balance in a rootstock-dependent way, with 110R showing a clearer in-

crease in the tartaric/malic ratio at harvest than 140Ru. 

3.3.2. Sugar Concentration and Maturity Index Dynamics 

Total soluble solids (TSS) increased progressively during ripening in both years (Fig-

ure 5). In 2020, HT had minimal effect on TSS at mid-ripening and harvest, whereas in 

2021, the effect of HT was more evident, with significant increases during ripening in ber-

ries grafted onto 110R and in both rootstocks at harvest. Total solute accumulation per 

berry, calculated based on berry weight and must soluble solids, helped to separate the 

concentration effects from changes in berry weight (Figure 5). In 2020, HT increased total 

solutes per berry at mid-ripening despite no change in TSS, indicating that enhanced berry 

growth increased the amount of solutes per berry without necessarily elevating soluble 

solids concentration. At harvest in 2020, a similar trend was observed, but treatment dif-

ferences were not significant, likely due to a larger variability at this stage. In 2021, HT 

increased solutes per berry in both rootstocks during ripening, with the effect being more 

pronounced in 110R at mid-ripening. 

The technological maturity index (MI), calculated as the ratio of total soluble solids 

to titratable acidity, increased progressively during ripening in both years (Figure 5). This 

trend reflects the combined effect of sugar accumulation and acid degradation as berries 

mature. At the end of veraison, a significant rootstock × temperature interaction was de-

tected in both years: in 2020, HT reduced MI in 140Ru but not in 110R, whereas in 2021, 

HT increased MI in 110R but not in 140Ru. These interactions diminished as ripening pro-

gressed and were no longer evident at harvest. In 2020, MI rose sharply from veraison to 

harvest, with 110R showing higher values than 140Ru, indicating a faster progression to-

ward technological maturity. HT significantly increased MI at the end of ripening in 2020, 

so grapes from vines under HT had higher MI at harvest in both rootstocks. In 2021, MI 
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also increased throughout ripening, but the effect of HT was more evident in stages pre-

vious to the harvest. HT elevated MI in both rootstocks. These data indicate that HT ad-

vanced technological ripening mainly through higher solute accumulation and changes 

in acidity, although the response differed between years and rootstocks. 

 

Figure 4. Titratable acidity (TA), malic and tartaric acids, and tartaric/malic ratio during ripening 

(2020–2021) in 110R and 140Ru under control and HT treatments. R, T and R × T indicate the signif-

icance of rootstock, temperature treatment and their interaction, respectively, according to two-way 

ANOVA. ns, *, **, and *** indicate non-significant and significant differences at p ≤ 0.05, 0.01, and 

0.001, respectively. Different letters indicate significant differences according to Duncan’s multiple 

range test at the 95% confidence level. 
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Figure 5. Total soluble solids (TSS), solutes per berry, and maturity index during ripening (2020–

2021) in 110R and 140Ru under control and HT treatments. R, T and R × T indicate the significance 

of rootstock, temperature treatment and their interaction, respectively, according to two-way 

ANOVA. ns, *, **, and *** indicate non-significant and significant differences at p ≤ 0.05, 0.01, and 

0.001, respectively. Different letters indicate significant differences according to Duncan’s multiple 

range test at the 95% confidence level. 

3.3.3. Thermal Exposure Effects on Technological Ripening 

Across seasons, the relationships between thermal exposure and technological ripen-

ing are shown in Figure 6. As hours at 25–35 °C accumulated, both TSS and MI tended to 

rise, indicating faster technological ripening as sugars accumulated. By contrast, re-

sponses to time >35 °C were non-linear: TSS did not increase with the elevation of time 

>35 °C, whereas TA declined as high temperature exposure increased, and MI showed a 
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peak-shaped response, with an initial increase under moderate warmth followed by de-

creases at higher heat loads. No significant differences in rootstocks were found in the 

response of these parameters to heat loads. 

 

Figure 6. Relationships between berry thermal exposure and technological ripening in ‘Monastrell’ 

grafted onto 110R and 140Ru. Columns plot technological variables against cumulative hours with 

berry temperature in the 25–35 °C range, cumulative hours >35 °C, and berry growing degree-days 

(GDDs, base 10 °C). Rows show TSS, titratable acidity, and maturity index. Lines and equations 

represent the fitted linear or non-linear models shown in the corresponding panels. For GDD, sep-

arate trend lines are shown for 2020 and 2021 when applicable. Significance terms shown in each 

panel indicate the factors tested in the ANCOVA/regression analysis: rootstock or year, the thermal 

exposure variable, and their interaction. ns, **, and *** indicate non-significant and significant dif-

ferences at p ≤ 0.01, and 0.001, respectively. 

Berry GDDs showed strong relationships with technological parameters, being posi-

tively related to TSS and MI, and negatively related to TA in both years. The effect of the 

technological parameters differed in both years, showing that for a given GDD, berries 

had lower TA and higher TSS and MI in 2020 than in 2021. Across these relationships, 

rootstock main effects and rootstock × exposure interactions were generally small and not 

significant. These relationships indicate that technological ripening was mainly associated 

with berry thermal exposure, while rootstock effects were less evident in the exposure–

response analysis. 
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3.4. Phenolic and Colour Ripening 

3.4.1. Must Phenolic Index and Tissue Phenolics 

Total phenolic content index (TPI) in Monastrell changed with temperature, root-

stock, and year, and the response differed between ripening stages (Figure 7). In 2020, HT 

significantly reduced TPI at harvest, and in 2021, TPI showed a strong decrease from the 

end of veraison to mid-ripening, and more stable values from mid-ripening to harvest. In 

both years, HT significantly decreased the TPI values at mid-ripening only in grapes from 

140Ru. 

 

Figure 7. Must total phenolic index (TPI) during ripening (2020–2021), and total phenolics 

in skins and seeds measured at harvest in 2020 and across ripening in 2021 for ‘Monastrell’ 

grafted onto 110R and 140Ru under control and HT treatments. R, T and R × T indicate the 

significance of rootstock, temperature treatment and their interaction, respectively, accord-

ing to two-way ANOVA. ns, *, **, and *** indicate non-significant and significant differ-

ences at p ≤ 0.05, 0.01, and 0.001, respectively. When the R × T interaction was significant, 
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different letters indicate significant differences according to Duncan’s multiple range test 

at the 95% confidence level. 

The distribution of phenolics between berry tissues (skins and seeds) revealed dis-

tinct patterns (Figure 7). In 2021, HT reduced skin phenolics in 110R at the end of veraison 

and caused a marked decline in skin phenolics from the end of veraison to mid-ripening 

in 140Ru. However, no significant differences in skin phenolics were observed between 

treatments at harvest in that year or in 2020. Seed phenolics at harvest in 2020 were mark-

edly higher in 140Ru control than in all other treatments, and HT reduced seed phenolics 

only in 140Ru. These results indicate that the phenolic response to HT was stronger in 

140Ru than in 110R and was more evident at mid-ripening than at harvest. 

3.4.2. Anthocyanin and Tannin Concentrations 

Anthocyanins in Monastrell berries increased from veraison to harvest, but the mag-

nitude and dynamics varied between seasons (Figure 8). In 2020, anthocyanin concentra-

tion peaked at mid-ripening and declined toward harvest. At mid-ripening, berries from 

140Ru strongly decreased total and extractable anthocyanins under HT conditions. Addi-

tionally, at harvest, anthocyanin levels tended to be lower under HT in both rootstocks, 

with significance detected only for total anthocyanins. In 2021, anthocyanin levels in-

creased progressively during ripening, and HT had minimal impact on the final concen-

tration. No significant effects of the temperature were found in 2021 in the anthocyanin 

concentrations in the skin. 

Tannin responses to HT showed a different temporal pattern than anthocyanins, but 

similarly depended on season and ripening stage (Figure 8). In 2020, berries from 140Ru 

had higher tannin levels at veraison, but HT reduced tannin content in 110R. During rip-

ening, HT significantly decreased tannin concentrations in 140Ru, whereas no comparable 

decrease was observed in 110R. In 2021, HT reduced tannins in both rootstocks at the end 

of veraison and in 140Ru at mid-ripening, but differences were not significant at harvest. 

These data show that anthocyanin and tannin responses to HT were mainly transient and 

stage-dependent, with the clearest reductions occurring before harvest and being more 

marked in 140Ru. 

The relationship between skin/pulp ratio and phenolic variables at harvest was also 

assessed (Table S3). In 2020, positive correlations were observed only in 140Ru control, 

where higher skin/pulp ratio was associated with higher must TPI, total anthocyanins and 

extractable anthocyanins. In 2021, positive correlations were mainly observed in 140Ru 

HT for must TPI and extractable anthocyanins, whereas total anthocyanins were not re-

lated to skin/pulp ratio. No significant relationships were observed in 110R in either year. 

3.4.3. Thermal Exposure Relationships for Phenolics 

Phenolic traits showed different associations with temperature ranges and between 

years (Figure 9). For cumulative hours in the 25–35 °C range, must TPI decreased, total 

anthocyanins followed a non-linear relationship (with a maximum at 750–800 h), and total 

tannins decreased. These associations were stronger for cumulative exposure in the 25–35 

°C range than with time above 35 °C. For cumulative hours >35 °C, no clear trend was 

observed for must TPI, whereas total anthocyanins showed an apparent positive associa-

tion and total tannins decreased. 

Phenolic variables showed different relationships with GDDs in 2020 and 2021 (Fig-

ure 9). When plotted against berry GDDs, in 2020, total anthocyanins reached an apparent 

maximum at mid-to-late ripening (1250 GDD) and then declined, whereas in 2021 they 

showed a more linear positive relationship across the sampled GDD range. TPI and total 

tannins also showed contrasting patterns in 2020 and 2021, being negatively associated 
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with GDD in both cases. The relationships with GDD differed between years: for compa-

rable berry GDD values, TPI and total tannins were lower in 2020 than in 2021 (Figure 9). 

This indicates that berry thermal time alone did not fully explain phenolic variation, as 

the distribution of heat exposure differed between years. 

 

 

Figure 8. Extractable and total anthocyanins and total tannins during ripening (2020–2021), plus 

skin anthocyanins (harvest 2020; ripening 2021) in 110R and 140Ru under control and HT. R, T and 
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R × T indicate the significance of rootstock, temperature treatment and their interaction, respec-

tively, according to two-way ANOVA. ns, *, **, and *** indicate non-significant and significant dif-

ferences at p ≤ 0.05, 0.01, and 0.001, respectively. Different letters indicate significant differences 

according to Duncan’s multiple range test at the 95% confidence level. 

   

 

Figure 9. Relationships between berry thermal exposure and phenolic metrics in Monastrell grafted 

onto 140Ru and 110R. Columns plot phenolic variables against cumulative hours with berry tem-

perature in the 25–35 °C range, >35 °C, and berry growing degree-days (GDD, base 10 °C). Rows 

show must TPI, total anthocyanins, and total tannins. Lines and equations represent the fitted linear 

or non-linear models shown in the corresponding panels. For GDD, filled symbols and a solid line 

represent 2020, while open symbols and a dashed line represent 2021. Significance terms shown in 

each panel indicate the factors tested in the ANCOVA/regression analysis: rootstock or year, the 

thermal exposure variable, and their interaction. ns, *, **, and *** indicate non-significant and signif-

icant differences at p ≤ 0.05, 0.01, and 0.001, respectively. 

3.4.4. Must Colour and CIELab Coordinates 

Colour intensity (CI) increased progressively from the end of veraison to harvest in 

both years, with values that were generally higher in 2020 than in 2021 (Table 3). In 2020, 

HT reduced CI at mid-ripening in 140Ru, indicating that elevated temperature negatively 

affected pigment synthesis at this stage. 

CIELab parameters helped describe the chromatic evolution during ripening (Table 

3). Lightness (L*) decreased during ripening, reflecting must darkening as anthocyanins 

accumulated. However, in 2020, HT increased L* in 140Ru at mid-ripening, resulting in 
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lighter musts. Redness (a*) decreased with maturation in 2020, whereas in 2021, a* in-

creased until mid-ripening and then stabilized or slightly declined at harvest. HT gener-

ally reduced a* values across years, suggesting a shift toward less vivid coloration. Yel-

lowness (b*) decreased from veraison to harvest in both years, reflecting a transition to-

ward bluish-red hues. HT increased b* at mid-ripening in 140Ru in 2020, but decreased b* 

across stages in 2021. These colour changes were in line with the anthocyanin response, 

indicating that the strongest effect of HT on must colour occurred at mid-ripening, partic-

ularly in 140Ru. 

Table 3. Evolution of the Colour Index (CI) and CIELab parameters (L*, a*, and b*) measured during 

the maturation period of 2020 and 2021 for each rootstock and temperature treatment. 

 CI L* a* b* 

2020 

 

End- 

Verai-

son 

Mid- 

Ripen-

ing 

Harvest 

End-

Verai-

son 

Mid- 

Ripen-

ing 

Harvest 

End-

Verai-

son 

Mid- 

Ripen-

ing 

Harvest 

End-

Verai-

son 

Mid- 

Ripen-

ing 

Harvest 

Rootstock (R)             

140Ru  1.93 2.80 3.46 39.0 34.0 30.9 36.4 25.5 23.6 29.8 16.8 13.3 

110R  2.05 3.54 4.78 40.5 31.8 27.9 30.8 26.8 20.5 29.8 16.6 10.1 

 ns *** *** ns * *** *** ns *** ns ns *** 

Temperature (T)             

Con-

trol 
 2.01 3.38 4.18 39.4 30.7 29.1 34.0 28.1 22.1 29.5 16.4 11.8 

HT  1.97 2.96 4.05 40.1 35.1 29.7 33.3 24.3 22.0 30.0 16.9 11.6 

 ns * ns ns *** ns ns *** ns ns ns ns 

R × T             

140Ru Control 2.00 3.32 b 3.39 37.9 30.4 a 30.9 37.2 28.8 c 24.2 28.7 a 16.9 14.2 c 

140Ru HT 1.86 2.29 a 3.52 40.2 37.6 c 31.0 35.6 22.2 a 23.0 30.8 c 16.7 12.4 bc 

110R Control 2.03 3.43 b 4.98 41.0 31.0 b 27.4 30.7 27.3 bc 20.0 30.3 bc 16.0 9.5 a 

110R HT 2.07 3.64 b 4.58 40.1 32.5 bc 28.4 30.9 26.3 b 21.0 29.2 b 17.1 10.7 b 

 ns ** ns ns * ns ns ** ns ** ns * 

2021 

 

End-

Verai-

son 

Mid- 

Ripen-

ing 

Harvest 

End-

Verai-

son 

Mid- 

Ripen-

ing 

Harvest 

End-

Verai-

son 

Mid- 

Ripen-

ing 

Harvest 

End-

Verai-

son 

Mid- 

Ripen-

ing 

Harvest 

Rootstock (R)             

140Ru  1.16 2.16 3.92 46.5 34.3 27.2 23.8 26.0 24.2 32.4 22.4 14.4 

110R  1.35 2.17 3.96 44.9 33.3 26.4 25.5 29.4 24.4 33.4 21.8 13.1 

  *** ns ns *** * ns * *** ns ns ns ** 

Temperature (T)             

Con-

trol 
 1.33 2.14 3.90 44.9 33.7 27.5 26.3 28.8 25.9 33.7 22.9 15.0 

HT  1.18 2.19 3.98 46.5 33.8 26.2 23.0 26.5 22.7 32.2 21.3 12.6 

  *** ns ns ** ns * *** *** *** * ** *** 

R × T             

140Ru Control 1.20 2.10 4.13 46.0 33.7 ab 27.6 24.8 27.3 26.0 33.5 23.4 15.6 

140Ru HT 1.12 2.22 3.71 47.0 34.9 b 26.8 22.8 24.6 22.5 31.3 21.5 13.2 

110R Control 1.46 2.18 3.67 43.8 33.8 ab 27.3 27.9 30.4 25.8 33.9 22.5 14.3 

110R HT 1.24 2.15 4.25 45.9 32.8 a 25.6 23.1 28.4 22.9 33.0 21.2 11.9 

 ns ns ns ns * ns ns ns ns ns ns ns 
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R, T and R × T indicate the effects of rootstock, temperature treatment and their interaction, respec-

tively, according to two-way ANOVA. Values shown under Rootstock (R) and Temperature (T) cor-

respond to main-effect means. Values shown under R × T correspond to the four treatment combi-

nations. ns, *, **, and *** indicate non-significant and significant differences at p ≤ 0.05, 0.01, and 

0.001, respectively. When the R × T interaction was significant, different letters indicate significant 

differences among treatment combinations according to Duncan’s multiple range test at p ≤ 0.05. 

4. Discussion 

Temperature strongly influences berry development and composition, with re-

sponses varying according to rootstock and season. In the present study, a mean +1.15 °C 

cluster-zone warming affected Monastrell berry temperature, ripening, and composition, 

with clear differences between 110R and 140Ru. The warming system was designed as an 

open-field treatment, with transparent polycarbonate panels placed from ground level to 

cluster height and below most of the canopy, without enclosing the whole vegetation. 

However, as in other field warming systems [7,21,22], it may also have modified local 

radiation, airflow, humidity/VPD, and boundary-layer conditions around the bunches. 

Therefore, the HT treatment is interpreted here as a moderate cluster-zone warming treat-

ment with associated microclimatic effects, rather than as an isolated air temperature 

treatment. These responses are interpreted here in relation to berry thermal exposure and 

rootstock-related differences across years and ripening stages. 

4.1. Rootstock-Modulated Berry–Air Thermal Coupling Under Moderate Warming 

The HT treatment increased cluster-zone air temperature across stages and years (Ta-

ble 1), but berry temperature did not follow this linearly, indicating that the treatment 

altered the effective heat load experienced by the fruit. In 2020, mean berry temperature 

changed a little under HT (Table 1), and in some cases, such as 110R at mid-ripening, it 

was slightly lower under HT than under control. Figures S2 and S3 suggest that berry 

heating was slightly reduced during the hottest periods. This may reflect the strong de-

pendence of berry temperature on convective cooling at the berry surface, whereby small 

changes in the boundary-layer thickness can enhance heat dissipation and partly offset 

increases in air temperature [23]. In 2021, HT produced a clearer increase in berry temper-

ature especially around the post-veraison period, with a stronger accumulation of hours 

above 35 °C in 110R than in 140Ru (Table 2). This pattern suggests that rootstock influ-

enced berry heat load not because air warming differed between rootstocks, but because 

the berry microenvironment responded differently. In interpreting these berry tempera-

ture patterns, it should be noted that berry temperature was monitored in representative 

clusters selected with the same orientation and a similar canopy position. These records 

therefore provide a standardized estimate for comparable cluster positions, but they do 

not capture the full within-plot heterogeneity between exposed and shaded berries or 

among clusters with different exposures. The observed variation in berry heat load is rel-

evant because key quality-related traits, especially colour and phenolic composition, are 

more sensitive to short heat events and time above thresholds than to small changes in 

mean air temperature [8,24,25]. Consequently, the same warming may have little impact 

in 2020 but a larger impact in 2021, particularly in 110R, which accumulated more hours 

above 35 °C. These exposure metrics are therefore used to interpret changes in ripening 

and phenolic development in the following sections. 

To explain why a similar increase in mean air temperature resulted in different ex-

posure above thresholds across years and rootstocks, two complementary mechanisms 

may be considered. First, rootstocks may differ in canopy water use, indirectly modifying 

the cluster microenvironment and influencing how air warming is translated into berry 

heat load. In a parallel physiological study conducted on the same experimental vineyard, 
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110R showed greater stomatal plasticity under HT (higher gs and E), whereas 140Ru be-

haved more conservatively [16]. Such differences in canopy water use under warming 

could indirectly affect conditions around the clusters (e.g., air renewal and boundary-

layer conditions on surrounding clusters) and thus how closely berry temperature devi-

ates from air temperature during hot periods. Even subtle changes in the local cluster en-

vironment can modify berry heating despite similar imposed air warming [23]. Therefore, 

the larger HT-induced increase in hours above 35 °C observed in 110R in 2021 may reflect 

rootstock-dependent differences in how the same air warming leads to berry temperature 

extremes, as also suggested by the contrasting HT–control patterns observed between 

2020 and 2021 (Figures S3 and S4; Table 2). Second, HT increased berry weight in both 

years and rootstocks. Larger berries may buffer temperature fluctuations, although this 

effect is likely to weaken when heat events become more frequent or intense, as observed 

in 2021, when time above thresholds increased [24,25]. In addition, the HT-related increase 

in berry weight may have enhanced transpiration per berry, depending on changes in 

cuticular conductance during ripening [26], thereby promoting evaporative cooling and 

partly limiting berry temperature at some phenological periods. 

4.2. Berry Growth Under Moderate Warming: Rootstock Dependent Responses 

Before interpreting these stage-dependent responses, it should be noted that all treat-

ments were sampled on common calendar dates within each season, rather than at iden-

tical technological maturity. The terms “end of veraison”, “mid-ripening”, and “harvest” 

therefore refer to common sampling points along the ripening sequence at the experi-

mental vineyard level. Consequently, some treatment differences may reflect both direct 

effects on berry traits and HT-induced differences in ripening progress. 

HT promoted berry mass increase across seasons, indicating that berry growth was 

not strongly constrained by the imposed warming. However, larger berries may affect 

must phenolic concentration when berry mass increase changes the relative contribution 

of skins and pulp tissues, an aspect further considered in relation to the harvest correla-

tions between skin/pulp ratio and phenolic variables. Previous controlled-environment 

and field-warming studies have shown that moderate increases in berry or canopy tem-

perature (approximately 1–3 °C), under adequate water supply, can enhance berry growth 

without necessarily shortening the ripening period, whereas warmer conditions may re-

strict growth depending on the cultivar and developmental stage [27,28]. Since cultivars 

differ in their optimal temperature range for berry growth, the timing and magnitude of 

warming relative to the ripening stage may partly explain the rootstock-dependent re-

sponses observed here [29]. Under an adequate water supply, moderate warming was 

associated with larger berries even when mean berry temperature increased only slightly 

or inconsistently across stages, suggesting that canopy-level processes (such as carbon 

supply and berry import) contributed more strongly than direct heating at the fruit sur-

face [22,27]. 

Temperature-driven increases in berry transpiration can steepen the fruit–stem wa-

ter-potential gradient and facilitate solute import, consistent with berry mass increase un-

der warm, dry atmospheric conditions [30]. In the present trial, berry mass increase oc-

curred even when changes in mean berry temperature were relatively small and stage-

dependent (Table 1). This suggests that the increase in berry weight was not simply re-

lated to changes in mean berry temperature and may also have been associated with 

changes in canopy source–sink balance under moderate warming [22,27]. This interpreta-

tion is consistent with the results obtained in a parallel physiological study conducted in 

the same experimental vineyard, where HT increased gas exchange and transpiration 

mainly in 110R [16]. Under non-limiting water conditions, this may have contributed to 
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sustaining carbon supply to the berries and may explain the earlier and stronger berry-

growth response observed in 110R. 

Although berry mass increase in the present study was mainly driven by HT, the 

rootstock- and year-dependent changes in tissue allocation agree with reports showing 

that rootstocks can modify berry weight and other yield components in a cultivar-depend-

ent manner [31]. In our study, these differences were not expressed only as changes in 

whole-berry weight, but also as changes in tissue allocation. In 2020, HT reduced skin 

percentage and increased pulp percentage in 110R, resulting in a lower skin/pulp ratio 

(Figure 3), whereas in 2021 this response was not maintained. Such changes may influence 

technological and phenolic traits through dilution/concentration effects, although the 

quantitative relationship between skin/pulp ratio and phenolic concentration was not con-

sistent across years, treatments, and rootstocks (Table S3), as discussed below. Dry matter 

accumulation showed a similar interannual contrast, with patterns in 2020 mainly reflect-

ing dilution during ripening, whereas in 2021 dry matter per berry tended to increase to-

wards harvest under HT (Figure 2). This highlights that the balance between berry 

growth, tissue allocation, and dry matter accumulation differed between years. 

4.3. Rootstock-Dependent Shifts in Sugar–Acid Balance Under Moderate Warming 

Under HT, TSS increased during ripening in 110R, and in 2021 at harvest in both 

rootstocks, whereas effects were smaller in 2020. Similar responses to warming around 

veraison have been previously reported with higher TSS and potential alcohol, and mod-

erate temperatures can favour photosynthesis and sugar import [5,32–35]. In the physio-

logical study conducted in parallel, HT increased canopy gas exchange mainly in 110R 

(higher gs and E, together with higher A; [16]), which may explain the stronger sugar re-

sponse observed in this rootstock. Nevertheless, berry sugar concentration can also vary 

through berry weight (dilution or concentration), so TSS alone can be misleading [36,37]. 

In the present study, HT increased berry weight (Figure 2) and also elevated solutes per 

berry, especially in 2021 and more markedly in 110R (Figure 5), supporting enhanced 

sugar import rather than a simple concentration effect. Under semi-arid conditions, 

warmer and drier air may favour solute supply to the fruit by increasing bunch transpi-

ration [30,38]. Consistent with this interpretation, 110R maintained a higher stomatal ap-

erture under HT [16], which may have helped sustain assimilate supply and contributed 

to the higher TSS and MI observed in 110R under similar thermal exposure (Figures 5 and 

6). 

At harvest, the tartaric/malic ratio under HT differed clearly between rootstocks (Fig-

ure 4), increasing in 110R but showing a weaker or opposite response in 140Ru depending 

on the season. Acid responses are strongly dependent on the ripening stage, since warmer 

conditions before veraison may favour malate accumulation, whereas warming at verai-

son and during ripening accelerates malate degradation [39,40]. By contrast, tartaric acid 

usually changes less during ripening, and treatment effects are more often related to dilu-

tion/concentration processes and genotype-specific behaviour than to major metabolic 

shifts [32,40]. 

The tartaric/malic ratio measured at harvest integrates several post-veraison pro-

cesses; consequently, even small rootstock differences in the timing of heat events relative 

to the malate-sensitive post-veraison window may lead to contrasting harvest ratios un-

der similar mean warming conditions [40]. Under HT, 110R may have experienced greater 

overlap between heat exposure and the period when malate decline responds more 

strongly to temperature, favouring a stronger malate loss and thus a higher tartaric/malic 

ratio at harvest. In contrast, the delayed veraison and ripening onset observed in 140Ru 

in the physiological study [16] may have reduced this overlap, favouring higher malate 

retention and lower or less responsive tartaric/malic ratio at harvest. 
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Having shown that HT effects on the tartaric/malic ratio depend on when heat peaks 

occur relative to ripening and differ by rootstock, we examined how technological ma-

turity responded to moderate (25–35 °C) versus high (>35 °C) berry temperature exposure 

(Figure 6). TSS and MI increased with berry growing degree-days (GDD) and with cumu-

lative hours in the 25–35 °C band, whereas these responses levelled off or became non-

linear as time above 35 °C increased. This suggests that time spent in the moderate range 

favoured sugar accumulation during ripening, whereas additional exposure above 35 °C 

produced limited further increases in TSS and MI. These results agree with reported tem-

perature ranges for canopy photosynthesis and for processes linked to sugar import into 

the berry [27]. In contrast, TA declined with berry GDD and with time in the 25–35 °C 

range, and continued to decrease as exposure above 35 °C increased. This matches field 

reports from warmer, drier conditions and the strong post-veraison temperature sensitiv-

ity of malate loss described previously. Relationships based on berry GDD also differed 

between seasons: for similar berry GDD values, 2020 showed higher TSS and MI but lower 

TA than 2021 (Figure 6), indicating that thermal time alone did not fully determine ripen-

ing outcomes. 

Taken together, these results highlight a clearer decoupling between sugar and acid 

responses. Time above 35 °C was associated with continued acidity loss with little change 

in TSS, indicating that increases in MI under warmer conditions can come partly from an 

accelerated malate loss rather than from substantial gains in sugars. Similar partial decou-

pling has been reported under elevated temperature, with timing and thermal regime 

around ripening affecting how sugars and acids respond [5,39,40]. In the present study, 

the magnitude and timing of the MI responses varied with both season and rootstock, 

indicating earlier technological maturity driven by combined, but not always propor-

tional, changes in sugars and acids (Figures 4 and 5). Comparable responses have been 

reported in other warming and whole-plant experiments, where increasing heat exposure 

produced relatively modest sugar gains but stronger acidity losses [5,27,40]. 

Rootstock differences also helped link thermal exposure to vine physiological behav-

iour. Such rootstock-dependent differences in ripening indices are in agreement with 

studies in other grapevine cultivars showing that rootstocks can modify TSS and titratable 

acidity, although the direction and magnitude of these effects depend on the scion cultivar 

and growing conditions [41]. Under HT, 110R showed a larger increase in MI and higher 

solutes per berry than 140Ru, in line with the higher gs and E reported for this rootstock 

in the parallel physiological study [16]. This response may have helped maintain carbon 

supply to the berries during warm periods. In 140Ru, HT also increased technological 

ripening, but acids differed from 110R (higher malic acid, lower tartaric acid, and a lower 

tartaric/malic ratio). From a practical perspective, 110R achieved higher MI under warm-

ing through combined sugar accumulation and acidity loss, whereas 140Ru tended to de-

velop a less favourable acid composition, which may hinder the desired sugar–acid bal-

ance when preserving freshness is a priority. 

4.4. Rootstock-Dependent Sensitivity of Phenolic Ripening to Heat Exposure 

The most significant alterations related to heat in phenolics were observed during 

mid-ripening rather than at harvest (Figures 7 and 8). In 140Ru, the reduction in must TPI 

during mid-ripening under HT was primarily associated with changes in skin phenols, 

rather than a generalized decline across all tissues. This observation aligns with the role 

of skins as the primary interface with the microclimate of the bunch, while seed phenolics 

tend to respond differently and are less directly influenced by skin temperature [42–44]. 

The decrease in TPI during mid-ripening under HT in 140Ru (also observed in total and 

extractable anthocyanins, skin phenolics, and total tannins) is unlikely to be solely at-

tributable to a higher heat load on the berries, as berry temperature summaries did not 
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consistently indicate higher extremes in 140Ru compared to 110R at comparable develop-

mental stages (Tables 1 and 2). Contributing factors may include warm episodes after 

veraison, which can diminish net skin phenolic accumulation and extractability, and in-

creased sensitivity of 140Ru. Furthermore, changes in berry morphology may influence 

phenolic indices in must when phenolics do not increase proportionally with juice volume 

[24,25,44,45]. However, the harvest correlations between skin/pulp ratio and phenolic var-

iables showed that this relationship was not consistent across years, temperature treat-

ments, or rootstocks (Table S3). Positive relationships were mainly detected in 140Ru, but 

they differed between control and HT conditions and were not observed for all phenolic 

variables. Therefore, changes in skin/pulp ratio may contribute to phenolic variation in 

specific cases, but they do not provide a general explanation for the phenolic reductions 

observed under warming. Other factors, including changes in phenolic accumulation, ex-

tractability, and rootstock-dependent sensitivity to heat, should also be considered. This 

interpretation is consistent with previous work showing that rootstock genotype can in-

fluence berry and wine phenolic composition, including anthocyanins and tannins, 

through effects on scion nutritional status and secondary metabolism [46]. In this context, 

tissue traits related to the rootstock, such as thicker grape epidermis in 140Ru compared 

to 110R [13], may also influence the magnitude of these responses. Must colour followed 

the pattern of the anthocyanin response, with the most pronounced effects of heat stress 

observed at mid-ripening, especially in 140Ru, characterized by reduced colour intensity 

and a shift towards lighter (higher L*) and less red (lower a*) musts (Table 3). Must TPI as 

negatively associated with longer time in the 25–35 °C range and with increasing GDD 

suggest that sustained warm conditions, rather than exposure above 35 °C, may be linked 

to lower phenolic index in must (Figure 9). Toward the upper end of the 25–35 °C range, 

the phenylpropanoid/flavonoid pathway may become constrained, thereby reducing net 

flavonoid pools [8,47]. Total anthocyanins showed a non-linear response to time in the 25–

35 °C range: Anthocyanins typically increase after veraison, may level off, and can decline 

near harvest. Warm post-veraison conditions may reduce net accumulation through both 

reduced biosynthesis and/or increased losses [8,25,48,49]. The apparent positive relation-

ship between total anthocyanins and cumulative hours >35 °C should therefore be inter-

preted cautiously because hours >35 °C also increase as the season advances and can co-

vary with the ripening stage. This interpretation is supported by vineyard studies show-

ing that sustained high berry temperatures can reduce the anthocyanin pool [24,25]. 

Year effects became particularly evident when total anthocyanins were related to 

GDD (Figure 9). In 2020, anthocyanins reached a maximum at mid-to-late ripening and 

subsequently declined, whereas in 2021 they increased more linearly with GDD. Cumu-

lative exposure helps explain this contrast: 2020 accumulated more hours within the 25–

35 °C range at each sampling stage, whereas 2021 accumulated more hours above 35 °C 

throughout ripening. These findings demonstrate that GDD alone may not adequately 

describe how heat is distributed between moderate (25–35 °C) and hotter conditions (>35 

°C), nor when these occur relative to post-veraison, which can affect anthocyanin accu-

mulation. Anthocyanin responses to temperature can differ between seasons and depend 

on when warming occurs during ripening, with early post-veraison often being a sensitive 

period [24,50,51]. In the present study, the post-peak decline in 2020 may reflect greater 

losses later in ripening, whereas the more linear 2021 pattern suggests that any tempera-

ture-related limitation on net accumulation occurred outside the sampled period, con-

sistent with the strong interannual variability reported in field heating studies [24,44,52]. 

Total tannins decreased with increasing cumulative thermal exposure (Figure 9). This 

likely reflects ripening progression, since proanthocyanidins accumulate mainly before 

veraison and the extractable pool declines as berries enlarge and tissues mature [25,45]. 
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When related to GDD, tannin concentrations were lower in 2020 than in 2021 at compara-

ble GDD values, confirming a marked year effect similar to that reported in other multi-

year studies [44,53]. 

5. Conclusions 

This study used an open-field warming system to impose a mean +1.15 °C increase 

in cluster-zone temperature during ripening and to evaluate its effects on Monastrell berry 

development and quality under semi-arid Mediterranean conditions. Mean air tempera-

ture alone did not fully explain the observed responses, since berry thermal exposure and 

berry–air temperature differences varied between years and helped explain differences in 

berry composition. 

HT tended to accelerate technological ripening, whereas phenolic and colour traits 

responded more strongly at specific stages, especially around mid-ripening. These results 

indicate that moderate warming can reduce the synchrony between technological ma-

turity and phenolic and colour development, thereby complicating harvest decisions 

based primarily on sugars and acids. 

Rootstock choice also appears particularly relevant under these conditions. Under 

the moderate cluster-zone warming applied in this study, 110R showed a more stable re-

sponse than 140Ru across the two evaluated seasons, combining increases in MI and so-

lutes per berry with comparatively better phenolic and colour outcomes. However, this 

response should be interpreted within the thermal range and interannual variability ob-

served here. Thus, 110R should be considered a promising rootstock option for Monastrell 

under moderate warming conditions. By contrast, 140Ru showed a greater risk of an un-

favourable sugar–acid balance and weaker colour/phenolic expression under the warmer 

conditions observed in this study. These findings also indicate that adaptation strategies 

for Monastrell vineyards under moderate warming should consider both rootstock choice 

and berry-scale thermal exposure. 

Future work should extend the experiment across additional seasons and vine ages, 

and include wine-scale analyses to better connect berry compositional changes with sen-

sory outcomes under practical winemaking conditions. 

Supplementary Materials: The following supporting information can be downloaded at 

https://www.mdpi.com/article/10.3390/horticulturae12080913/s1; Figure S1: Experimental design of 

the experiment with four blocks. Each block consisted of two lines (one of the plants grafted on 110R 

and the other plants grafted on 140Ru) with 12 plants each. Six plants were inside the HT structures 

described in Figure 1, and the other six were control plants, without HT structures. Only the four 

central plants were included in the measurements; Figure S2: Seasonal dynamics of the daily mean 

and maximum berry temperatures under control (solid line) and high temperature (dotted line) 

treatments, in 110R (blue) and 140Ru (green) rootstock, in the 2020 and 2021 seasons. Vertical dotted 

lines indicate the end of the veraison stage, mid-ripening, and harvest; Figure S3: Comparison of 

berry temperature in control and HT treatments for 110R (blue) and 140Ru (green) rootstocks across 

2020 and 2021 seasons. The reference lines are y = x. Each point is the average of three independent 

replicates. Data were recorded at 10 min intervals; Figure S4: Differential effect of HT vs control 

(HT−control) on daily mean berry temperature across the 2020 and 2021 seasons for 110R (blue) and 

140Ru (green). Daily means were calculated from synchronized 10 min records. Vertical dotted lines 

indicate the end of the veraison stage, mid-ripening, and harvest; Table S1: Summary of ΔT (Tberry − 

Tair) for Monastrell berries grafted onto 110R and 140Ru during 2020–2021. Values represent mean 

seasonal tendencies derived from 10 min berry (Tberry) and cluster area (Tair) temperature records. 

THT-TC represents the difference in ΔT between the HT and control treatment; Table S2: Accumu-

lated degree-days (base 10 °C) and their differences between HT and C treatments (THT-C) at the 

end of veraison, mid-ripening, and harvest in 2020 and 2021 for Monastrell grafted onto 110R and 
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140Ru under control (C) and high temperature (HT) treatments; Table S3: Linear correlations be-

tween skin/pulp ratio and phenolic variables at harvest in Monastrell berries grafted onto 140Ru 

and 110R under control (C) and high temperature (HT) treatments in 2020 and 2021. 
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HT High temperature 

C Control 

Tair Cluster-zone air temperature 

Tberry Berry temperature 

THT−C Difference in temperature between HT and C 

GDD Berry growing degree-days 

TSS Total soluble solids 

TA Titratable acidity 

MI Maturity index 

TPI Total phenolic index 

CI Colour intensity 

References 

1. IPCC. Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II and III to the Sixth Assessment Report of the Inter-

governmental Panel on Climate Change; IPCC: Geneva, Switzerland, 2023. https://doi.org/10.59327/IPCC/AR6-9789291691647. 

2. Gladstones, J. Wine, Terroir and Climate Change; Wakefield Press: Adelaide, Australia, 2011. 

3. Jones, G.V.; White, M.A.; Cooper, O.R.; Storchmann, K. Climate change and global wine quality. Clim. Change 2005, 73, 319–343. 

https://doi.org/10.1007/s10584-005-4704-2. 

4. Bonada, M.; Sadras, V.; Moran, M.; Fuentes, S. Elevated temperature and water stress accelerate mesocarp cell death and shriv-

elling, and decouple sensory traits in Shiraz berries. Irrig. Sci. 2013, 31, 1317–1331. https://doi.org/10.1007/s00271-013-0407-z. 

5. Mira de Orduña, R. Climate change associated effects on grape and wine quality. Food Res. Int. 2010, 43, 1844–1855. 

https://doi.org/10.1016/j.foodres.2010.05.001. 

https://doi.org/10.3390/horticulturae12080913


Horticulturae 2026, 12, 913 27 of 29 
 

https://doi.org/10.3390/horticulturae12080913 

6. Sadras, V.O.; Moran, M.A. Elevated temperature decouples anthocyanins and sugars. Aust. J. Grape Wine Res. 2012, 18, 115–122. 

https://doi.org/10.1111/j.1755-0238.2012.00180.x. 

7. de Rosas, I.; Deis, L.; Baldo, Y.; Cavagnaro, J.B.; Cavagnaro, P.F. High temperature alters anthocyanin concentration and com-

position in grape berries of Malbec, Merlot, and Pinot Noir in a cultivar-dependent manner. Plants 2022, 11, 926. 

https://doi.org/10.3390/plants11070926. 

8. Mori, K.; Goto-Yamamoto, N.; Kitayama, M.; Hashizume, K. Loss of anthocyanins in red-wine grape under high temperature. 

J. Exp. Bot. 2007, 58, 1935–1945. https://doi.org/10.1093/jxb/erm055. 

9. Rienth, M.; Vigneron, N.; Darriet, P.; Sweetman, C.; Burbidge, C.; Bonghi, C.; Walker, R.P.; Famiani, F.; Castellarin, S.D. Grape 

berry secondary metabolites and their modulation by abiotic factors in a climate change scenario—A review. Front. Plant Sci. 

2021, 12, 643258. https://doi.org/10.3389/fpls.2021.643258. 

10. Wolkovich, E.M.; García de Cortázar-Atauri, I.; Morales-Castilla, I.; Nicholas, K.A.; Lacombe, T. From Pinot to Xinomavro in 

the world’s future wine-growing regions. Nat. Clim. Change 2018, 8, 29–37. https://doi.org/10.1038/s41558-017-0016-6. 

11. Romero, P.; Fernández-Fernández, J.I.; Martinez-Cutillas, A. Physiological thresholds for efficient regulated deficit-irrigation 

management in winegrapes grown under semiarid conditions. Am. J. Enol. Vitic. 2010, 61, 300–312. 

https://doi.org/10.5344/ajev.2010.61.3.300. 

12. Romero, P.; Navarro, J.M.; Pérez-Pérez, J.G.; Dodd, I.C.; Antolinos, V.; López Marín, J.; del Amor, F.; Morote, E.; Botía, P. The 

rootstock imparts different drought tolerance strategies in long-term field-grown deficit irrigated grapevines. Sci. Hortic. 2025, 

346, 114167. https://doi.org/10.1016/j.scienta.2025.114167. 

13. Zombardo, A.; Mica, E.; Puccioni, S.; Perria, R.; Valentini, P.; Mattii, G.B.; Cattivelli, L.; Storchi, P. Berry quality of grapevine 

under water stress as affected by rootstock–scion interactions through gene expression regulation. Agronomy 2020, 10, 680. 

https://doi.org/10.3390/agronomy10050680. 

14. Navarro, J.M.; Botía, P.; Romero, P. Changes in berry tissues in Monastrell grapevines grafted on different rootstocks and their 

relationship with berry and wine phenolic content. Plants 2021, 10, 2585. https://doi.org/10.3390/plants10122585. 

15. Berdeja, M.; Nicolas, P.; Kappel, C.; Dai, Z.; Hilbert, G.; Peccoux, A.; Lafontaine, M.; Ollat, N.; Gomès, E.; Delrot, S. Water 

limitation and rootstock genotype interact to alter grape berry metabolism through transcriptome reprogramming. Hortic. Res. 

2015, 2, 15012. https://doi.org/10.1038/hortres.2015.12. 

16. Navarro, J.M.; Botía, P.; Morote, E.I.; Hernández-Ballester, F.M.; Romero, P. Impact of temperature rise on young Monastrell 

grape cultivar grafted onto different rootstocks. Aust. J. Grape Wine Res. 2026, 3477531. https://doi.org/10.1155/ajgw/3477531. 

17. Saint-Cricq de Gaulejac, N.; Vivas, N.; Glories, Y. Maturité phénolique: Définition et contrôle. Rev. Fr. Oenol. 1998, 173, 22–25. 

18. Ribéreau-Gayon, P.; Glories, Y.; Maujean, A.; Dubourdieu, D. Phenolic compounds. In Handbook of Enology, Volume 2: The Chem-

istry of Wine Stabilization and Treatments, 2nd ed.; Ribéreau-Gayon, P., Glories, Y., Maujean, A., Dubourdieu, D., Eds.; John Wiley 

& Sons: Chichester, UK, 2006; pp. 141–204. https://doi.org/10.1002/0470010398.ch6. 

19. Sarneckis, C.J.; Dambergs, R.G.; Jones, P.; Mercurio, M.; Herderich, M.J.; Smith, P.A. Quantification of condensed tannins by 

precipitation with methyl cellulose: Development and validation of an optimised tool for grape and wine analysis. Aust. J. Grape 

Wine Res. 2006, 12, 39–49. https://doi.org/10.1111/j.1755-0238.2006.tb00042.x. 

20. Rustioni, L.; Maghradze, D.; Popescu, C.F.; Cola, G.; Abashidze, E.; Aroutiounian, R.; Brazao, J.; Coletti, S.; Cornea, V.; Dejeu, 

L.; et al. First results of the European grapevine collections’ collaborative network: Validation of a standard eno-carpological 

phenotyping method. Vitis 2014, 53, 219–226. https://doi.org/10.5073/vitis.2014.53.219-226. 

21. Petrie, P.R.; Clingeleffer, P.R. Effects of temperature and light (before and after budburst) on inflorescence morphology and 

flower number of Chardonnay grapevines (Vitis vinifera L.). Aust. J. Grape Wine Res. 2005, 11, 59–65. 

https://doi.org/10.1111/j.1755-0238.2005.tb00279.x. 

22. Sadras, V.O.; Soar, C.J. Shiraz vines maintain yield in response to a 2–4 °C increase in maximum temperature using an open-

top heating system at key phenostages. Eur. J. Agron. 2009, 31, 250–258. https://doi.org/10.1016/j.eja.2009.09.004. 

23. Smart, R.E.; Sinclair, T.R. Solar heating of grape berries and other spherical fruits. Agric. Meteorol. 1976, 17, 241–259. 

https://doi.org/10.1016/0002-1571(76)90029-7. 

24. Spayd, S.E.; Tarara, J.M.; Mee, D.L.; Ferguson, J.C. Separation of sunlight and temperature effects. Am. J. Enol. Vitic. 2002, 53, 

171–182. https://doi.org/10.5344/ajev.2002.53.3.171. 

25. Tarara, J.M.; Lee, J.; Spayd, S.E.; Scagel, C.F. Berry temperature and solar radiation alter acylation, proportion, and concentration 

of anthocyanin in Merlot grapes. Am. J. Enol. Vitic. 2008, 59, 235–247. https://doi.org/10.5344/ajev.2008.59.3.235. 

26. Zhang, Y.; Keller, M. Grape berry transpiration is determined by vapor pressure deficit, cuticular conductance, and berry size. 

Am. J. Enol. Vitic. 2015, 66, 454–462. https://doi.org/10.5344/ajev.2015.15038. 

https://doi.org/10.3390/horticulturae12080913


Horticulturae 2026, 12, 913 28 of 29 
 

https://doi.org/10.3390/horticulturae12080913 

27. Greer, D.H.; Weedon, M.M. Temperature-dependent responses of the berry developmental processes of three grapevine (Vitis 

vinifera) cultivars. N. Z. J. Crop Hortic. Sci. 2014, 42, 233–246. https://doi.org/10.1080/01140671.2014.894921. 

28. Hulands, S.; Greer, D.H.; Harper, J.D.I. The interactive effects of temperature and light intensity on Vitis vinifera cv. ‘Semillon’ 

grapevines. I. Berry growth and development. Eur. J. Hortic. Sci. 2013, 78, 249–257. https://doi.org/10.1079/ejhs.2013/4119075. 

29. Venios, X.; Korkas, E.; Nisiotou, A.; Banilas, G. Grapevine responses to heat stress and global warming. Plants 2020, 9, 1754. 

https://doi.org/10.3390/plants9121754. 

30. Cabodevilla, A.; Morales, F.; Pascual, I. Bunch transpiration is involved in the hastening of grape berry ripening under elevated 

temperature and low relative humidity conditions. Plant Physiol. Biochem. 2024, 206, 108258. 

https://doi.org/10.1016/j.plaphy.2023.108258. 

31. Klimek, K.; Kapłan, M.; Najda, A. Influence of rootstock on yield quantity and quality, contents of biologically active com-

pounds and antioxidant activity in Regent grapevine fruit. Molecules 2022, 27, 2065. https://doi.org/10.3390/molecules27072065. 

32. Coombe, B.G. Influence of temperature on composition and quality of grapes. Acta Hortic. 1987, 206, 23–36. 

https://doi.org/10.17660/ActaHortic.1987.206.1. 

33. Goicoechea, N.; Torres, N.; Garmendia, I.; Hilbert, G.; Antolín, M.C. Mycorrhizal symbiosis improve fruit quality in Tempranillo 

grapevine sensitive to low-moderate warming. Sci. Hortic. 2023, 315, 111993. https://doi.org/10.1016/j.scienta.2023.111993. 

34. Keller, M. The Science of Grapevines, 4th ed.; Academic Press: London, UK, 2025. 

35. Lebon, G.; Wojnarowiez, G.; Holzapfel, B.; Fontaine, F.; Vaillant-Gaveau, N.; Clément, C. Sugars and flowering in the grapevine 

(Vitis vinifera L.). J. Exp. Bot. 2008, 59, 2565–2578. https://doi.org/10.1093/jxb/ern135. 

36. Costa, C.; Graça, A.; Fontes, N.; Teixeira, M.; Gerós, H.; Santos, J.A. The interplay between atmospheric conditions and grape 

berry quality parameters in Portugal. Appl. Sci. 2020, 10, 4943. https://doi.org/10.3390/app10144943. 

37. Greer, D.H.; Weedon, M.M. Can a small differential in canopy temperature influence performance of Semillon in a vineyard? 

N. Z. J. Crop Hortic. Sci. 2019, 47, 63–82. https://doi.org/10.1080/01140671.2018.1523197. 

38. Soar, C.J.; Collins, M.J.; Sadras, V.O. Irrigated Shiraz vines (Vitis vinifera) upregulate gas exchange and maintain berry growth 

in response to short spells of high maximum temperature in the field. Funct. Plant Biol. 2009, 36, 801–814. 

https://doi.org/10.1071/FP09101. 

39. Rienth, M.; Torregrosa, L.; Sarah, G.; Ardisson, M.; Brillouet, J.-M.; Romieu, C. Temperature desynchronizes sugar and organic 

acid metabolism in ripening grapevine fruits and remodels their transcriptome. BMC Plant Biol. 2016, 16, 164. 

https://doi.org/10.1186/s12870-016-0850-0. 

40. Sweetman, C.; Sadras, V.O.; Hancock, R.D.; Soole, K.L.; Ford, C.M. Metabolic effects of elevated temperature on organic acid 

degradation in ripening Vitis vinifera fruit. J. Exp. Bot. 2014, 65, 5975–5988. https://doi.org/10.1093/jxb/eru343. 

41. Kowalczyk, B.; Bieniasz, M.; Błaszczyk, J.; Banach, P. The effect of rootstocks on the growth, yield and fruit quality of hybrid 

grape varieties in cold climate condition. Hortic. Sci. 2022, 49, 78–88. https://doi.org/10.17221/58/2021-HORTSCI. 

42. Cohen, S.D.; Tarara, J.M.; Kennedy, J.A. Diurnal temperature range compression hastens berry development and modifies fla-

vonoid partitioning in grapes. Am. J. Enol. Vitic. 2012, 63, 112–120. https://doi.org/10.5344/ajev.2011.11015. 

43. Downey, M.O.; Dokoozlian, N.K.; Krstic, M.P. Cultural practice and environmental impacts on the flavonoid composition of 

grapes and wine: A review of recent research. Am. J. Enol. Vitic. 2006, 57, 257–268. https://doi.org/10.5344/ajev.2006.57.3.257. 

44. Gouot, J.C.; Smith, J.P.; Holzapfel, B.P.; Barril, C. Grape berry flavonoid responses to high bunch temperatures post veraison. 

Molecules 2019, 24, 4341. https://doi.org/10.3390/molecules24234341. 

45. Adams, D.O. Phenolics and ripening in grape berries. Am. J. Enol. Vitic. 2006, 57, 249–256. 

https://doi.org/10.5344/ajev.2006.57.3.249. 

46. Blank, M.; Samer, S.; Stoll, M. Grapevine rootstock genotypes influences berry and wine phenolic composition (Vitis vinifera L. 

cv. Pinot noir). OENO One 2022, 56, 133–144. https://doi.org/10.20870/oeno-one.2022.56.1.4459. 

47. Pastore, C.; Dal Santo, S.; Zenoni, S.; Movahed, N.; Allegro, G.; Valentini, G.; Filippetti, I.; Tornielli, G.B. Whole plant tempera-

ture manipulation affects flavonoid metabolism and the transcriptome of grapevine berries. Front. Plant Sci. 2017, 8, 929. 

http://doi.org/10.3389/fpls.2017.00929. 

48. Gil-Muñoz, R.; Moreno-Pérez, A.; Vila-López, R.; Fernández-Fernández, J.I.; Martínez-Cutillas, A. Determination of anthocya-

nin content in C.V. Monastrell grapes during ripening period using several procedures. Int. J. Food Sci. Technol. 2011, 46, 1986–

1992. https://doi.org/10.1111/j.1365-2621.2011.02711.x. 

49. Ryan, J.M.; Revilla, E. Anthocyanin composition of Cabernet Sauvignon and Tempranillo grapes at different stages of ripening. 

J. Agric. Food Chem. 2003, 51, 3372–3378. https://doi.org/10.1021/jf020849u. 

https://doi.org/10.3390/horticulturae12080913


Horticulturae 2026, 12, 913 29 of 29 
 

https://doi.org/10.3390/horticulturae12080913 

50. Yamane, T.; Jeong, S.T.; Goto-Yamamoto, N.; Koshita, Y.; Kobayashi, S. Effects of temperature on anthocyanin biosynthesis in 

grape berry skins. Am. J. Enol. Vitic. 2006, 57, 54–59. https://doi.org/10.5344/ajev.2006.57.1.54. 

51. Gaiotti, F.; Pastore, C.; Filippetti, I.; Lovat, L.; Belfiore, N.; Tomasi, D. Low night temperature at veraison enhances the accumu-

lation of anthocyanins in Corvina grapes (Vitis vinifera L.). Sci. Rep. 2018, 8, 8719. https://doi.org/10.1038/s41598-018-26921-4. 

52. Bennett, J.S.; Albright, A.L.; Friend, A.P.; Boldingh, H.; Cooney, J.; Elborough, C.; Kirk, R.A.; Nguyen, H.M.; Deng, C.; Plunkett, 

B.J.; et al. Effects of bunch heating on Pinot noir grape ripening: Changes in berry anthocyanin and malic acid concentrations 

and their regulation. Front. Plant Physiol. 2026, 3, 1701827. https://doi.org/10.3389/fphgy.2025.1701827. 

53. Molero de Ávila, M.E.; Alarcón, M.V.; Moreno, D.; Mancha, L.A.; Uriarte, D.; Francisco-Morcillo, J. Effects of irrigation and 

shoot thinning on the size and phenolics content of developing grape berries (Vitis vinifera L. cv. Tempranillo). Span. J. Agric. 

Res. 2020, 18, e0803. https://doi.org/10.5424/sjar/2020182-15773. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

https://doi.org/10.3390/horticulturae12080913

