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Relationships between grape composition of Tempranillo variety and available soil 19 

water and water stress 20 

 21 

Abstract 22 

The aim of the research was to analyse the relationship between grape composition of 23 

the Tempranillo variety, cultivated under rainfed conditions, and available soil water 24 

along the growing cycle. The study was conducted in the Rioja DOCa (Qualified 25 

Designation of Origin (Spain). Grape composition (berry weight, acidity and phenolic 26 

composition) between veraison and maturity was analysed in non-irrigated vines and 27 

related to available soil water along the growing cycle, simulated for the period 2008-28 

2018, taking into account soil properties and the weather conditions recorded at each 29 

location. Soil water was simulated for each plot and year analysed, after calibration in 30 

one plot and the available soil water (ASW) was evaluated under the different 31 

conditions. The results showed that soil properties conditioned available soil water, 32 

which influenced berry weight, acidity, anthocyanins and total polyphenol index. Under 33 

the rainfed conditions in which the vines were cultivated, vines suffered from moderate 34 

to high water stress in some periods along the growing cycle. The results showed the 35 

most critical periods regarding water availability for grape composition. An increase in 36 

available soil water four and seven weeks after the stage H and at the end of the 37 

ripening period increased acidity and berry weight and decreased pH, since bloom until 38 

harvest increases berry weight and acidity, while for anthocyanins and other phenolic 39 

compounds an increase in available soil water after just before veraison and in particular 40 

during ripening.veraison  decreases their concentrations.  41 
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1. Introduction 1 

Berry composition is influenced by factors such as soil characteristics, management, 2 

cultivar and climate, (van Leeuwen, 2004). Among all these factors, climate plays an 3 

very  important role on berry composition (Jones and Storchmann, 2001; Robinson et 4 

al., 2012). The vine cultivars that can be grown in a given location are conditioned by 5 

temperature (Jones et al., 2012) and its variations affect grape development during the 6 

growing period and its final composition (Sadras and Moran, 2013; Webb et al., 2012; 7 

Greer and Weedom, 2013; Ovadia, et al., 2013). However, within a specific climate 8 

zone, soil characteristics are important factors controlling vine development and grape 9 

composition (Cheng et al., 2014; Zerihun et al., 2015). Soil physical properties, and in 10 

particular soil particle distribution and porosity govern the volume of soil that can be 11 

explored by roots, and also affect water and nutrient movement and soil water storage 12 

(Lanyon et al., 2004; Seguin, 1986; Costantini et al., 2006; Ramos et al., 2015), as well 13 

as water availability and finally the vine water status (Costantini et al., 2010; 14 

Tramontini et al., 2013). Thus, water availability could play an important role on vine 15 

development and the final production, and it could be used to determine vine water 16 

stress. 17 

Vines are sensitive to water stress during the growing cycle and both early and late-18 

season deficits decreased yield (Matthews et al., 1987). Berry growth is more sensitive 19 

to water deficits after bloom and if the dry periods take place after fruit formation they 20 

lead to a decrease in the water used, which has also an impact in grape quality. 21 

However, reductions in berry growth caused by water stress during the budbreak-bloom 22 

period cannot be reversed by supplemental water inputs during the bloom-veraison and 23 

veraison-harvest periods (Grimes and Williams, 1990). These authors indicated that 24 
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water used by plants decreases when soil water is depleted to the point that plant is 25 

stressed, and yields also will be reduced. Peacook (2005) indicates that a water deficit 26 

up to 50% of evapotranspiration (ETc) has a minimum effect on yield. However, yield 27 

decreases if this threshold is overpassed. In this respect, Ramos and Martínez-28 

Casasnovas (2010) confirmed that the years in which water deficit during the growing 29 

period was higher than 50% ETc, were years of low yield, and that yield was affected by 30 

water available during the budbreak-bloom period.  31 

In addition, water deficits can affect also berry grape composition (Esteban et al. 2001; 32 

Deloire et al., 2005; Downey et al. 2006; Gómez-Míguez et al., 2007; van Leeuwen et 33 

al., 2009), being the effect dependent on the level of stress and the time period when it 34 

appears (Ojeda et al., 2002; Roby et al., 2004; Castellarin et al., 2007). Intrigliolo et al. 35 

(2012) found that late water deficits affect berry sugar accumulation due to the effect of 36 

water stress on leaf photosynthesis. Cooley et al. (2017) found an increase in total 37 

acidity under different irrigations treatments and that the malic acid concentration of 38 

grape juice was reduced under both regulated and prolonged deficit irrigation, resulting 39 

in an enhancement of the tartaric/malic acid ratio. Bellvert et al. (2016) also indicated 40 

that pre-veraison water stress negatively affected aroma quality, titratable acidity, and 41 

malic acid.  42 

Regarding the effect on anthocyanins and other phenolic compounds, it has been 43 

reported that water deficit changed anthocyanin composition, as well as the composition 44 

and the accumulation of flavonols or proanthocyanidins (Torres et al., 2018).  In 45 

general, water deficit enhanced the accumulation of phenylpropanoids, monoterpenes, 46 

and tocopherols, while for other compounds such as carotenoids and flavonoids, the 47 

accumulation depend on the grapevine development state (Savoi et al., 2016) and on the 48 

stress level. In this respect, Balint and Reynolds (2014) found that total anthocyanin 49 
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concentration was highly affected by irrigation treatments, finding the lowest 50 

anthocyanin and phenol concentrations under the irrigation treatment corresponding to 51 

the 100% of the crop evapotranspiration (ETc). Similarly, Cooley et al. (2017) found 52 

wine colour density, anthocyanin, ionised anthocyanin and phenolic substances being 53 

affected by the irrigation treatment. Buchetti et al. (2011) also indicated that water 54 

deficits consistently increased anthocyanin concentration by increasing content per 55 

berry and reducing fruit growth. Talaverano et al. (2017), Mendez-Castabel et al. (2014) 56 

and Ou et al. (2010), among others, indicated the influence of water stress in some 57 

alcohols and on different volatile compounds responsible of aroma characteristics, 58 

which may have consequences on wine sensory perception. 59 

The research was carried out in the Rioja DOCa, which is the most important producer 60 

region of the Tempranillo (Vitis vinifera) variety worldwide. In previous research 61 

carried out in the study area, the effect of weather conditions and the influence of some 62 

soil properties in the response of the vine were already analysed (Ramos and Martínez 63 

de Toda, 2019). In this research, the aim was to acquire a deep knowledge of the 64 

influence of available soil water and the time in which water stress can me be more 65 

critical for grape composition. To that end, grape composition of the variety 66 

Tempranillo, cultivated under rainfed conditions, was analysed in years with different 67 

weather characteristics, and related to the stress conditions that the vine suffered along 68 

its growing cycle. This variety is adapted to Mediterranean climate and it has been s is 69 

now being expanded to other counties (among them, Australia Chile, Greece, USA and 70 

South Africa). Thus, the results observed in this specific area related to the influence of 71 

available water and water stress on grape quality could be extrapolated to other areas 72 

around the world, taken into account the soil characteristic where the vines are planted.  73 

 74 
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2. Material and methods 75 

The research was carried out in the DOCa Rioja (Spain) grapevine growing area.  This 76 

region is located in North central part of northern Spain and has covers about 64000 ha 77 

of vines, mostly red varieties. The vines are cultivated from the terraces of the Ebro 78 

River to elevations up to about 700 m a.s.l. The climatic conditions recorded along the 79 

regions allowed stablishing different zones with Atlantic and Mediterranean influence, 80 

which are named, respectively, Rioja Alta (about 26780 ha with Atlantic influence), 81 

Rioja Oriental (about 23870 ha, with Mediterranean influence) and Rioja Alavesa 82 

(about 13000 ha), with intermediate climatic influence (Consejo Regulador DOCa 83 

2017). Tempranillo is the main cultivated variety in the region, which represent about 84 

80% of the vineyard area. Most vineyards of the Rioja DOCa use tillage for soil-surface 85 

management, and the norm of this appellation limits the red grape yield to 6,500 kg/ha. 86 

2.1. Study area 87 

This research included the analysis on six plots located at similar elevation (between 88 

428 and 465m a.s.l.) in the municipalities of Haro (P1 and P2), Cenicero (P3), 89 

Fuenmayor (P4), San Vicente de la Sonsierra (P5) and San Asensio (P6) in Rioja Alta 90 

(Fig. 1).  All plots were planted with the Tempranillo variety, between 1987 and 2000 91 

(1993, 1997, 1998, 2000, 1987, 1990 and 1999, respectively); they were bush trained in 92 

double cordon, in a patter of 2.5-2.7m between rows and 1.2-1.3m between plants, 93 

which means 2800 to 3,500 vines/ha. The vines were and cultivated under rainfed 94 

conditions. , with 3,000 to 3,500 vines/ha. Rootstock and clone???? 95 

An additional plot was considered (P7), in which soil water was measured during four 96 

years. This plot was situated in the municipality of Nájera (Fig. 1), and planted with 97 

similar pattern (2.7 m between rows and 1.3 m between plants). ,.   98 

Comentario [U1]: He intentado 

añadid algo más de lo que el segundo 

revisor pide, aunque no creo que se lo 

vuelvan a enviar 

De la parcela donde se medió la 

humedad si que se sabe e  portainjerto 

y el clon, ¿ tienes alguna idea del 

portainjjerto que puede haber en las 

otras parcelas? 

  

Comentario [U2]: clone RJ.26 on 

Richter 110 rootstock. 
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 99 

Fig. 1. Map of the three zones in which are divided the Rioja DOCa growing region 100 

(Rioja Alta, Rioja Oriental and Rioja Alavesa). Location of the seven plots (P1 to P7) 101 

and the six meteorological stations used in this research. 102 

 103 

2.2. Climate data 104 

The weather conditions recorded during the studied period (2008-2018) were analysed 105 

using the information from the meteorological stations of Haro, Uruñuela, Logroño, 106 

Nájera and San Vicente de la Sonsierra, which were the nearest stations to the analysed 107 

plots (Fig. 1). Those stations belong to La Rioja Government. Daily maximum and 108 

minimum temperatures, precipitation, solar radiation, relative humidity and wind speed 109 

were analysed. Crop evapotranspiration was also evaluated for each meteorological 110 

station, which was calculated from the potential evapotranspiration obtained using the 111 

FAO Penman Monteith equation and the crop coefficients proposed by Allen et al. 112 

(1998). For the plots located between two observatories a weighted average was 113 
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estimated taking into account the inverse of the distance to each station, and when it 114 

was necessary a correction for differences in elevation was applied. 115 

 116 

2.3. Soil properties 117 

The soils of the selected plots are classified as Calcixerollic Xerochrept (IGN 2006). 118 

Soil characteristics of the studied plots related to soil organic carbon, soil particle 119 

distribution (clay, sand, silt and coarse elements) and soil water retention corresponding 120 

to field capacity and wilting point were obtained from the European Soil data base 121 

(ESDAC; esdac.jrc.ec.europa.eu, European Commission, Joint Research Centre). The 122 

soils of the studied plots have clay contents that range between 19.7 and 25.5%; silt 123 

contents that range between 34.6 and 45.3% and sand contents that ranged between 29.2 124 

and 39.3%. The organic carbon content varied between 0.49 and 1.53%. The water 125 

retention corresponding to field capacity ranged between 25.4 and 30.1% and that for 126 

the wilting point ranged between 10.9 and 15.3%. The soils characteristics of the plots 127 

used in this research are shown in Table 1.  128 

  129 
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Table 1. Soil properties of the analysed plots (P1 –P7). (Elev: plot altitude in m above 130 

sea level; OM: organic matter; FC: field capacity and WP: wilting point). 131 

Plot      Elev  

(m a.s.l) 

Clay 

(%) 

Silt 

(%) 

Sand 

(%) 

Coarse 

elements 

(%) 

OM 

(%) 

FC 

(%) 

WP 

(%) 

P1 438 22.8 34.6 42.6 13.2 1.1 26.6 12.8 

P2 465 22.3 38.4 39.3 14.2 1.00 26.9 12.4 

P3 450 25.5 45.3 29.2 13.0 0.75 30.1 13.7 

P4 428 19.7 41.7 38.6 18.0 1.53 25.4 11.0 

P5 440 22.2 43.2 33.9 17.8 1.40 27.6 15.3 

P6 457 25.9 43.4 30.7 14.5 0.49 27.0 10.9 

P7 450 18.5 43.2 38.3 12.0 0.96 27.0 15.5 

 132 

 133 

2.4. Available soil water 134 

In order to evaluate the effect of available soil water on grape composition, soil water 135 

was simulated for each plot and year, considering soil properties and the weather 136 

conditions recorded in each year. The Vineyard-Soil Irrigation Model (VSIM –137 

https://sites.google.com/a/csumb.edu/vsim/) model was used to simulate soil water.  138 

This model allows simulating soil water content at daily time scale for the whole 139 

profile, based on a soil water balance, which included water inputs (rainfall and 140 

irrigation in case the crop was irrigated), crop evapotranspiration and drainage. The 141 

inputs for the model included weather (daily temperature, precipitation and potential 142 

evapotranspiration) and soil (soil particle distribution and gravel contents, water 143 
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retention capacity at -33 kPa and 1500 kPa and rooting depth) characteristics. Regarding 144 

the vines, the model takes into account vine and row spacing and cover crop. 145 

 The model was calibrated and validated with the data recorded in P7. Soil water content 146 

was monitored in that plot from 2009 to 2012 at different soil depths (30, 60 and 100 147 

cm), using TDT (Time Domain Transmissometry) GroGraph Moisture Solution probes 148 

(ESI Environmental Sensors Inc, Sidney BC, Canada), which recorded information at 149 

30 min intervals. These data were divided into two series:  the periods 2009-2010 and 150 

2011-2012 were used for model calibration and validation, respectively. The model 151 

performance for both calibration and validation was analysed using three statistical 152 

methods: the ratio of the root mean square error to the standard deviation (RSR); the 153 

Nash–Sutcliffe efficiency (NSE; Nash and Sutcliffe 1970) and the percent bias (PBIAS, 154 

%; Gupta et al. 1999). (Equations.1, 2 and 3, respectively). 155 
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Where Ym is the measured value, Ys is the simulated value and Ȳ is the mean of the 159 

measured values of the parameter analysed.  160 

 161 

Then, the model was run for each plot and year. Taking into account the maximum soil 162 

water content at field capacity (FC) and the wilting point (WP), the maximum available 163 

soil water (water held of m the soil between its field capacity and permanent wilting 164 
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point) of each soil was calculated (AWC). The available soil water (differences between 165 

soil water and the wilting point) (ASW) was evaluated along the growing cycle for each 166 

plot and year. Particular attention was paid to the periods between flowers separated and 167 

veraison and after veraison. The information about phenology, according to the 168 

Baggliolini scale, was obtained from the Consejo Regulador of Rioja DOCa (personal 169 

communication). The water stress conditions that the existing ASW implied for the vine 170 

were also analysed. Vine water stress was quantified considering the fraction of the 171 

ASW, estimated considering the ASW and the AWC. The levels of water deficit (weak, 172 

moderate and severe) were stablished from the results observed by Pellegrino et al. 173 

(2005) and van Leeuwen et al. (2009). The thresholds were stablished in terms of the 174 

percentage of the AWC as follow: weak water deficit: 32-20% of AWC; weak to 175 

moderate water deficit: 20-8% of AWC; moderate to sever 8-2% of AWC and severe 176 

water deficit for values < 2% of AWC. Those thresholds were considered to estimate 177 

the vine water deficit. 178 

 179 

2.5. Grape composition 180 

Grape composition was analysed weekly during ripening (from veraison to maturity) for 181 

the period of analysis (2008-2018). Berry weight (weight of 100 berries-WB), sugar 182 

content (expressed as probable volumetric alcoholic degree-PVAD), total acidity (AcT), 183 

malic acid (AcM), pH, total anthocyanins (AntT), total polyphenol index (TPI) and 184 

colour intensity (CI) were evaluated for each plot and year. The information was 185 

provided by the Consejo Regulador of Rioja DOCa and it was obtained following the 186 

methods recommended by the OIV (OIV, 2012). The differences between plots were 187 

evaluated taking into account the soil water content and the ASW in each plot. A partial 188 

Least Squares (PLS) regression between grape parameters and the ASW was performed 189 
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in order to analyse its influence and the timing when it occurred. Weekly values of 190 

ASW from the stage H until ripening (defined when PVAD = 13° was reached) were 191 

included in the analysis. The data corresponding to two plots with different 192 

characteristics (P2 and P6) regarding the AWC were used to create the model while the 193 

rest of plots were used in the cross validation. The grape parameters were analysed by 194 

groups: acidity (AcT, AcM and pH), anthocyanin and phenolic characteristics (AntT, 195 

TPI and CI and the ratio AntT/PVAD) and BW, considering the values of these 196 

variables when the PVAD reached 13˚. 197 

3. Results 198 

3.1 Weather conditions recorded during the period of study 199 

Years with different characteristics were recorded during the analysed period. The 200 

average maximum, minimum  and mean temperature (TmaxGS,  TminSG and TmGS) 201 

and the precipitation (PGS) recorded during the growing season (GS: April-October) in 202 

the observatories included in this research are shown in Table 2. The mean growing 203 

season temperature (TmGS) ranged between 16.9 and 17.6°C. The maximum growing 204 

season temperature (TmaxGS) varied between 23.8 and 24.5°C, while minimum 205 

growing season temperature the TminGS) ranged between 10.6 and 12.5°C. The 206 

differences among meteorological stations were slightly higher for TminGS than for 207 

TmaxGS. The average PGS growing season precipitation ranged between 179 and 257 208 

mm (Table 2), but with high variability from year to year. Water inputs during the 209 

growing season were smaller than crop evapotranspiration in most of years, giving rise 210 

to important water deficits, which were not covered by the water reserves accumulated 211 

in the soil during the dormant period. Within the analysed period, years 2008, 2013 and 212 

2018 were within the wettest years in the series, while 2009, 2011 were the driest. In 213 
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addition, both mentioned years were within the warmest years of the series analysed, 214 

with 2017 as the warmest one. In year 2016, despite annual precipitation was above the 215 

average, precipitation recorded in the growing season was very low, even lower than in 216 

the mentioned dry years. Year 2014 presented intermediate conditions regarding both 217 

temperature and precipitation, which was more homogenously distributed along the 218 

year, with about 50% of annual precipitation recorded during the growing season. 219 

According to the weather conditions observed, some years were selected to analyse the 220 

vine response: 2009, 2011 and 2016 as dry years; 2008, 2013 and 2018 as wet years; 221 

2017 as a warm year and 2014 as a year with intermediate conditions.   222 
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Table 2. Average mean, maximum and minimum temperature (GS TmGS, GS TmaxGS, 223 

GS TminGS), precipitation (GSPGS) and crop evapotranspiration (GS ETcGS) 224 

recorded during the growing season (April-October) and precipitation recorded in the 225 

hydrological year (1
st
 - Oct- 30

th
 Sept) (PHY) in the studied period (2008-2018), in the 226 

meteorological stations used in this research.  227 

Meteorologica

l station 

GS 

TmGS 

(˚C) 

GSTmaxG

S (˚C) 

GSTminG

S (˚C) 

PHY  

1
st
Oct-

30
th

Sep  

(mm) 

GS 

PGS 

(mm) 

GS 

ETcGS 

(mm) 

Logroño 17.6±0.

8 

24.1±1.0 12.1±0.5 472±12

2 

241±10

9 

495 ±42 

Uruñuela 16.9±0.

8 

24.4±1.1 10.6±0.6 477±10

8 

246±91 403±10

0 

Haro 17.4±0.

7 

24.4±1.0 12.1±0.5 464±11

3 

190±93 426± 26 

Nájera 17.5±0.

9 

24.5±1.2 11.6±0.5 369±10

5 

179±58 437±26 

San Vicente 

de la 

Sonsierra 

16.9±0.

6 

23.8±0.9 10.9±0.5 573±12

1 

257±84 488± 43 

 228 

 229 
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3.2. Differences in phenology among years 230 

The average phenological dates or the analysed years were 26
th

 May±8 days for stage H, 231 

12
th

 August±7 days for stage M (veraison) and ripening was reached on average on 30
th

 232 

September±11 days. In the wet years, the dates of stages H and M were on average 10 233 

days later than in the dry years, while ripening took place up to 18 days later. In the 234 

warmest year, veraison and ripening occurred 8 and 9 days earlier, respectively, than in 235 

the coolest years,.respectively. 236 

3.3. Soil water measured and simulated under different climatic conditions 237 

3.3.1 Model calibration. 238 

Figure 2 shows the measured and simulated soil water in the profile for P7, for the 239 

calibration (2009 and 2010) and validation periods (2011 and 2012). Despite the 240 

different characteristics of the years, the model was good fitted. Validation is presented 241 

separately for both years. The statistics are shown in Fig.2. For the calibration period, 242 

PBIAS was about 5%, the NSE was 0.825 and the RMSE was 0.42, which could be 243 

considered as very good (according to the criteria proposed by Moriasi et al. 2007). For 244 

the two years used in the model validation, the PBIAS were 0.75 and -1.12%, the NSE 245 

were 0.66 and 0.78, and the RSR were 0.48 and 0.58, respectively. This means 246 

satisfactory results (between good and very good). 247 

 248 

 249 
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3.3.2. Simulated soil water contents and available soil water for the selected plots 250 

and years. 251 

Using the model, soil water was simulated for each selected plot and year. Due to soil 252 

characteristics, the maximum AWC that each soil can accumulate in the profile varied 253 

between 139.5 mm in P1 and 165.1 mm in P3. In the rest of the plots, the values were 254 

145.6, 144.5, 155.6 and 158.7 mm, respectively for P2, P4, P5 and P6. The ASW along 255 

the growing cycle in each plot in the analysed years is shown in Fig. 3. It can be 256 

observed that, the ASW reached the maximum capacity in almost all plots and years at 257 

the beginning of the growing cycle. However, after stage H, the ASW decreased very 258 

fast reaching the 50% of the maximum holding capacity after few weeks, although it 259 

varied among plots and years. 260 

 261 
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 262 

Fig. 2. Simulated (SW sim) and measured (SW Obs) soil water in P7 during a) the 263 

calibration period (2009-2010) and b) and c) validation period (2011 and 2012).  264 
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In dry years, like 2009, the 50% of the maximum ASW was reached after two weeks 265 

from stage H in P6 and after five weeks in P2 or P3 (Fig. 3). In addition, in the 266 

following weeks, there were differences between these two plots, not only in the 267 

minimum level of water reached but when it took place. While in P3, ASW was 268 

decreasing, reaching the level below 20% of the AWC (considered as the threshold to 269 

define moderate to weak water deficit) after eight weeks, in the case of P2 it happened 270 

after six weeks, with the minimum level reached at veraison, which was about 7% of the 271 

maximum capacity. In that situation vine stress was much higher in P2 than in P3. In 272 

other plots, intermediate situations were given. For example, in P6, with an AWC 273 

relatively high, the ASW reached the value corresponding to 50% of the maximum two 274 

weeks after stage H, but the decrease was more moderate and the minimum values were 275 

higher than in P2 (Fig. 3). The differences among plots in other dry years were quite 276 

similar. In 2011, for example, the value corresponded to the 50% of the maximum ASW 277 

was reached after 2 and 5 weeks after stage H in P3 and P2, respectively, while the 278 

value corresponding to 20% of the AWC was reached after 5 and 7 weeks, respectively, 279 

and the minimum values reached in P3 was near double than in P2. In 2016, despite 280 

being the annual precipitation higher than the average in the area, the precipitation 281 

recorded during the growing season was scarce and vines started to suffer stress two or 282 

three weeks after stage H (Fig. 3). 283 

For wet years like 2013, ASW was higher that 50% of the maximum capacity during up 284 

to nine weeks after the stage H in P3 and P6, and about during up five or six weeks in 285 

the plots with lower AWC (like P1 and P2). The ASW was above 20% until one week 286 

before veraison in P3, and about 5 weeks before veraison in the plots with lower AWC 287 

(Fig. 3).  288 
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In years with high temperatures, like 2011 and in particular in 2017, the higher 289 

evapotranspiration made that soil water decreased earlier than in the above mentioned 290 

years and the 50% of the AWC was reached just one or two weeks after stage H, 291 

depending on the plots. Although the minimum values of ASW reached in all plots were 292 

higher than in drier years, water deficits although weak (according to the stablished 293 

thresholds) were maintained during longer time, between six and eight weeks before 294 

veraison, which could also have negative effects for grape development.  295 

At veraison, ASW usually reached very low values, around 10% of the maximum 296 

capacity, except in the very wet years (e.g. year 2013) (Fig. 3). However, even in the 297 

driest years (e.g. 2009 or 2011), those minimum values were reached before in the plots 298 

with lower AWC. 299 
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 300 

Fig. 3. ASW along the growing cycle in the selected plots (P1-P6), in years with 301 

different weather conditions (2009, 2011 and 2016: dry years; 2013 and 2018: wet 302 

years; 2017: very high temperatures; and 2014: intermediate characteristics). The 303 

periods in which the stage H (stage -H) and veraison (Ver-M) took place are also 304 

indicated.  305 
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3.4. Differences in grape composition among plots and years  306 

Due to the different climatic conditions, recorded during the years of the analysed 307 

period, differences in the grape composition during maturation were observed, both in 308 

timing and in the final characteristics. Maturity was defined in relation to a given 309 

probable alcoholic degree (PVAD). Thus, the grape characteristics were analysed during 310 

ripening (from veraison to harvest) and in particular when the PVAD equal to 13° were 311 

reached, in order to compare the differences among plots. Figures 4-6 show the 312 

variation among years of the berry weight, acidity and phenolic compounds in the 313 

analysed years, respectively. In these figures it is also shown the average water content 314 

between budbreak (stage C) and stage H and between stage H and veraison (stage M) 315 

recorded in each year. 316 

Regarding berry weight, although it was clear that in all plots the lowest values were 317 

recorded in 2011 (one of the driest and warmest years) and the highest values in 2018 318 

(one of the wettest year), the differences among dry and wet years were not clear when 319 

all analysed years were evaluated as a whole (Fig. 4).  Thus, water content may be not 320 

the main or the only factor that affect berry weight, or it should be also considered the 321 

time when the highest and the lowest water levels were recorded. 322 

Total acidity was, in general, higher in the wet than in the dry years, with some 323 

differences between plots (Fig, 5). In wet years, the lowest value was recorded in P3, 324 

while in dry years it was recorded in P4. However, in the warmest year analysed (2017), 325 

the differences among plots followed the same pattern than in the wet years until 326 

reaching a PVAG=12°, but the lowest values were recorded in P1 and P2 when the 327 

PVAD = 13° was reached. In that year, ASW between stage H and veraison (stage M) 328 

was higher in P3, followed by P5, in which total acidity recorded the highest values at 329 

the end of ripening (Fig. 5). Similarly, for the malic acid, the lowest values were also 330 
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recorded in P3, however, there were not a clear pattern among the rest of plots regarding 331 

water available (Fig. 5). Thus, water available seems to affect total acidity but it is 332 

necessary to investigate the time in which this water is available to confirm in what 333 

stage water can have higher effect. In addition, the effect of temperature on acidity was 334 

also confirmed. The lowest acidity values at ripening were observed in the warmest year 335 

(2017).  336 

For the total anthocyanin concentrations, the highest values were observed in the dry 337 

years like 2009 or 2011. However, in 2016, which was also a dry year during the 338 

growing season, total anthocyanin concentrations were lower than in the other dry years 339 

(Fig. 6). As it was already said, 2016 recorded higher annual precipitation than the 340 

average, but precipitation recorded during the growing season was very low and ASW 341 

was lower during the whole growing season than in other years, even in the first stages. 342 

This was one of the differences between that year and 2009 and 2011. Another 343 

difference was the temperature, which was lower in 2016 than in the other two 344 

mentioned years. In 2017, which was the warmest year of the analysed series, the 345 

differences in total anthocyanin levels among plots were lower. Nevertheless, it was 346 

confirmed that P3 recorded always the lowest levels, being the plot in which ASW 347 

during the period between stage H and veraison was the highest (Fig. 6). Thus, it is 348 

necessary to take into account not only water available in the whole growing season but 349 

in different stages.  350 

The TPI index was smaller in the wet than in the dry years, but similarly to that 351 

commented for the anthocyanin concentrations, the TPI showed lower values in 2016 352 

than in 2009 and 2011. The highest differences among plots were found in years in 353 

which there were differences in ASW not only during ripening but also during the 354 

previous stages (Fig. 6). 355 
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 356 

 357 

Fig. 4 Average values of the 100-berry weight (BW-13) recorded in the analysed years (2009, 2011 and 2016: dry years; 2014: intermediate 358 

characteristics; 2008, 2013 and 2018: wet years; 2017: very high temperatures) in different plots when PVAD = 13° were reached. ASW during 359 

the period between stage C and H (ASW_C-H), and between stage H and M (ASW_H-M) are also shown. 360 

  361 
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 362 

Fig. 5. Average values of total acidity (AcT) and malic acid concentration (AcM) recorded in the analysed years (2009, 2011 and 2016: dry 363 

years; 2014: intermediate characteristics; 2008, 2013 and 2018: wet years; 2017: very high temperatures) in different plots when PVAD = 13° 364 

were reached. ASW during the period between stage C and H (ASW_C-H), and between stage H and M (ASW_H-M) are also shown.  365 
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 366 

Fig. 6. Average values of total anthocyanins (AntT) and total polyphenol index (TPI) recorded in the analysed years (2009, 2011 and 2016: dry 367 

years; 2014: intermediate characteristics; 2008, 2013 and 2018: wet years; 2017: very high temperatures) in different plots when PVAD = 13° 368 

were reached. ASW during the period between stage C and H (ASW_C-H), and between stage H and M are also shown.369 
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3.5. Relationship between water deficit and grape composition 370 

The PLS regression analysis performed for the ensemble of analysed plots and years, between 371 

the grape parameters and ASW along the growing cycle allowed confirming the time for 372 

which water availability plays an important role for grape quality. The fit coefficients for each 373 

variable are shown in Fig. 7, in which the coefficients for each week starting after the stage H 374 

and ending when the maturity was reached (weeks from 1 to 18 are presented). The results 375 

shown in the figures corresponds to the number of components which gave the best fit and 376 

lower error, being in all cases the variables significantly fitted at 95% (p<0.05). For the 377 

variables related to acidity, two components were retained, and the percentage of the variance 378 

explained was 65.2, 52.0 and 61.7%, respectively for AcT, AcM and pH. For the variables 379 

associated with the phenolic compounds, one component was retained, and the percentage of 380 

the variance explained was 55.3, 65.1, 46.1 and 54.4%, respectively for AntT, TPI, CI and 381 

AntT/PVAD ratio. Finally, BW was fitted using only one component and the percentage of 382 

the variance explained was 27.5%.  During the analysed years, bloom was reached 2 weeks 383 

after stage H, veraison took place between 9 and 12 weeks after the stage H and maturity was 384 

reached between 17 and 20 weeks after stage H. 385 

For the variables related with acidity, it was observed that ASW in the period between four 386 

and seven weeks after the stage H and at the end of the ripening period increased acidity and 387 

decreased pH, but there was a period in between in which the effect was negative or had not 388 

significant effect (Fig. 7a). The correlations were significant at 99% for the three parameters 389 

(AcT, AcM and pH). Regarding the phenolic characteristics, it was observed that soil water 390 

content in different periods within the growing cycle had influence on the final value of 391 

anthocyanins as well as on the TPI and CI. The results were significant at 99% level for the 392 

three parameters and it showed to be important before veraison and in particular during 393 

ripening. It can be observed that the three parameters presented an inverse relationship with 394 
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ASW, which means that they increase when ASW decreases. As it was commented before, 395 

ASW decreased very fast before veraison, reaching the conditions of moderate stress in 5 to 8 396 

weeks after stage H, on average in the dry years. In wet years, the situations of moderate 397 

stress were reached between 7 to 11 weeks after stage H. According to the results, the lowest 398 

ASW in the weeks after veraison, when stress already existed, favoured anthocyanin 399 

concentrations and increased the TPI (Fig. 7b). The ratio anthocyanin/PVAD presented 400 

similar relationship with ASW, thus is, it increased with water stress (Fig .7b). Finally, it was 401 

observed that ASW had influence on berry weight in different time periods along the growing 402 

cycle, in particular in the period after bloom in which the berry is growing and then during 403 

ripening (Fig. 7c). 404 



29 
 

 405 

Fig. 7. Coefficients of the PLS regression analysis performed for the ensemble of analysed 406 

plots and years, between the grape parameters and ASW from stage H until reaching ripening 407 

(13˚) analysed weekly (week 1 to 18; W1-W18): a) acidity; b) polyphenols, c) berry weight. 408 

 409 
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4. Discussion 410 

This research covered years with different rainfall amounts and distribution and also with 411 

differences in temperature, which allowed extracting information about soil water content and 412 

water availability under different weather conditions. During the period analysed (2008-413 

2018), vines suffered different levels of stress during the growing season, but it was also 414 

confirmed the effect of high temperatures on grape composition. 415 

It was observed that the soils usually maintained the maximum ASW up to stage H and from 416 

that time, ASW decreased very fast reaching values corresponding to 20% (considered as the 417 

threshold to define moderate to weak water deficit of the maximum capacity) between 5 and 8 418 

weeks after that stage H. In all plots, levels below 50% of the maximum holding capacity 419 

were reached during the growing season, usually between bloom and veraison. For example, 420 

for 2014, soil water reached the values corresponding to 50% of the maximum capacity in 421 

early July in P3, while it was reached in the middle of June in P1. In wet years, like 2013, in 422 

which rainfall was about 20% greater than the average, the soils with the maximum water 423 

holding capacity maintained soil water levels higher for longer time period. Besides, the ASW 424 

below the 50% of the maximum, was reached at the end of July or at the beginning of August. 425 

However, in the plots with lower holding capacity, this occurred in the third early part of July. 426 

On the other hand, in dry years like 2009, 2011 or 2016, which received about 40% less of 427 

precipitation than in the first case (2014), with about 30% of it recorded during the growing 428 

season, the differences between plots were smaller, and the 50% of ASC in the soil profile 429 

was reached in all cases around the middle of June. At veraison, the ASW usually reached 430 

very low values, around 10% of the AWC, except in the very wet years (e.g. 2013) (Fig. 4). 431 

However, even in the driest years (e.g. 2009 or 2011), that minimum values were reached 432 

before in the plots with lower maximum available water content. Nevertheless, for a given 433 
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year it happened up to 15 days earlier in some plots in relation to the rest, depending on soil 434 

characteristics. 435 

The evolution of ASW and the minimum values observed were similar to that found by other 436 

authors (Pellegrino et al., 2005; Ramos and Martínez-Casasnovas, 2014). These authors 437 

expressed the ASW in relation to the AWC and they found values below 0.1 in some of the 438 

analysed years and locations, by the end of the growing cycle.  Under these low values of 439 

ASW, the vines suffered from weak to moderate stress at veraison and during most time of 440 

the ripening period and it was confirmed that the reduced ASW at the end of the growing 441 

cycle influenced not only berry weight but also composition.  442 

Lakso and Poll (2006) indicated that vines are sensible to water stress in different moments 443 

along the growing cycle. Water stress reduces shoot growth under any stress level, which 444 

could be beneficial in grapes for wine production, in particular when the vines have excessive 445 

foliar area. However, in the study case no water stress was shown during the first stages of the 446 

growing cycle. More important could be the effect on berry growth during the first weeks 447 

after bloom, which could affect the cellular division and can affect the rest of the cycle.  448 

As it was commented before, in the study case the water deficit started in some plots just two 449 

or three weeks after stage H. The situations of moderate stress, however, were recorded after 450 

five weeks of stage H, even in the dryer years, and the highest water stress were observed at 451 

veraison, in which soil water content was very low and ASW was below 10% in most years 452 

and plots. According to Lakso and Poll (2006), water stress in the following weeks to 453 

veraison is not as critical as it is at the end of the cycle, when it can produce both a decrease 454 

in berry size and in sugar accumulation. However, Zulini et al. (2007), indicated that water 455 

stress may affect the photosynthesis and lower yields may be produced because not all berries 456 

achieve the full ripeness. Berry weight was mainly related to ASW as was previously stated 457 

(Ojeda et al., 2001; Reynard et al., 2011; Wenter et al., 2018; Ramos and Martínez de Toda, 458 
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2019), with higher values in the wettest than in the drier years, but it could be seen that there 459 

were some specific periods in which the effect on berry growth was higher. Water status had 460 

positive effects not only during the pre-harvest period but also in some periods before 461 

veraison. In this study case, ASW had positive influence in almost all cycle. The coefficients 462 

of the PLS were significantly high during berry growth, since two or three weeks after bloom, 463 

and then during the first weeks of ripening. The effect of this last period is consistent with that 464 

reported by van Leeuwen et al. (2009), who indicated smaller berry size under water 465 

restrictions on the maturation. 466 

There are only two periods in which the berry weight shows a negative relationship with the 467 

ASW, two or three weeks after bloom and two weeks before veraison. The explanation could 468 

be linked to the fact that, in these two periods, the balance between vegetative and 469 

reproductive growth is more critical than in other periods, and the greater availability of water 470 

would favour vegetative growth compared to the development of the berry. In the case of the 471 

post-bloom period, it could also be influenced by the fact that there is a greater fruit set at 472 

higher ASW so, as the number of berries is greater, its unit weight would decrease. In the case 473 

of veraison, a higher ASW would favour the vegetative growth, delaying the development of 474 

the berries at the beginning of the ripening period. 475 

In addition, several studies have pointed out the influence of water deficit on grape quality. 476 

Water stress affects nitrogen metabolism and assimilation (Bertamini et al., 2004). In this 477 

respect, Hochberg et al. (2015) indicated that water deficits increased amino acid content and 478 

Valdés et al. (2019) pointed out the effect of pre-veraison vine water status on amino acid 479 

concentrations. Other parameter that can be directly affected by water levels is the acidity. 480 

The highest acidity values were observed in the wettest analysed years. Cheng et al. (2014) 481 

linked higher acidity to the wetter soils and higher acidity has been reported under excessive 482 

soil moisture (Jackson et al. 1993) and under well-watered grapes (Girona et al., 2009; 483 
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Reynolds et al., 2007), while Lopes et al. (2011) indicated that in treatments where soil water 484 

content during spring was reduced, must titratable acidity experience a significant reduction. 485 

Similarly, Peyrot des Gachons et al. (2005), de Souza et al. (2005) and dos Santos et al. 486 

(2007) indicated lower total acidity due to water deficit and/or to changes in temperature and 487 

sun-exposed berries in non-irrigated vines. Regarding the time along the cycle in which some 488 

effects were recorded on both total acidity and malic acid, the reason may vary. Higher water 489 

available in the first stages of the fruit development, in which the berry is very small and 490 

when acids are being produced, can have positive effect on the final acidity, which could 491 

explain the observed positive PLS coefficients in that period. The negative PLS coefficients in 492 

the following period could be due to a dilution effect within the berry that increases in size 493 

quickly. It was also found that higher ASW during ripening favours the increase in acidity. 494 

This result agrees with that found by Ramos and Martínez de Toda (2019), in a study who 495 

covered almost the whole Rioja vine growing area, who found the highest acidity values in 496 

the wettest years, in which an important amount of water was accumulated not only in the 497 

period bloom to veraison but also in the period veraison to maturity. In that case, in addition, 498 

the lower temperatures recorded in the wetter years could have also slow malic acid 499 

combustion in particular during ripening.  500 

The positive effect of water stress on anthocyanins and total phenols observed in this study 501 

case are in agreement with observations from other authors (Hochberg et al., 2015; Cáceres-502 

Mella et al., 2017; Ferrer et al., 2014; Ramos and Martínez de Toda, 2019), although the 503 

different compounds may be affected in different ways depending the cultivars and rootstocks 504 

(Berdeja et al., 2014; Hochberg et al., 2015). However, Niculcea et al. (2015) found that water 505 

deficit decreased anthocyanins due to decreasing glucoside derivatives and increasing acetyl 506 

and coumaroryl derivatives but increased flavonols in Tempranillo and decreased flavonols 507 

and catechins in Graciano. Basile et al. (2011) indicated that anthocyanin and polyphenol 508 

Con formato: Español (alfab.

internacional)
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concentrations improved when no water stress occurred from bloom to fruit set, with mild 509 

water stress between fruit set and veraison, and with moderate to severe water stress in post-510 

veraison. This is in agreement with the positive coefficients observed in the first weeks, and 511 

with the negative coefficients observed after veraison. In this respect, Ferrer et al. (2014) 512 

pointed out higher anthocyanin concentrations under mild to moderate water deficit during 513 

maturation. The only periods in which there was a discrete positive relationship between 514 

water availability and phenolic compounds coincide exactly with the two periods in which the 515 

ASW reduces the berry size, so we can say that the highest concentration of phenolic 516 

compounds is due to the effect of ASW on berry size. In the 18 weeks studied, from stage H 517 

to maturity, there were only two short periods, of two or three weeks each (with the exception 518 

of one of five weeks in the case of acidity), in which the effect of the water availability was 519 

contrary, although less intense, to the general effect during the rest of the vegetative period. 520 

That is to say, the greater ASW in those two concrete periods decreased berry weight and 521 

acidity and increased anthocyanins and other phenolic compounds. These two periods 522 

correspond, in all cases, with bloom and with veraison, and the explanation could be related to 523 

the general physiological, and especially hormonal, changes that occurs in the vine in those 524 

two stages: in both, the vegetative development it slows down in concurrence with 525 

reproductive development; in one case to form the fruit and in the other case to start the 526 

ripening period (Martínez de Toda, 1991). 527 

Water deficit also affected positively the anthocyanin /sugar balance. Under high 528 

temperatures in summer, it can be observed a decoupling between anthocyanin and sugar 529 

content (Martínez de Toda and Balda, 2015). Nevertheless, the effect of temperature should 530 

be considered in addition to that of water availability. Sadras and Moran (2012), indicated that 531 

a moderate water deficit before veraison could partially restore the anthocyanin/sugar balance 532 

and Mori et al. (2005) indicated the effect of the night temperatures on anthocyanin 533 
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concentrations, with increasing values under cool nights. Similarly, Torres et al. (2017) 534 

indicated that both factors (water deficit and high temperature contribute to modify metabolite 535 

profiles of amino acids, anthocyanins and flavonols). In this study case, the PVAD was used 536 

to define ripening, but the levels of anthocyanin varied from year to year, and it can also be 537 

confirmed the effect of ASW on this ratio: the lowest the ASW the highest the 538 

anthocyanin/sugar ratio was, having influence on it the ASW in different periods along the 539 

growing cycle. Regarding the effects of temperature on acidity, the lowest acidity found in the 540 

warmest year, confirmed its effect, and the result agreed with those found in other studies 541 

(Sadras et al., 2013; Martínez de Toda et al., 2019), in which it is indicated that water deficits 542 

and high temperatures give rise to acidity lower than the average. 543 

 544 

Conclusions 545 

From this research we can conclude that the level of water stress and the time when it appears 546 

under similar weather conditions varied between plots, due to differences in soils 547 

characteristics and it has influence on grape composition. An increase in the available soil 548 

water in most of the period between bloom and maturity increases berry size and acidity and 549 

decreases the concentration of anthocyanins and other polyphenolic compounds. In particular, 550 

an increase in available soil water between four and seven weeks after the stage H and at the 551 

end of the ripening period increased acidity and berry weight and decreased pH, while for 552 

anthocyanins and other phenolic compounds an increase in available soil water after just 553 

before veraison and in particular during ripening, decreases their concentrations. Under 554 

climate change scenarios, in which temperature is predicted to increase, soil water available 555 

could decrease due to higher evaporative demands, whatever the changes in precipitation can 556 

be. In this respect, the zones located at higher elevation, which could have lower 557 
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temperatures, has been indicated as potential areas to mitigate the effects of climate change on 558 

the vines. But additionally, the selection of the soil that can offer more favourable soil water 559 

reserves and with higher availability should be considered. 560 

 561 

Acknowledgements 562 

Authors thank the Consejo Regulador of Rioja DOCa by the information related to the plots 563 

analysed in the research and the Government of La Rioja by the climatic information used in 564 

this study.  565 

Funding: The soil water measurements were done in the project RTA2009-00101-00-00 566 

funded by INIA-MINECO, Spain, and the European Social Fund. 567 

Declaration of Competing Interest: None 568 

 569 

References 570 

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. FAO Irrigation and Drainage Paper 56. 571 

FAO, Rome, Italy. Anbumani, K. Singh,. 572 

Balint, G., Reynolds, A.G., 2014. Effect of different irrigation strategies on vine physiology, 573 

yield, grape composition and sensory profiles of vitis vinifera l. Cabernet-sauvignon in a 574 

cool climate area. J. Int. des Sci. la Vigne du Vin 48, 269–292. 575 

Basile, B., Marsal, J., Mata, M., Vallverdú, X., Bellvert, J., Girona, J., 2011. Phenological 576 

sensitivity of cabernet sauvignon to water stress: Vine physiology and berry 577 

composition. Am. J. Enol. Vitic. 62, 453–461. https://doi.org/10.5344/ajev.2011.11003 578 



37 
 

Bellvert, J., Marsal, J., Mata, M., Girona, J., 2016. Yield, must composition, and wine quality 579 

responses to preveraison water deficits in sparkling base wines of chardonnay. Am. J. 580 

Enol. Vitic. 67, 1–12. https://doi.org/10.5344/ajev.2015.15039 581 

Berdeja, M., Hilbert, G., Lafontaine, M., Stoll, M., Gomes, E., Renaud, C., Delrot, S., 2014. 582 

Effects of drought stress and rootstock genotype on grape berry quality. Acta Hortic. 583 

https://doi.org/10.17660/ActaHortic.2014.1038.44 584 

Bertamini, M., Muthuchelian, K., Nedunchezhian, N., 2004. Effect of grapevine leafroll on 585 

the photosynthesis of field grown grapevine plants (Vitis vinifera L. cv. Lagrein). J. 586 

Phytopathol. 152, 145–152. https://doi.org/10.1111/j.1439-0434.2004.00815.x 587 

Bucchetti, B., Matthews, M.A., Falginella, L., Peterlunger, E., Castellarin, S.D., 2011. Effect 588 

of water deficit on Merlot grape tannins and anthocyanins across four seasons. Sci. 589 

Hortic. (Amsterdam). 128, 297–305. https://doi.org/10.1016/j.scienta.2011.02.003 590 

Cáceres-Mella, A., Talaverano, M.I., Villalobos-González, L., Ribalta-Pizarro, C., Pastenes, 591 

C., 2017. Controlled water deficit during ripening affects proanthocyanidin synthesis, 592 

concentration and composition in Cabernet Sauvignon grape skins. Plant Physiol. 593 

Biochem. 117, 34–41. https://doi.org/10.1016/j.plaphy.2017.05.015 594 

Castellarin, S.D., Matthews, M.A., Di Gaspero, G., Gambetta, G.A., 2007. Water deficits 595 

accelerate ripening and induce changes in gene expression regulating flavonoid 596 

biosynthesis in grape berries. Planta 227. https://doi.org/10.1007/s00425-007-0598-8 597 

Cheng, G., He, Y.N., Yue, T.X., Wang, J., Zhang, Z.W., 2014. Effects of climatic conditions 598 

and soil properties on cabernet sauvignon berry growth and anthocyanin profiles. 599 

Molecules 19, 13683–13703. https://doi.org/10.3390/molecules190913683 600 

Cooley, N.M., Clingeleffer, P.R., Walker, R.R., 2017. Effect of water deficits and season on 601 



38 
 

berry development and composition of Cabernet Sauvignon (Vitis vinifera L.) grown in a 602 

hot climate. Aust. J. Grape Wine Res. 23, 260–272. https://doi.org/10.1111/ajgw.12274 603 

Costantini, E.A.C., Pellegrini, S., Bucelli, P., Barbetti, R., Campagnolo, S., Storchi, P., 604 

Magini, S., Perria, R., 2010. Mapping suitability for Sangiovese wine by means of δ13C 605 

and geophysical sensors in soils with moderate salinity. Eur. J. Agron. 33, 208–217. 606 

https://doi.org/10.1016/j.eja.2010.05.007 607 

Costantini, E.A.C., Pellegrini, S., Vignozzi, N., Barbetti, R., 2006. Micromorphological 608 

characterization and monitoring of internal drainage in soils of vineyards and olive 609 

groves in central Italy. Geoderma 131, 388–403. 610 

https://doi.org/10.1016/j.geoderma.2005.03.029 611 

De Souza, C.R., Maroco, J.P., Dos Santos, T.P., Rodrigues, M.L., Lopes, C.M., Pereira, J.S., 612 

Chaves, M.M., 2005. Grape berry metabolism in field-grown grapevines exposed to 613 

different irrigation strategies. Vitis - J. Grapevine Res. 44, 103–109. 614 

Deloire, A., Vaudour, E., Carey, V., Bonnardot, V., Van Leeuwen, C., 2005. Grapevine 615 

responses to terroir: A global approach. J. Int. des Sci. la Vigne du Vin 39, 149–162. 616 

dos Santos, T.P., Lopes, C.M., Lucília Rodrigues, M., de Souza, C.R., Ricardo-da-Silva, J.M., 617 

Maroco, J.P., Pereira, J.S., Manuela Chaves, M., 2007. Effects of deficit irrigation 618 

strategies on cluster microclimate for improving fruit composition of Moscatel field-619 

grown grapevines. Sci. Hortic. (Amsterdam). 112, 321–330. 620 

https://doi.org/10.1016/j.scienta.2007.01.006 621 

Downey, M.O., Dokoozlian, N.K., Krstic, M.P., 2006. Cultural practice and environmental 622 

impacts on the flavonoid composition of grapes and wine: A review of recent research. 623 

Am. J. Enol. Vitic. 57, 257–268. 624 



39 
 

Esteban, M.A., Villanueva, M.J., Lissarrague, J.R., 1999. Effect of irrigation on changes in 625 

berry composition of Tempranillo during maturation. Sugars, organic acids, and mineral 626 

elements 50, 418–434. 627 

Ferrer, M., Echeverría, G., Carbonneau, A., 2014. Effect of berry weight and its components 628 

on the contents of sugars and anthocyanins of three varieties of Vitis vinifera L. under 629 

Different water supply conditions. South African J. Enol. Vitic. 35, 103–113. 630 

Girona, J., Marsal, J., Mata, M., Del Campo, J., Basile, B., 2009. Phenological sensitivity of 631 

berry growth and composition of tempranillo grapevines (Vitis Vinifera L.) to water 632 

stress. Aust. J. Grape Wine Res. 15, 268–277. https://doi.org/10.1111/j.1755-633 

0238.2009.00059.x 634 

Gómez-Míguez, M.J., Gómez-Míguez, M., Vicario, I.M., Heredia, F.J., 2007. Assessment of 635 

colour and aroma in white wines vinifications: Effects of grape maturity and soil type. J. 636 

Food Eng. 79, 758–764. https://doi.org/10.1016/j.jfoodeng.2006.02.038 637 

Greer, D.H., Weedon, M.M., 2013. The impact of high temperatures on Vitis vinifera cv. 638 

Semillon grapevine performance and berry ripening. Front. Plant Sci. 4, 491. 639 

https://doi.org/10.3389/fpls.2013.00491 640 

Gupta, H.V., Sorooshian, S., Yapo, P.O., 1999. Status of automatic calibration for hydrologic 641 

models: Comparison with multilevel expert calibration. J. Hydrol. Eng. 4, 135–143. 642 

https://doi.org/10.1061/(ASCE)1084-0699(1999)4:2(135) 643 

Hochberg, U., Batushansky, A., Degu, A., Rachmilevitch, S., Fait, A., 2015. Metabolic and 644 

physiological responses of shiraz and cabernet sauvignon (Vitis vinifera L.) to near 645 

optimal temperatures of 25 and 35 °C. Int. J. Mol. Sci. 16, 24276–24294. 646 

https://doi.org/10.3390/ijms161024276 647 



40 
 

Instituto Geográfico Nacional (IGN ), 2006. Atlas Nacional de España: geología, 648 

geomorfología y edafología. Centro Nacional de Información Geográfica, Madrid. 649 

Intrigliolo, D.S., Pérez, D., Risco, D., Yeves, A., Castel, J.R., 2012. Yield components and 650 

grape composition responses to seasonal water deficits in Tempranillo grapevines. Irrig. 651 

Sci. 30, 339–349. https://doi.org/10.1007/s00271-012-0354-0 652 

Jackson, D.I., Lombard, P.B., 1993. Environmental and management-practices affecting grape 653 

composition and wine quality-a review. Am. J. Enol. Vitic. 44, 409–430. 654 

Jones, G. V, Storchmann, K.-H., 2001. Wine market prices and investment under uncertainty: 655 

An econometric model for Bordeaux Crus Classés. Agric. Econ. 26, 115–133. 656 

https://doi.org/10.1016/S0169-5150(00)00102-X 657 

Lanyon, D.M., Cass, A., Hansen, D., 2004. The effect of soil properties on vine performance. 658 

CSIRO Land and Water Technical Report No. 34/04 659 

Lakso, A.N., Pool, R., 2006. Efecto del estrés hídrico en el viñedo y en la calidad del vino ( 660 

en climas del este). Revista Internet Viticultura y enología, 122. 10pp. 661 

Lopes, C.M., Santos, T.P., Monteiro, A., Rodrigues, M.L., Costa, J.M., Chaves, M.M., 2011. 662 

Combining cover cropping with deficit irrigation in a Mediterranean low vigor vineyard. 663 

Sci. Hortic. (Amsterdam). 129. https://doi.org/10.1016/j.scienta.2011.04.033 664 

Martínez de Toda,  F., 1991. Biología de la Vid. Fundamentos biológicos de la viticultura. Ed. 665 

Mundi-Prensa, Madrid, 346 pp. 666 

Mendez-Costabel, M.P., Wilkinson, K.L., Bastian, S.E.P., Jordans, C., Mccarthy, M., Ford, 667 

C.M., Dokoozlian, N.K., 2014. Effect of increased irrigation and additional nitrogen 668 

fertilisation on the concentration of green aroma compounds in Vitis vinifera L. Merlot 669 

fruit and wine. Aust. J. Grape Wine Res. 20, 80–90. https://doi.org/10.1111/ajgw.12062 670 



41 
 

Martinez De Toda, F., Balda, P., 2015. Quantifying the effect of temperature on decoupling 671 

anthocyanins and sugars of the grape (Vitis vinifera L. ’Maturana Tinta de Navarrete’). 672 

Vitis - J. Grapevine Res. 54, 117–120. 673 

Mori, K., Saito, H., Goto-Yamamoto, N., Kitayama, M., Kobayashi, S., Sugaya, S., Gemma, 674 

H., Hashizume, K., 2005. Effects of abscisic acid treatment and night temperatures on 675 

anthocyanin composition in Pinot noir grapes. Vitis - J. Grapevine Res. 44, 161–165. 676 

Moriasi, D.N., Arnold, J.G., Van Liew, M.W., Bingner, R.L., Harmel, R.D., Veith, T.L., 677 

2007. Model evaluation guidelines for systematic quantification of accuracy in 678 

watershed simulations. Trans. ASABE 50, 885–900. 679 

Nash, J.E., Sutcliffe, J.V., 1970. River flow forecasting through conceptual models part I — 680 

A discussion of principles. J. Hydrol. 10, 282–290. https://doi.org/10.1016/0022-681 

1694(70)90255-6 682 

Niculcea, M., Martinez-Lapuente, L., Guadalupe, Z., Sánchez-Díaz, M., Ayestarán, B., 683 

Antolín, M.C., 2015. Characterization of phenolic composition of Vitis vinifera L. 684 

‘Tempranillo’ and ‘Graciano’ subjected to deficit irrigation during berry development. 685 

Vitis - J. Grapevine Res. 54, 9–16. 686 

OIV, 2012. Compendium of International Methods of Analysis of Wines and Musts (2 vol.) 687 

International Organization of vine and wine. Paris.619pp. 688 

Ojeda, H., Andary, C., Kraeva, E., Carbonneau, A., Deloire, A., 2002. Influence of pre- and 689 

postveraison water deficit on synthesis and concentration of skin phenolic compounds 690 

during berry growth of Vitis vinifera cv. Shiraz. Am. J. Enol. Vitic. 53, 261–267. 691 

Ojeda, H., Deloire, A., Carbonneau, A., 2001. Influence of water deficits on grape berry 692 

growth. Vitis 40, 141–145. 693 



42 
 

Ou, C., Du, X., Shellie, K., Ross, C., Qian, M.C., 2010. Volatile compounds and sensory 694 

attributes of wine from Cv. Merlot (Vitis vinifera L.) Grown under differential levels of 695 

water deficit with or without a kaolin-based, foliar reflectant particle film. J. Agric. Food 696 

Chem. 58, 12890–12898. https://doi.org/10.1021/jf102587x 697 

Ovadia, R., Oren-Shamir, M., Kaplunov, T., Zutahy, Y., Lichter, A., Lurie, S., 2013. Effects 698 

of plant growth regulators and high temperature on colour development in ‘Crimson 699 

Seedless’ grapes. J. Hortic. Sci. Biotechnol. 88, 387–392. 700 

Pellegrino, A., Lebon, E., Voltz, M., Wery, J., 2005. Relationships between plant and soil 701 

water status in vine (Vitis vinifera L.). Plant Soil 266, 129–142. 702 

https://doi.org/10.1007/s11104-005-0874-y 703 

Peyrot des Gachons, C.P., Van Leeuwen, C., Tominaga, T., Soyer, J.-P., Gaudillère, J.-P., 704 

Dubourdieu, D., 2005. Influence of water and nitrogen deficit on fruit ripening and 705 

aroma potential of Vitis vinifera L cv Sauvignon blanc in field conditions. J. Sci. Food 706 

Agric. 85, 73–85. https://doi.org/10.1002/jsfa.1919 707 

Ramos, M.C., Jones, G.V., Yuste, J., 2015. Phenology and grape ripening characteristics of cv 708 

Tempranillo within the Ribera del Duero designation of origin (Spain): Influence of soil 709 

and plot characteristics. Eur. J. Agron. 70, 57–70. 710 

https://doi.org/10.1016/j.eja.2015.07.009 711 

Ramos, M.C., Martínez-Casasnovas, J.A., 2010. Soil water balance in rainfed vineyards of the 712 

Penedès region (Northeastern Spain) affected by rainfall characteristics and land 713 

levelling: influence on grape yield. Plant Soil 333, 375–389. 714 

https://doi.org/10.1007/s11104-010-0353-y 715 

Ramos, M.C., Martínez-Casasnovas, J.A., 2014. Soil water variability and its influence on 716 



43 
 

transpirable soil water fraction with two grape varieties under different rainfall regimes. 717 

Agric. Ecosyst. Environ. 185, 253–262. https://doi.org/10.1016/j.agee.2013.12.025 718 

Ramos, M.C., Martínez de Toda, F., 2019. Variability of Tempranillo grape composition in 719 

the Rioja DOCa (Spain) related to soil and climatic characteristics. J. Sci. Food Agric. 720 

99, 1153–1165. https://doi.org/10.1002/jsfa.9283 721 

Reynard, J.-S., Zufferey, V., Nicol, G.-C., Murisier, F., 2011. Vine water status as a 722 

parameter of the ≪ terroir ≫ effect under the non-irrigated conditions of the vaud 723 

viticultural area (switzerland). J. Int. des Sci. la Vigne du Vin 45, 139–147. 724 

Reynolds, A.G., Lowrey, W.D., Tomek, L., Hakimi, J., De Savigny, C., 2007. Influence of 725 

irrigation on vine performance, fruit composition, and wine quality of chardonnay in a 726 

cool, humid climate. Am. J. Enol. Vitic. 58, 217–228. 727 

Robinson, A.L., Adams, D.O., Boss, P.K., Heymann, H., Solomon, P.S., Trengove, R.D., 728 

2012. Influence of geographic origin on the sensory characteristics and wine composition 729 

of Vitis vinifera cv. Cabernet Sauvignon wines from Australia. Am. J. Enol. Vitic. 63, 730 

467–476. https://doi.org/10.5344/ajev.2012.12023 731 

Roby, G., Harbertson, J.F., Adams, D.A., Matthews, M.A., 2004. Berry size and vine water 732 

deficits as factors in winegrape composition: Anthocyanins and tannins. Aust. J. Grape 733 

Wine Res. 10, 100–107. 734 

Sadras, V.O., Moran, M.A., 2013. Nonlinear effects of elevated temperature on grapevine 735 

phenology. Agric. For. Meteorol. 173, 107–115. 736 

https://doi.org/10.1016/j.agrformet.2012.10.003 737 

Sadras, V.O., Moran, M.A., 2012. Elevated temperature decouples anthocyanins and sugars in 738 

berries of Shiraz and Cabernet Franc. Aust. J. Grape Wine Res. 18. 739 



44 
 

https://doi.org/10.1111/j.1755-0238.2012.00180.x 740 

Sadras, V.O., Petrie, P.R., Moran, M.A., 2013. Effects of elevated temperature in grapevine. 741 

II juice pH, titratable acidity and wine sensory attributes. Aust. J. Grape Wine Res. 19. 742 

https://doi.org/10.1111/ajgw.12001 743 

Savoi, S., Wong, D.C.J., Arapitsas, P., Miculan, M., Bucchetti, B., Peterlunger, E., Fait, A., 744 

Mattivi, F., Castellarin, S.D., 2016. Transcriptome and metabolite profiling reveals that 745 

prolonged drought modulates the phenylpropanoid and terpenoid pathway in white 746 

grapes (Vitis vinifera L.). BMC Plant Biol. 16. https://doi.org/10.1186/s12870-016-0760-747 

1 748 

Seguin, G., 1986. ‘Terroirs’ and pedology of wine growing. Experientia 42, 861–873. 749 

Talaverano, I., Valdés, E., Moreno, D., Gamero, E., Mancha, L., Vilanova, M., 2017. The 750 

combined effect of water status and crop level on Tempranillo wine volatiles. J. Sci. 751 

Food Agric. 97, 1533–1542. https://doi.org/10.1002/jsfa.7898 752 

Torres, N., Antolín, M.C., Goicoechea, N., 2018. Arbuscular mycorrhizal symbiosis as a 753 

promising resource for improving berry quality in grapevines under changing 754 

environments. Front. Plant Sci. 9. https://doi.org/10.3389/fpls.2018.00897 755 

Torres, N., Hilbert, G., Luquin, J., Goicoechea, N., Antolín, M.C., 2017. Flavonoid and amino 756 

acid profiling on Vitis vinifera L. cv Tempranillo subjected to deficit irrigation under 757 

elevated temperatures. J. Food Compos. Anal. 62, 51–62. 758 

https://doi.org/10.1016/j.jfca.2017.05.001 759 

Tramontini, S., van Leeuwen, C., Domec, J.C., Destrac-Irvine, A., Basteau, C., Vitali, M., 760 

Mosbach-Schulz, O., Lovisolo, C., 2013. Impact of soil texture and water availability on 761 

the hydraulic control of plant and grape-berry development. Plant Soil 368, 215–230. 762 



45 
 

https://doi.org/10.1007/s11104-012-1507-x 763 

Valdés, M.E., Talaverano, M.I., Moreno, D., Prieto, M.H., Mancha, L.A., Uriarte, D., 764 

Vilanova, M., 2019. Effect of the timing of water deficit on the must amino acid profile 765 

of Tempranillo grapes grown under the semiarid conditions of SW Spain. Food Chem. 766 

292, 24–31. https://doi.org/10.1016/j.foodchem.2019.04.046 767 

van Leeuwen, C., Friant, P., Choné, X., Tregoat, O., Koundouras, S., Dubourdieu, D., 2004. 768 

Influence of Climate, Soil, and Cultivar on Terroir. Am. J. Enol. Vitic. 55, 207–217. 769 

van Leeuwen, C., Tregoat, O., Choné, X., Bois, B., Pernet, D., Gaudillére, J.P., 2009. Vine 770 

water status is a key factor in grape ripening and vintage quality for red bordeaux wine. 771 

How can it be assessed for vineyard management purposes? J. Int. des Sci. la Vigne du 772 

Vin 43, 121–134. 773 

Webb, L.B., Whetton, P.H., Bhend, J., Darbyshire, R., Briggs, P.R., Barlow, E.W.R., 2012. 774 

Earlier wine-grape ripening driven by climatic warming and drying and management 775 

practices. Nat. Clim. Chang. 2, 259–264. 776 

Wenter, A., Zanotelli, D., Montagnani, L., Tagliavini, M., Andreotti, C., 2018. Effect of 777 

different timings and intensities of water stress on yield and berry composition of 778 

grapevine (cv. Sauvignon blanc) in a mountain environment. Sci. Hortic. (Amsterdam). 779 

236, 137–145. https://doi.org/10.1016/j.scienta.2018.03.037 780 

Zerihun, A., Mcclymont, L., Lanyon, D., Goodwin, I., Gibberd, M., 2015. Deconvoluting 781 

effects of vine and soil properties on grape berry composition. J. Sci. Food Agric. 95, 782 

193–203. https://doi.org/10.1002/jsfa.6705 783 

Zulini, L., Rubinigg, M., Zorer, R., Bertamini, M., 2007. Effects of drought stress on 784 

chlorophyll fluorescence and photosynthetic pigments in grapevine leaves (Vitis vinifera 785 



46 
 

cv. ’White Riesling’). Acta Hortic. https://doi.org/10.17660/ActaHortic.2007.754.37 786 

 787 


