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a b s t r a c t

This work aimed to analyse the spatial and temporal variability of the response of Tempranillo variety within the 
Toro Designation of Origin (DO) and the potential changes under climate change scenarios. The research included 
the analysis of phenology (bud break, bloom, veraison and maturity) and grape composition at harvest recorded 
in plots located at seven locations in the DO, at elevations between 667 and 779 m above the sea level (a.s.l.).  
Changes in phenology and composition were projected for 2050 and 2070 under two emission scenarios  
(Representative Concentration Pathways RCP4.5 and RCP8.5), considering the predicted changes in climate 
variables using an ensemble of models. Variations in the phenological timing of up to 28 days for bud break, bloom 
and veraison and up to 30 days for maturity were recorded during the period analysed and titratable acidity varied 
between 4 and 8 gL-1. The variability in phenology and grape acidity was mainly driven by temperature and available 
water in different periods between phenological stages, although the effect of soil properties was also confirmed.  
Under warmer conditions, an advance of all phenological phases was projected (up to 6, 6, 8 and 12 days by 2050 
under the RCP4.5 scenario and near double under the RCP8.5 scenario). In addition, a decrease in titratable acidity is 
projected (about 1.1 and 1.4 gL-1 by 2050, respectively, under the RCP4.5 and the RCP8.5 scenario and up to 2.0 gL-1 
by 2070 under the warmest scenario). The results were in agreement with the variability observed in years with 
contrasting weather conditions.
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INTRODUCTION 

Within the main elements of «terroir» that condition 
the vine response, the climate is probably the one 
that has the greatest influence. Each cultivar is 
well adapted within a given temperature range 
(Jones,  2012) and under a given water status 
(Gómez del Campo  et  al.,  2007). However, 
significant trends in increasing temperatures 
(IPCC, 2013) and changes in precipitation, with 
a more irregular distribution of the latter, have 
been observed during the last decades (Klein Tank 
and Können, 2003; Goubanova and Li, 2007; 
de Luis  et al., 2009). Climate change will likely 
give rise to warmer temperatures and lower water 
availability during the growing cycle, which might 
affect the suitability of certain cultivars in a given 
area. Studies carried out in different viticultural 
areas have shown the effect of increasing 
temperatures on phenology and the growing 
cycle length (Duchêne and Schneider,  2005; 
Pieri  et  al.,  2012; Webb  et  al.,  2012; 
Koufos et al., 2014; Ramos and Jones, 2018; among 
others). The effect, however, can be different 
depending on the variety and for areas that have 
different climatic conditions. In addition, changes 
in grape composition have also been reported 
associated with changes in temperature and 
available water (Duchêne  and  Schneider, 2005; 
Iglesias  et  al.,  2010; Salazar  Parra  et  al.,  2010; 
Bonada  et  al.,  2015; Nistor  et  al.,  2018; 
Barnuud  et  al.,  2014; Sadras  et  al.,  2013). 
Furthermore, land and crop management will 
be important to mitigate the effects of climate 
change on vines and to maintain grape quality 
under warmer conditions. Nevertheless, to 
establish the best practices, it is important to 
accumulate evidence of the differences in the vine 
response under different weather conditions that 
already occur. 

This research focused on the Tempranillo variety. 
Tempranillo is the third most cultivated wine 
variety in the world, covering an area of about 
232,000 ha and although it may be cultivated in 
different countries (among them, in Australia, 
Chile, Greece, USA and South  Africa), 88  % 
is cultivated in Spain (OIV, 2017). This variety 
represents 20.8  % of the vineyard area in Spain 
and about 50 % of the red varieties cultivated in 
the country. 

Within Spain, the Toro Designation of Origin 
(DO) is a viticultural area, with a long tradition, 
whose origins date back to before the settlements 
of the Romans, where the Tempranillo variety is 
the main variety (locally called “Tinta de Toro”). 

The Toro area had the recognition of Designation 
of Origen in 1933 and the present Toro DO was 
approved in 1987. The Tempranillo variety in 
Toro  DO covers about 5100 ha with an annual  
grape production of more than 20  million 
kg managed for more than 60  wineries 
(Consejo  Regulador of Toro  DO, https://www.
dotoro.com). Most vineyards are cultivated 
under rainfed conditions and the variability of 
temperature and precipitation recorded in each 
year affects grape development and production. 
This variety has an early bud break and early 
ripening with a short growth cycle. It is sensitive 
to extreme drought and in warm climates can 
produce wines with high alcohol content and  
low acidity.

The objective of this research was to analyse the 
spatial and temporal variability of vine phenology 
and some grape composition parameters of the 
Tempranillo variety in the Toro DO related to the 
weather conditions recorded at present, and how 
could be it affected under future climate change 
scenarios. Predicted temperature and precipitation 
changes, based on an ensemble of models and 
under two Representative Concentration Pathways 
emission scenarios (RCP4.5 and RCP8.5), by 
2050 and 2070, were considered in this analysis. 

MATERIALS AND METHODS 

1. Study area

The research was conducted in the Toro  DO, 
which is located in Zamora province (Spain), 
at elevations between 620 and 790 m.a.s.l.  
The vineyards cover about 8000 ha, with 
Tempranillo being the main variety. The vines are 
planted on soils formed from sand sediment, clay 
and calcareous conglomerates from the Pliocene, 
and with materials that alternate loamy and large 
and fine grain sand with limestone and detrytic 
marls formed during the Miocene. The area has 
an extreme dry continental climate, influenced by 
the Atlantic, with average annual temperatures 
of 12–13 °C (ranging between –11 to 37 °C) and 
with average annual rainfall ranging between 
350–400 mm.

2. Vineyard information

Seven locations distributed throughout the 
DO and located at elevations between 667 and 
779 m.a.s.l were considered in this analysis 
(Figure  1). Information from plots planted 
with Tempranillo, related to phenology 
and grape composition was evaluated  
(three plots at each location, 21 plots in total).  
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In addition, to analyse the response of the vine 
from soils with different characteristics, grape 
composition from 20 additional plots in the DO 
were analysed (information from 41 plots in 
total). Most of the analysed vines (>  80 percent) 
were old vineyards (up to 70 years old) trained 
in goblet and planted on ungrafted and on 110 
Richter rootstocks. The rest of the vineyards 
(new plantations up to 15 years old) were mainly 
planted on 110 Richter rootstock and trained 
in trellis (Royat cordon or Double cordon).  
The planting pattern ranged between 2.5  and 
3  m between rows and between 1.5 and 1.8  m 
between plants, with up to 2200 plants per hectare.  
The goblet grapevines were pruned leaving 
4–5 arms with two spurs and two-three buds per 
spur. In the vines trained in trellis, six spurs with 
two buds per spur per plant were left.

The soils of the specific plots were classified 
as Typic Haploxeralf, Typic Xerorthent, Aquic 
Xerofluvent and Calcixerollic Xerochrept  
(Gómez and Sotés, 2002). The soils had relatively 
low organic matter content (between 0.66 and 
1.06 %); clay content between 14.4 and 22.9 %; 
sand content between 58.6 and 73.2  %; and silt 
content between 10.9 and 18.9 %. The maximum 
water storage capacity of the soils (SWC) ranged 
between 6.8 and 9.8  %. Soil information was 
obtained from a database (raster 0.5 km × 0.5 km) 

derived from information recorded in different 
soil surveys and obtained from the Instituto 
Tenológico Agrario de Castilla y León (ITACYL,  
http://suelos.itacyl.es). The location of the plots 
within the corresponding cartographic units 
(Gómez and Sotés, 2002) and the specific soil 
profiles for each unit were taken into account.

Phenological dates referred to bud break, 
bloom, veraison (stages C, I and M according to 
Baillod and Baggiolini, 1993) and maturity (based 
on the data at which a given level of total soluble 
solids was reached) were analysed for the period 
2005–2019. The dates for bud break, bloom and 
veraison were based on the date at which 50  % 
of a sample of 20 vines in different parts of each 
plot had reached the phenological stage. The same 
criteria were applied in all plots and controlled 
by the same person as the Toro  DO during the 
whole period of analysis. In addition, grape 
composition characteristics of total soluble solids 
(expressed in ºBrix) and acidity (pH, titratable 
acidity, malic acid and potassium) for the period  
2009–2019 were evaluated in samples of 200 
berries taken from the different parts of the clusters. 
To compare the results from the different years, 
the grape composition was analysed when the total 
soluble solids were equivalent to 24 ºBrix, which 
was considered as mature. The information was 
supplied by the Consejo  Regulador  of  Toro  DO 

FIGURE 1. Location of Toro DO and plots used in this research.
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and it was analysed for all plots and years 
according to the official OIV methods (OIV, 2004) 
in the Estación Enológica de Castilla y León 
(Rueda,  Spain). The data were averaged by 
locations. All plots included in this research were 
cultivated under rainfed conditions and without 
soil cover. The influence of the weather conditions 
of phenology was analysed using a Partial Least 
Squares (PLS) regression analysis. The number of 
days with extreme temperatures [number of days 
with T  <  0 ºC (ndT  <  0)] and the accumulated 
temperatures (GDD) and precipitation-crop 
evapotranspiration (P-ETc) in different periods 
between phenological events were included in the 
analysis.

3. Weather information and climate 
predictions

The climatic conditions recorded during the 
period for which vine information was available  
(2005–2019) were analysed using the series 
recorded at the main Toro weather station 
(51º 21’3.53” W; 41º 30’ 36.14” N), which belongs 
to the network managed by the Instituto 
Tecnológico Agrario, Junta de Castilla y León 
(ITACYL). Daily temperature (maximum, 
minimum and mean) and precipitation recorded 
at the station and potential evapotranspiration 
(estimated according to Penman-Monteith) were 
analysed. Information from surrounding weather 
stations, located at Tordesillas (4º 59’ 50.82” W; 
41º 29’19.04” N) and Villaralbo (5º 38’ 38.06” W; 
41º  29’  2.31”  N), from the same meteorological 
network and located at a similar elevation, were 
used to check the homogeneity of the series and 
to complete the Toro series when necessary.  
The few gaps that existed in the Toro series 
were filled for precipitation using a weighted 
mean, taking into account the observed data in 
the two additional stations and the ratio between 
the averages in the three weather stations. For 
temperature, the relationship between stations was 
used to fill the gaps, using the data corresponding to 
the specific month to fill. From this information, the 
daily average of temperature [maximum (Tmax), 
minimum (Tmin) and mean (Tm)] referring to the 
growing season (GS: bud break to maturity) were 
calculated. Precipitation and evapotranspiration 
recorded during the growing season and in each 
period between phenological events were also 
calculated to analyse vine response to available 
water. The crop coefficients (Kc) with values of 
0.2, 0.5 and 0.4, for Kc initial, Kc mid and Kc end, 
respectively, were considered in the calculation 
of crop evapotranspiration, with a value of  

0.35 at bloom, 0.5 at veraison and 0.4 when  
maturity was reached. In addition, short series 
recorded at different weather stations located  
within the Toro  DO belonging to Consejo 
Regulador of Toro were used to analyse the climate 
variability within the area. The relationships 
between the recorded temperature (maximum and 
minimum) and precipitation with elevation were 
taken into account to estimate the variability within 
the Toro  DO and average climatic conditions at 
each of the considered locations.

Hourly maximum and minimum temperatures 
for the same period (data from the same weather 
station of Toro), were also analysed to evaluate the 
thermal requirements (chill and heat units) to reach 
the phenological stages. The chilling and warming 
periods were identified by analysing the daily 
chill and heat accumulations from the dormant 
period following the methodology described 
in Ramos (2017). Daily chill accumulation (in 
Chill Portions) was calculated according to the 
Dynamic Model (Fishman  et  al.,  1987) using 
hourly temperature data, and heat accumulation 
(in Growing Degree Hours) was calculated 
according to Anderson et al. (1986), using a base 
temperature of 4 °C and an optimum temperature 
of 26 °C (Parker et al., 2011). The chill and heat 
phases were delimited taking into account the 
relationship between bud break dates and the 
means of 10 days of daily chill and heat units from 
1st October (of the preceding year of recorded 
bud break) to 30th April, using a PLS regression. 
Having delimited the chill and heat phases, the 
thermal requirements, expressed in GDD, needed 
to reach each phenological stage were calculated 
for each year. The optimal base temperature for 
each period was calculated through an iterative 
process until reaching the temperature that 
minimized the standard deviation for GDD as 
explained in Ramos (2017).

In order to predict the vine response under future 
climate change scenarios, the projected changes 
in maximum and minimum temperature and in 
precipitation by 2050 and 2070, for two emission 
scenarios (Representative Concentration Pathways 
(RCP) – RCP4.5 and RCP8.5), were considered. 
The projections were simulated for each of the 
seven locations considering an ensemble of 17 
models using the MarkSim™ DSSAT weather 
file generation for IPCC AR5 data (CMIP5)  
(http://gismap.ciat.cgiar.org/MarkSimGCM/
docs/doc.html). The average values projected 
for the models were used in the analysis of 
the potential effects on vines. The effects of 
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temperature and available water on grape 
composition were evaluated using a Partial Least 
Squares (PLS). Variables related to temperature 
(growing season Tmin and Tmax (TminGS and 
TmaxGS) and accumulated GDD during different 
periods during the growing season (bud break to 
bloom: BB‑BL; bloom to veraison: BL-V; veraison 
to maturity:  V-Mat; and the whole growing 
season: GS) as well as available water (estimated 
as P-ETc) during the same periods were considered 
in the analysis. The average values of the different 
variables related to acidity obtained in the three 
selected plots at each location were related to 
the climatic variables using a PLS regression.  
In addition, the effect of soil properties on grape 
composition was analysed using multivariate 
analysis (factor analysis, with varimax rotation to 
maximise the sum of the variance of the squared 
loadings). The statistical analysis was done using 
STATGRAPHICS Centurion XVI.

RESULTS

1. Weather conditions during the period under 
study

Figure 2 shows the average annual temperature 
and precipitation recorded during the period 
2005–2019, for which the vine information was 

available, and those related to the growing season 
(period between bub break and maturity, occurring 
on average from 20th April to 15th  September). 
High variability was observed from year to 
year. However, annual maximum and minimum 
temperature showed an increasing trend of about 
0.08 ºC year-1, with a decreasing trend in the 
number of frost days (T  <  0 ºC) (1.7 days year-

1) and an increase in the number of days with 
Tmax > 30 °C (1.5 days year‑1). For the growing 
season. TmaxGS and TminGS showed a significant 
increasing trend of 0.11 and 0.09 ºC  year‑1, 
respectively. According to the Winkler Index 
(Winkler  et  al.,  1974) (WI  =  1523  ±  129  GDD), 
the study area lies within Region II, although there 
was also a significant increasing trend in the last 
years (16 GDD year‑1 in the period 2005–2019).  
The variability in maximum temperatures within 
the DO was relatively small (between 1.1 and 
2.8  %), while for the minimum temperature 
the variability ranges between (6.9 and 9.1  %), 
depending on the years, with lower temperatures 
at a higher elevation. 

Precipitation recorded during the hydrological 
year (October–September) ranged between 
226 and 633 mm, indicating a high variability from 
year to year. 

FIGURE 2. Mean annual (a) and growing season (b) maximum (TmaxGS), minimum (TminGS) and average 
(TavgGS) temperatures, and precipitation referring to the hydrological year (PHY - October–September) 
and to the growing season (PGS - bud break to maturity, on average 20th April to 15th September) (c), 
recorded at the Toro weather station during the period 2005–2019.
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In addition, the precipitation recorded during 
the growing season was, on average, 30  % 
of that recorded in the hydrological year.  
The distribution of the rainfall during the growing 
season (PGS) was quite irregular, with more than 
50 % of the rainfall, on average, recorded in the 
period from bud break to bloom. The ripening 
period (veraison to maturity) was the driest 
period, with less than 20 % of PGS in more than 
70 % of the period analysed. Precipitation showed 
an increase with elevation, but due to the scarce 
precipitation recorded during the growing season, 
the differences within the area were smaller 
than 10 mm for precipitation recorded during 
the growing season. Crop evapotranspiration 
(ETc) during the growing season ranged between  
289 and 320 mm, which gave rise to water deficits 
during the growing season.

2. Temporal and spatial variability of 
phenology in the Toro DO

During the period analysed, the dates at which 
the different phenological stages were reached 
exhibited high variability, with bud break between 
10th April and 7th May; bloom over nearly the 
entire month of June (between 2nd and 30th), 
veraison between 25th July and 21st August, 
and maturity between 1st September and 1st 
October. Differences of up to one month were 
observed between the years. The earliest dates 
were observed in the driest (e.g., 2006) and the 
hottest years (e.g., 2017). On the other hand, the 
latest dates occurred in the wettest and cooler 
years of the analysed series (e.g., 2007, 2008, 
2013 or 2018). However, there were no significant 
differences between the seven locations analysed 
over the whole period. Only, under the hottest 
conditions, some differences between locations 
were observed.

The analysis of the chill and heat units indicated 
that the date at which heat accumulation started 
was 31st March (date based on the regression 
analysis between bud break dates and chill units). 
Thus, this was the date from which temperature 
was accumulated to establish the base temperature 
to reach the bud break. That base temperature was 
6.6 ºC. Then the base temperature for the following 
stages were estimated considering the accumulated 
temperatures from the previous stage, with 0, 7.5 
and 7.0  °C, respectively for BB-BL, BL-V and 
V-Mat. The thermal requirements, expressed in 
GDD, needed to reach the respective stages, using 
these base temperatures were 109 ± 28, 782 ± 109, 
1148  ±  142 and 696  ±  197 GDD, respectively. 

These values were used to make projections of the 
phenology under climate change. 

3. Influence of climate on phenology

3.1. Relationships between phenology and 
climate variables

The results of the regression analysis between 
the phenological dates and variables related 
to temperature (NDT  <  0 and accumulated 
temperatures (GDD)) and available water 
(accumulated P-ETc), recorded in different periods 
between phenological events are summarised in 
Table 1. Due to the low differences in phenology 
between plots, the analysis was done including the 
plots of the seven locations together. The variables 
shown in the table are those that were significant 
at 95 %.

Bud break dates were mainly driven by temperature, 
with the best fit with accumulated degree-days 
from DOY  =  90, but it was also influenced by 
the number of frost days (days with T  <  0 ºC) 
accumulated from DOY = 1 to bud break, which 
delayed bud break. The principal component 
that included the variables related to temperature 
accounted for 82.56 % of the variance. A delay of 
bud break under wet conditions was also observed, 
although the effect of water was smaller than that 
of the temperature (the component that included 
precipitation accounted for only 5.7  % of the 
variance).

Bloom dates were correlated with accumulated 
temperature (GDD) until reaching bloom.  
The variables that gave significant correlation  
were grouped in only one component, which 
accounted for 47.55 % of the variance. The results 
showed that the accumulated GDD in the period 
BB-BL was the variable that had a higher influence 
on bloom date, while the rest of the variables 
included in the analyses had a small effect. 

Veraison was significantly correlated with the 
accumulated temperature (GDD) from DOY = 90 
until the date at which veraison was reached, in 
particular with GDD during the period BB-BL. 
Nevertheless, the component that included these 
variables accounted for only about 5.8  % of the 
variance. On the other hand, the variable that 
presented a higher influence was the available 
water (P-ETc) during the period BL-V. This 
variable exhibited a higher load in the first 
component accounting for about 67  % of the 
variance. The load had a negative sign, which 
means an advance of veraison with increasing 
water deficit. Regarding maturity, the date at which 
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it was reached was mainly driven by accumulated 
temperature (GDD) during the period V-Mat, and 
the available water in the period BL-V, which 
produced an advance of maturity with increasing 
water deficits during that period. However, water 
availability during the period BB-BL has a positive 
influence contributing to delaying the process.

3.2. Predicted changes in temperature and 
precipitation under climate change scenarios

The temperature changes projected with 
the ensemble of models (Table 2) indicate 
an average increase in the Tmin and Tmax 
corresponding to the present average growing 
season (GS) (20th  April to 15th September, 
on average) of 2.1 and 2.9 ºC, respectively, by 
2050, and about 2.5 and 3.4 °C, respectively, 
by 2070 under the RCP4.5 emission scenario. 

Under the RCP8.5 scenario, the increase for the 
Tmin and Tmax could be up to 2.7 and 3.6  °C 
by 2050 and up to 4.0 and 5.3  ºC by 2070. 
During the period analysed, the TmaxGS ranged 
between 24.4 and 28.0  ºC, with the highest 
temperature observed in 2017 being 2  ºC higher 
than the average and 3.6  ºC higher than in the 
year with the lower mean maximum temperature 
(2008). TminGS ranged between 8.9 and 10.5 °C 
with the maximum value in 2017 where it was 
about 0.7 °C higher than the average and about 1 ºC 
higher than in the year with the mean minimum 
temperature (2005). Thus, the results observed in 
the years analysed could give information about 
the response that could be expected under warmer 
conditions. Regarding precipitation, as it was 
already commented, growing season precipitation 
represented a relatively low percentage  

TABLE 1. Coefficients of the partial least squares regression (PLS regression) analysis between 
phenological dates [bud break (BB); bloom (BL), veraison (V) and maturity (Mat)] and climatic variables 
(number of frost days until bud break (NdT < 0), accumulated temperature (GDD) and precipitation–crop 
evapotranspiration (P-ETc) for different periods between phenological events [BB: period from DOY = 90 
to bud break; BB-BL: period bud break to bloom; BL-V: period bloom to veraison; V-Mat: period veraison 
to maturity]. 

 Variables Standardized 
coefficients

Variance Loadings/ Variance
Percentage Comp. 1 Comp. 2

Bud break 87.02 % 82.56 % 5.72 %
P BB 0.30 0.01 0.824

GDD BB 0.83 0.89 0.245
NdT < 0 0.24 0.45 –0.33

Bloom 47.55 % 47.55 %
NdT < 0 0.13 0.10
GDD BB 0.31 0.12

GDD BB-BL 0.61 0.66
P-ETc BB-BL 0.06 –0.17

Veraison 72.19 % 67.64 % 5.80 %
GDD BB 0.30 0.35 0.26

GDD BB-BL 0.63 0.37 0.89
GDD BL-V 0.18 0.35 –0.24

P-ETc BB-BL 0.05 0.06 0.28
P-ETc BL-V –0.61 –0.79 0.01

Maturity 73.69 % 54.59 % 19.10 %
GDD BB 0.33 0.15 0.26

GDD BB-BL 0.19 0.35 0.00
GDD BL-V –0.01 –0.33 0.03
GDD V-Mat 0.52 0.62 0.36

P-ETC BB-BL 0.43 0.58 0.24
P-ETc BL-V –0.38 –0.13 –0.66

P-ETC V-Mat –0.04 –0.12 0.06



© 2021 International Viticulture and Enology Society - IVES356 OENO One 2021, 1, 349-366

María Concepción Ramos et al.

(about 30  %)of precipitation recorded in the 
hydrological year, and the predictions indicate 
significant reductions during the months 
corresponding to the growing season. Those 
reductions are projected to be about 30 % under 
the RCP4.5 scenario and higher than 50 % under 
the RCP8.5 scenario, which will mean an increase 
in the water deficit.

3.3. Projected changes in phenology under 
climate change scenarios

Based on the thermal requirements needed to 
reach each phenological stage and the predicted 

maximum and minimum temperatures, an advance 
in all phenological dates was projected for the 
Tempranillo variety in the study area (Table 3). 
Earlier timing was projected for all phenological 
events but with greater advance for bloom, 
veraison and maturity than for bud break. Bud 
break is projected to undergo an advance of up to 
four and five days by 2050 and 2070, respectively, 
under the RCP4.5 scenario and up to eight days 
by 2070 under the warmest scenario (RCP8.5). 
The advance for bloom is projected to be up to six 
and 11 days by 2070, depending on the scenario. 

TABLE 2. Predicted monthly changes in Tmax and Tmin (increase (∆) in ºC) and in precipitation  
(ratio Ppredicted/Ppresent (ratioP)) by 2050 and 2070 under the different analysed climate change scenarios 
using an ensemble of models.

TABLE 3. Average phenological dates  ±  standard deviation (bud break: BB; bloom: BL; veraison: V;  
and maturity: Mat) for Tempranillo variety in Toro DO during the period 2005–2019 (present) and average 
projected advance in the DO (in days; ±  standard deviation) by 2050 and 2070 under the RCP4.5 and 
RCP8.5 emission scenarios (negative sign indicates the advance).

January February March April May June July August September October November December

2050 RCP4.5

ratio P 0.78 0.93 0.77 0.80 0.83 0.72 0.40 0.41 0.86 0.79 0.83 0.87
∆Tmax 1.5 1.6 1.7 2 2.4 3 3.4 3.2 2.8 2.4 1.8 0
∆Tmin 1.3 1.2 1.2 1.3 1.6 2.1 2.5 2.6 2.3 1.8 1.3 1.3

2070 RCP4.5

ratio P 0.87 0.86 0.82 0.76 0.74 0.63 0.21 0.34 0.81 0.75 0.85 0.89
∆Tmax 1.8 1.9 2 2.2 2.9 3.6 4 3.8 3.4 2.8 2.1 1.8
∆Tmin 1.5 1.3 1.5 1.5 1.9 2.5 3 3 2.7 2.1 1.5 1.5

2050 RCP8.5

ratio P 0.82 0.88 0.74 0.65 0.76 0.66 0.24 0.32 0.78 0.72 0.75 0.97
∆Tmax 2 2.1 2.2 2.5 3 3.8 4.1 4 3.7 3.1 2.4 2
∆Tmin 1.6 1.5 1.5 1.6 2 2.7 3.2 3.2 3 2.3 1.8 1.7

2070 RCP8.5

ratio P 0.72 0.91 0.65 0.48 0.61 0.46 0.15 0.07 0.69 0.58 0.67 0.84
∆Tmax 2.8 2.9 3.1 3.7 4.5 5.6 6.1 5.7 5.4 4.4 3.4 2.8
∆Tmin 2.3 2.3 2.2 2.4 3 4 4.7 4.7 4.5 3.4 2.7 2.4

Phenological Stages

BB BL V Mat
present 25th April ± 7 14th June ± 9 7th August ± 8 16th September ± 11

RCP 4.5 2050 –4 ± 1 –6 ± 1 –10 ± 1 –16 ± 1
2070 –5 ± 1 –7 ± 1 –13 ± 1 –22 ± 1

RCP 8.5 2050 –5 ± 1 –8 ± 1 –14 ± 1 –23 ± 1
2070 –8 ± 2 –12 ± 2 –19 ± 2 –29 ± 2
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Veraison is projected to be advanced by up to 13 and 
19 days by 2070 while maturity could be advanced 
by up to 29 days, under the warmer scenario. These 
projections indicate not only an advance of the 
timing in the phenological stages, but a shortening 
of the growing cycle (up to 21 days between the 
present and the scenario corresponding to the year 
2070 under the warmer conditions).

4. Variability in acidity recorded in the 
Toro DO within the study period.

4.1. Temporal variability: influence of the 
weather conditions

The variability in grape composition (titratable 
acidity, malic acid, pH and potassium) at 
maturity (24 ºBrix) during the period analysed 
(2009‑2019) is presented in Figure 3. The 
titratable acidity (Figure 3a) varied between about 
4 gL-1 and more than 8 gL-1. The highest acidity 
was recorded in the year 2013, while the lowest 
values were recorded in years like 2009 or 2017.  

Some differences in the weather conditions 
recorded in those years were observed. The year 
2013 was a very wet year, while 2009 and 2017 
were dry and hot years. However, within those 
years, differences were found also between 
plots. For example, in 2013, there were clear 
differences between plots. The highest values were 
recorded in the plots located at higher elevations  
(at 745–780 m.a.s.l. compared to those located 
at 670–700 m.a.s.l.). Malic acid also exhibited 
high variability between years (Figure  3b), with 
values that ranged between 1 gL-1 and more than 5 
gL-1 at maturity and with the highest values in the 
wet year (2013). Regarding pH (Figure  3c), the 
values varied between about 3.20 and 3.95, with 
the lowest values in the year 2013, accordingly 
with the highest acidity recorded. The differences 
between plots were even higher for pH than for 
acidity and higher under the most extreme weather 
conditions of very wet or very dry conditions 
(e.g., 2013 and 2009, respectively) or in years 
with high temperatures (e.g., 2017 or 2011).  

FIGURE 3. Variability in the variables related to the grape composition at maturity (24 °Brix) in the 
study period recorded at seven locations within the Toro DO; [a) titratable acidity; b) malic acid, c) pH, d) 
potassium concentration].
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Potassium amounts, however, did not follow 
similar trends compared with pH and the 
differences between years were higher in some 
plots than in other plots (Figure 3d).

The influence of temperature and available water 
on grape composition (titratable acidity and 
malic acid, pH and potassium concentration) at 
maturity was confirmed in the partial least squares 
regression analysis (Table 4). The most significant 
relationships with temperature variables were seen 
with TmaxGS. In addition, available water during 
different periods showed to have some influence 
on grape composition: available water during the 
period BL-V showed an influence on titratable 
acidity, malic acid and potassium, while water 
availability during the period BB‑BL exhibited 
influence for pH and potassium. Available water 
during ripening, however, showed a higher 

influence on pH than for the rest of the analysed 
variables related to composition. The percentage 
of the variance explained by climatic variables 
ranged between 35.92 and 47.44  % and two 
components were retained in the analysis of each 
variable. The first component, which accounted 
for the highest percentage of the variance, was 
mainly driven by temperature. For titratable 
acidity and malic acid, the variable that presented 
the best fit was TmaxGS with a negative value in 
the corresponding component, which means that 
increasing temperatures give rise to a decrease in 
titratable acidity and malic acid. The component 
related to temperature accounted for 39.54  % 
of the variance for AcT and 35.56  % for malic 
acid. For pH and K, the best fit was also obtained 
when TmaxGS was included in the analysis and 
this variable was included in the first component. 

TABLE 4. Coefficients of the Partial least squares regression (PLS regression) analysis between the 
composition variables (titratable acidity (AcT); malic acid (AcM); pH and potassium (K); climatic 
variables (maximum growing season temperature (TmaxGS); and available water (precipitation–crop 
evapotranspiration: P-ETc) recorded in different periods between phenological events (bud break to 
bloom: BB-BL; bloom to veraison: BL-V; veraison to maturity: V-Mat). 

 Variables Standardized Variance Loadings

Coefficients Percentage Comp1 Comp 2

AcT 47.44 % 39.54 % 7.90 %
TmaxGS –0.54 –0.85 –0.21

P-ETC BB-BL –0.05 –0.09 –0.14

P-ETc BL-V 0.27 –0.08 0.94

P-ETC V-Mat 0.30 0.52 0.23
AcM 42.02 % 35.56 % 6.46 %

TmaxGS –0.44 –0.90 –0.43

P-ETC BB-BL –0.01 0.08 –0.22

P-ETc BL-V 0.14 –0.09 0.85

P-ETC V-Mat 0.21 0.42 0.19
pH 38.03 % 34.56 % 3.47 %

TmaxGS 0.28 0.38 0.31

P-ETc BB_BL 0.20 0.41 0.26

P-ETc BL-V –0.08 0.06 –0.91

P-ETC V-Mat –0.31 –0.70 –0.05
K 35.92 % 30.64 % 5.28 %

TmaxGS 0.37 0.73 0.58

P-ETC BB-BL –0.19 –0.52 –0.11

P-ETc BL-V –0.05 0.36 –0.77

P-ETC V-Mat –0.15 –0.28 –0.24
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However, for pH, that component included also 
the variable related to available water during 
the period V-Mat, which was the variable with a 
higher influence on pH. For both pH and K, the 
effect of temperature was opposite to that on 
acidity, with increasing pH and K with increasing 
temperatures. The second component grouped 
mainly variables related to available water, with 
the highest load for available water in the period 
BL-V. Higher water availability in than period 
gave rise to higher titratable acidity and malic acid 
and lower pH and K concentration. This second 
component accounted for about 7.9  % of the 
variance for titratable acidity and 6.5 % for malic 
acid, while it accounted for only about 3.5 % and 
5.3 % of the variance, respectively for pH and K. 

Given the predicted increase in temperature and 
the decrease in precipitation in the study area 
under future climate scenarios, as well as the 
relationship between those variables with grape 
composition, a decrease in acidity is expected 
for the Tempranillo cultivar in this region.  
The high variability in precipitation from year 
to year, both in total precipitation and in its 
distribution, makes it difficult to make predictions 
of changes in water availability. However, taking 
into account the predicted changes in precipitation, 
water inputs during the growing season could 
decrease between about 38 and 50 mm by 2050, 
depending on the scenario, and up to 70 mm by 
2070 under the warmest scenario. Within the 
growing cycle, the highest decrease is projected 
to occur in the BL‑V period (about 35% of the GS 
decrease). During the V-Mat period, precipitation 

is already scarce at present but it could be even 
lower in the future with a reduction that could 
represent about 17  % of the total reduction that 
can be recorded in the growing cycle. Taking into 
account the projected changes in temperature 
and precipitation, in particular in the periods that 
showed to have a higher influence on composition 
in the Tempranillo grapes in the study area, 
titratable acidity could decrease by 2050 up to 1.1 
and 1.4 gL-1, respectively, under the RCP4.5 and 
the RCP8.5 scenarios. By 2070, the decrease in 
acidity could be up to 2 gL-1 under the warmest 
scenario. For malic acid, the reduction could be up 
to 0.8 and 1 gL-1, respectively, under the RCP4.5 
and RCP8.5 scenarios, and up to 1.4 gL-1 by 2070, 
under the warmest scenario.

4.2. Spatial variability: influence of soil 
properties and location 

To understand the variability in the composition 
variables found within a given year, the influence 
of additional parameters was taken into account. 
First, the influence of soil properties, such as 
soil particle distribution (clay, silt, sand, gravels) 
and organic matter content was analysed through 
factor analysis. The analysis was carried out in 
years with average conditions (not too hot, not 
too wet and with precipitation close to the average 
values recorded in the area, similar to 2015), 
including the composition values recorded at 
maturity (when Brix = 24° was reached) in 20 plots 
distributed throughout Toro  DO (Figure 1).  
The soils have sand content that ranged between 
54 and 83 %, clay content between 8.4 and 21 % 
and a percentage of gravels between 13 and 22 %. 

TABLE 5. Results of the factor analysis after rotated varimax (AcT: titratable acidity; AcM; malic acid; 
o.m: organic matter content; SWC: soil water storage capacity).

F Eigenval. Percent  
of Variance 

Cumulative  
Percentage

Load Matrix after Varimax Rotation

Factor 1 Factor 2 Factor 3 Communality
1 4.39 43.90 43.90 AcT 0.40 –0.26 –0.72 0.75
2 1.71 17.15 61.05 AcM –0.02 0.72 –0.45 0.74
3 1.47 14.73 75.78 pH –0.31 0.75 0.40 0.81
4 0.92 9.21 84.99 K 0.06 0.87 0.23 0.81
5 0.51 5.06 90.05 clay 0.86 0.01 –0.17 0.77
6 0.38 3.80 93.85 silt 0.68 –0.58 0.07 0.80
7 0.26 2.59 96.44 sand –0.86 0.30 0.02 0.83
8 0.21 2.17 98.61 o.m. 0.74 –0.14 –0.08 0.58
9 0.11 1.05 99.66 gravels 0.06 0.01 0.81 0.65
10 0.03 0.34 100.00 SWC 0.92 0.03 0.01 0.84
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The organic matter content was relatively low, 
with values that ranged between 0.65 and 1.1 %.

The results of the factor analysis are shown in 
Table 5. Three factors were retained, which 
explained 75.7 % of the variance. The first factor 
accounted for 43.9 % of the variance and showed 
the positive relationship between titratable acidity 
and clay, silt and organic matter content, and with 
the maximum water holding capacity (SWC) of 
the soils, while there was a negative influence 
of the sand content. The second factor, which 
accounted for 17.1 % of the variance, showed a 
negative correlation between malic acid, pH and 
K concentration and silt content. The third factor, 
which accounted for 14.7  % of the variance, 
showed a negative relationship between titratable 
acidity and malic acid and the content of gravels. 
Soil organic matter and clay content contributed 
to retaining water in the soils, while the sand 
and gravel contents favour drainage. Thus, the 
soils with higher water retention and higher 
water storage capacity produced higher acidity. 
These differences could help to understand the 
differences in acidity observed within a given 
year. In addition, when the data of acidity recorded 
in the different plots in each year was compared, 
it was found that titratable acidity and malic acid 
was higher in the plots located at a higher elevation 
and there was a significant correlation between 
their values and elevation.

DISCUSSION

The time series of climatic data analysed in 
this study confirmed the trend of increasing 
temperatures in the last decades in the Toro DO of 
Spain, in agreement with those observed in other 
areas around the world (NOAA, 2019). According 
to this information, the five warmest years in the 
period 1880–2019 have occurred since 2015, 
while nine of the 10 warmest years have occurred 
since 2005. The average increasing temperature 
within the area studied agreed with that recorded 
in surrounding areas, located at the same elevation. 
The period included in this research covered that 
warm period. Regarding precipitation, the high 
variability recorded from year to year swamped 
any trends, due to the occurrence of very wet and 
very dry years, and years with different rainfall 
distribution throughout the year. Thus, the results 
observed in the period under study can illustrate 
the response of the vine, not only under different 
weather conditions but also about what could be 
expected under different future climate scenarios.

The average increase in the maximum 
and minimum temperatures in the period 
corresponding to the vine growing season (0.11 
and 0.09 ºC year‑1, Figure 2) was higher than that 
observed in the last few decades in near viticultural 
areas (Ramos  et  al.,  2015) and in other regions 
around the world (Jones and Goodrich,  2008; 
Lorenzo  et  al.,  2016; Bock  et  al.,  2011; 
Santos  et  al.,  2012; Tomasi  et  al.,  2011; 
Malheiro  et  al.,  2013; Back  et  al.,  2013; 
Ruml et al., 2016, etc.).

The first effect of climate variability of the vine 
response could be found in the occurrence of the 
phenophases. In the research area, differences of 
up to one month were observed between the years 
during the period analysed (2005–2019) with the 
earliest dates occurring in the driest (e.g., 2006) and 
hottest years (e.g., 2017) and the latest phenology 
in the wettest and coolest years (e.g., 2008, 2013 
or 2018). However, there were no significant 
differences among plots when the whole period 
was considered, although some differences were 
observed in the years with extreme conditions. 
Under the hottest conditions, later phenological 
timing was observed in the plots located at a 
higher elevation in relation to the ones observed 
in the plots located at a lower elevation. The link 
between temperature and the timing of phenology 
has been widely addressed in different studies, 
and the influence of temperatures and climate 
variability on the phenological timing has been 
analysed (e.g., Jones et al., 2005; Bock et al., 2011; 
Koufos  et  al.,  2014, Marta  et  al.,  2010). In this 
respect, Jones  et  al.  (2005) indicated between  
6 and 18 days earlier events with shorter intervals 
between events (4–14 days) across most regions in 
Europe. Bock et al. (2011) found a trend towards 
an earlier occurrence of phenology in Franconia 
with a shortening of phenological intervals. 
Koufos et al. (2014) in Greece also confirmed earlier 
harvests, mainly driven by changes in maximum 
and minimum temperatures. Other studies, 
however, indicated the relationship between 
phenological dates and accumulated temperatures 
in previous periods (Malheiro  et  al.,  2013; 
Urhausen  et  al.,  2011). Malheiro  et  al.  (2013) 
in Portugal confirmed the influence of 
temperature on phenology and in particular the 
accumulated thermal effects in phenological 
timing with bloom as the most sensitive phase. 
Urhausen et al. (2011) in the Moselle viticultural 
area found significant earlier bud break and bloom 
events occurred which were related to accumulated 
degree days in the previous period.
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In this study, the accumulated degree-days between 
phenological phases described a large percentage 
of the variance of the phenological dates. However, 
it was also observed, that the phenological dates, 
in particular those of veraison and maturity, were 
also related to available water during the period 
between bloom and veraison. The results agreed 
with other studies for the same variety in the 
Ribera del Duero region (Ramos  et  al.,  2015).  
The authors related veraison dates to water 
deficits during bloom to veraison and veraison to 
harvest period in that area, and the effect was more 
evident in the vineyards located on hillslopes than 
on the river terraces, where water deficits could be 
greater. The influence of water availability in some 
specific periods on phenology was also indicated 
for the same variety cultivated in another region 
in Spain, the Rioja DOCa (Ramos  et  al.,  2020). 
The results are also in line with that indicated by 
Castellarin et al. (2007), who indicated that water 
deficits accelerate ripening, and the time when 
it occurs alters the timing of particular aspects 
of the ripening process. These authors indicated 
that water deficits before veraison accelerated 
sugar accumulation and the onset of anthocyanin 
synthesis, and both early and late water deficits 
increased anthocyanin accumulation after 
veraison.

The increase of temperature, which is predicted to 
occur under different emission scenarios, can give 
rise to a significant advance of all phenological 
phases (Table 3), although with differences among 
them. The advance appears to be higher for the later 
stages, thus is higher for veraison and maturity than 
for bud break and bloom. Maturity is projected 
to be advanced up to 22 days and 29 days by 
2070, respectively, under the RCP4.5 and RCP8.5 
scenarios. The projected advance is slightly greater 
than that expected for the same variety cultivated 
in Rioja (Ramos and Martínez  de  Toda,  2020) 
and slightly less than in Ribera de Duero 
(Ramos et al., 2018). The projections found in the 
different areas, which are at different elevations, 
indicated a greater advance in the cooler areas.  
As commented on previously, when all years were 
considered together in the study area, there were no 
significant differences between locations despite 
the plots being located at different elevations 
(between 745 and 779 m.a.s.l). However, when the 
dates of plots located at different elevations were 
compared in the hottest years of the series (like 
2009, 2011 or 2017) some differences were clearly 
observed between plots. Differences between four 
and 14 days of bloom and between four and nine 
days for veraison were observed in those years 

between the plots located at elevations between 
699 and 779 m.a.s.l. Nevertheless, the final effects 
could be worst for the warmer areas, where at 
present harvesting already occurs significantly 
earlier (case observed in Rioja  Oriental, which 
is warmest of the areas compared). In addition, 
the advance of the phenophases also resulted 
in a shortening of the growing cycle (up to 
21 days between the present and the scenario 
corresponding to the year 2070 under the warmer 
conditions) and warmer conditions during 
ripening. The same effects were also confirmed 
in other areas for Tempranillo and other varieties 
(Bardin‑Camparotto et al., 2014; Fraga et al., 2016; 
Pieri  et  al.,  2012; Ramos  et  al.,  2018; 
Salazar Parra et al., 2010).

In relation to grape quality parameters, climate 
and soil, both elements of the terroir components 
exhibited an influence on the composition, 
although the climate was more influential on 
the grape characteristics related to acidity. Both 
variables, temperature and precipitation, drove 
the differences between years. In the study area, 
the highest titratable acidity and malic acid 
were recorded in the wettest year of the series 
(2013), while the lowest values in almost all plots 
were recorded in 2012, 2016 and 2017. These 
years had in common very high water deficits 
during the period BL-V. In addition, 2016 and  
2017 recorded very high maximum temperatures 
during the period between bloom to veraison and 
during ripening. It is known that grapes grown 
in warmer climates have lower acidity than 
grapes grown in cooler climates and that grape 
acidity decreases with increasing temperatures. 
In this respect, Sugiura  et  al.  (2020) found that 
titratable acidity at harvest decreased when the 
temperatures of the previous period (40–50 days 
before to harvest) increased. Vršič  et  al.  (2014) 
also found strong correlations between 
changes in temperature and fruit composition 
indicating trends toward higher sugar levels 
and lower titratable acidity with the increasing 
temperatures. Pastore et al. (2017) found that the 
high‑temperature regime contributed to a titratable 
acidity reduction and a pH increase. Similar 
results indicating lower acidity with increasing 
temperatures have been indicated by other authors 
(Urhausen et al., 2011; Vršič and Vodovnik, 2012; 
Neumann and Matzarakis,  2014). On the other 
hand, available water influences acidity. In fact, 
Bonada et al. (2015) found additive effects between 
temperature and water for titratable acidity and pH 
while Koundouras et al. (2006) indicated that water 
deficit accelerated sugar accumulation and malic 
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acid breakdown in the juice. Leibar et al. (2017) 
found that water deficits decreased both malic and 
total acid, and van Leeuwen et al. (2009) indicated 
that quality was determined by the intensity of 
water deficit stress rather than by air temperatures. 
Water stress in periods before veraison induces 
major metabolic modifications in the berry 
that can be maintained even after re-watering 
(Shellie et al., 2014; Keller et al., 2016), while the 
effect of water deficits after veraison may be more 
variable (Intrigliolo and Castel, 2010). Regarding 
malic acid, Salazar Parra et al. (2010) confirmed 
the effect of water deficit at ripeness and the 
combined effect that high levels of CO2 and 
water deficits can have on malic acid. However, 
the same authors did not find significant effects 
on titratable acidity. The results obtained in this 
research indicated that available water in the period 
between bloom and veraison showed the greatest 
influence. However, the influence of available 
water after veraison was not significant, either for 
titratable acidity or for malic acid. The influence 
of available water on grape composition in this 
variety has been also indicated in other studies in 
the same direction (Ramos et al., 2020) and agrees 
with that found by other authors for other varieties. 
In agreement with that, Baciocco  et  al.  (2014) 
indicated that differences in precipitation during 
the bloom period (mainly in late May–June) had 
a significant influence on the vintage quality.

The predicted increase in temperature and the 
reduction of available water in some periods during 
the growing season leads to a decrease in grape 
acidity, which be relevant for the Tempranillo 
variety in the Toro DO, as it is a variety with low 
acidity. The decrease in titratable acidity could be 
about 1.1 gL-1 by 2050 under the RCP4.5 scenario 
and up to 1.4 gL-1 under the warmest scenario. 
Thus, these decreases represent significant 
changes (about 15 and 30 % lower, on average, by 
2050, respectively under the RCP4.5 and RCP8.5 
scenarios). Salazar Parra  et al.  (2010) confirmed 
that malic acid concentration might decrease 
significantly under climate change, due to the 
combined effect of increasing CO2 concentrations 
and water deficits. Leolini et al. (2019) indicated 
that a progressive increase in temperatures 
resulted in a decreasing trend in acid content. 
Barnuud  et  al.  (2014) predicted reductions in 
acidity by 12–15 % for Cabernet-Sauvignon and 
Shiraz by 2070 under high warming projections, 
for different areas in Australia. In the study area, 
for the Tempranillo variety, the decrease in acidity, 
with the additional effect associated with the 
expected ripening under warmer conditions due 

to the advancing phenology, will likely represent 
negative impacts on grape quality. 

In addition to the climate effect, the results 
obtained in the research already confirmed the 
role of soils and location on the vine response. 
Although there were no significant differences 
in phenology between plots and locations, some 
differences were observed in grape composition. 
The differences were attributed to the differences 
in soil characteristics, compared to phenology 
where soil differences were not important. Soil 
texture influences the soil water holding capacity 
and drainage (White, 2009), soil water availability 
(Costantini  et  al.,  2010) and vine water stress 
(Bonfante  et  al.,  2011). Bowen  et  al.  (2005) 
indicated that coarse textures appear to be 
best suited to produce high-quality wines. van 
Leeuwen  et  al.  (2019) observed differences in 
the ripening of Cabernet-Sauvignon in the warm 
gravel soils in relation to other soils with finer 
textures. The soils of the selected plots analysed 
in this research had relatively high sand and 
gravel contents, which confers to the soils’ good 
drainage conditions and deeper root penetration. 
The maximum water storage capacity in this study 
ranged between 7.0 to 10.5 %, and the effect of 
soil properties, such as texture and organic matter 
content which condition water holding capacity, 
on the composition of the Tempranillo variety in 
the study area were confirmed (Table 4). Titratable 
acidity was positively correlated with the clay and 
organic matter content and negatively correlated 
with the sand and gravel contents. Malic acid 
was also negatively affected by gravel content 
and was negatively affected by silt content but 
exhibited no correlation with clay content. Soils 
with high gravel content could have greater 
infiltration capacity, but their retention capacity is 
lower, while in clayey soils they may have higher 
retention capacity and lower drainage. This may 
give rise to slower ripening and acidity tends to be 
higher. The observed effect of gravels on acidity 
was in agreement with the lower titratable acidity 
on gravelly soils indicated by van Leeuwen (2010) 
and the lower malic acid in soils with high gravel 
content compared with the ones obtained in soil 
rich in clay found by Koundouras  et  al.  (1999). 
Regarding the effect of texture on water availability 
and its impact on acidity, Leibar  et  al.  (2017) 
found that water deficit reduced acidity but that 
effect did not occur for malic acid in the clayey 
soils. 

This soil component effect on acidity has particular 
relevance for the Tempranillo cultivar, which 
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usually has low acidity, and it could decrease 
in the future due to increasing temperatures. 

Thus, soil characteristics could be an important 
factor to be considered when different strategies 
to mitigate the effect of climate change are 
necessary to be adopted. In addition, it was also 
confirmed that higher acidity was recorded in 
the plots located at a higher elevation. Planting 
vines at a higher elevation, in areas that could 
be suitable for vineyard establishment, has 
been commented by different authors as an 
alternative to maintain wine quality (Caffarra and  
Eccel, 2011; Hannah  et  al.,  2013). Thus, the 
selection of soils with higher soil water holding 
capacity and areas located at higher elevation could 
be considered within the strategies for vineyard 
adaptation under warmer and drier scenarios to 
balance the impacts on the Tempranillo cultivar in 
the study area.

CONCLUSIONS

The variability of the response of the Tempranillo 
cultivar in Toro DO has been documented based 
on the observed relationship between phenology 
and grape composition with temperature and 
available water. The results show the important 
role that temperature has on phenological 
timing and indicates that projections to warmer 
conditions are likely to significantly advance 
the timing, especially for later events such as 
veraison and maturity. In terms of available water, 
the most critical period is between bloom and 
veraison, which affects not only veraison but also 
the following phases. The advance in phenology 
will give rise to ripening occurring under warmer 
conditions, which will likely affect the grape 
quality. The grape composition is also affected by 
temperature and available water, and under warmer 
conditions, a decrease in acidity could result, 
which in particular for the Tempranillo variety 
may be negative as it is already a variety with low 
acidity. The variability of acidity in relation to soil 
properties and elevation confirm some aspects that 
could be taken into account to look for suitable 
areas in which the potential effects from future 
climate changes might be smaller and therefore 
help to maintain grape quality in the Toro DO.
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