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Abstract

:

Weather condition is the main factor affecting winegrape production. Therefore, it is necessary to study the expected consequences of climate change on vineyards to anticipate adaptation strategies. To analyse how viticulture in Extremadura, in southwestern Spain, could be affected by warming, four temperature-based indices describing the suitability for grape production were computed for a reference period (1971–2005) and three future periods (2006–2035, 2036–2065, and 2066–2095). Projections were computed using a set of 10 global climate model (GCM) and regional climate model (RCM) combinations under two representative concentration pathways (RCP) scenarios, RCP 4.5, and RCP 8.5. Results showed that most of the Extremaduran region will remain suitable for winegrape production during the period 2006–2035. Later, for the mid-century, 2036–2065, depending on the considered index and the scenario, between 65% and 92% of the total area of Extremadura will be too hot for viticulture; for the end of the century, 2066–2095, between 80% and 98% of the region will be too hot. However, under the RCP 4.5 scenario, a few zones could be suitable for winegrape production but will require the use of new varieties and techniques to resist heat and drought stress.
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1. Introduction


Meteorological changes from one year to the next often affect the optimal environmental conditions for crop development, altering crop characteristics such as fruit growth periods, ripening characteristics, and composition [1,2]. Accordingly, vineyard productivity and sustainability primarily respond to weather conditions and are, therefore, highly sensitive to climate change. Some previous studies have shown that grape yield and composition are affected by the rise in air temperature derived from climate change [3,4].



The impact of weather conditions, both current and projected, on viticulture has been studied in numerous wine-growing regions using different methods [5,6,7,8] and in different geographical areas, such as Europe [9,10], France [11], Serbia [12], Australia [13], and even worldwide [2,14], as well as in smaller areas, such as Rias Baixas, in Spain [15], the Douro valley, in Portugal [16], Emilia-Romagna, in Italy [17], and by Lake Neuchatel, in Switzerland [18]. All these studies have shown that climate strongly affects the spatial distribution of wine-growing regions, concluding that land use zoning is a basic tool for adequately understanding the suitability and sustainability of wine production.



The wine sector is crucial for Europe, which accounts for approximately 50% of the world’s vineyards [19]. On this continent—as well as globally—Spain has the largest area under vines, totalling 940,000 ha of the vineyard [20]. Wine production has strong social significance in many countries; therefore, several studies have investigated how global warming affects viticulture by performing climate projections, which are valuable tools for evaluating present and future scenarios in wine-growing areas [12,21,22].



Greenhouse gases, such as carbon dioxide, nitrous oxide, methane and halocarbons, and aerosols and their precursors emitted into the atmosphere by human activities are the main cause of global warming [23]. Thus, the future concentration of these gases in the atmosphere will define any climate projection. Four climate scenarios, called Representative Concentration Pathways (RCP) scenarios (RCP 2.6, RCP 4.5, RCP 6, and RCP 8.5), were presented by the Intergovernmental Panel of Climate Change (IPCC) in their Fifth Assessment Report [24]. The RCP scenarios consider the technological and economic development of society to estimate concentrations of radiative forcing agents and the temporal development of emissions, that is, greenhouse gases, aerosols, and their precursors. According to the RCP scenarios, the most relevant greenhouse gas, atmospheric CO2 concentration, could be between 420 and 940 ppm by the end of the 21st century [24,25], whereas currently, it is approximately 414 ppm. The combined effect of this increase with the expected increase of other greenhouse gases reinforced by natural feedback processes will suppose a 1–4 °C increase in mean global temperature relative to the period 1986–2005, depending on the RCP scenario [24].



Through the Coordinated Regional Downscaling Experiment (CORDEX) project, 65 sets of climate projections are generated by dynamically downscaling CMIP6 GCM (general circulation models) output using regional climate models (RCM) [26]. These GCMs-RCMs combinations simulate the climate system. Climate projections mainly depend on the future concentration of substances such as greenhouse gases (GHGs). This dependence relation is represented by using the four RCP scenarios mentioned above. The spatial resolution of the climate projections performed in the CORDEX project is 12.5 or 25 km. High spatial resolution is crucial for viticultural studies [27,28] because the regions where the vine is grown usually have a complex topography.



Numerous specific climatic indices, either general or related to this crop in some way, can be used to analyse the suitability of viticulture in a given area. Some of these indices are derived from temperature—for example, the average temperature during the vine growth period is commonly used. Other indices involving thermal integrals are also used to measure the sum of heat during this period [29].



Four temperature-derived indices are commonly used to measure the heat summation during the growing period. The Winkler index (WI) measures in degree-days the duration of the growing period, GDD [30]. Another similar index is the growing season temperature, GST [31]: it establishes the requirements of varieties to ripen (sugar accumulation in berries). Huglin [32] developed the heliothermal index, HI: it considers the average and maximum temperatures, weighting the accumulated temperatures to the daytime period to provide the heat summation. The biologically effective degree-day index, BEDD, considers the optimal growing interval for grapevine and a day length correction to calculate heat summation, adjusted for the diurnal temperature range [33]. Many studies have been conducted using these indices in different regions [5,34,35].



Extremadura has the second-largest grapevine-growing area in the Iberian Peninsula, with some wineries of international prestige. The climatic characteristics of this region related to viticulture have been accurately described by Moral et al. [29,35]. An important climatic spatial variability was found in the region, despite it being one of the hottest wine-producing regions worldwide.



The aforementioned studies conducted in Extremadura, Spain, addressed historical time periods. However, a spatial variability study based on bioclimatic indices using data derived from combining GCMs and RCMs for different scenarios would provide information on future climate changes that could affect vines in the Extremadura region.



Considering the above, this research aimed at studying high-resolution climate projections performed with a set of 10 GCM-RCM combinations for RCP 4.5 and RCP 8.5 scenarios in Extremadura and for various future periods until the end of the 21st century. Additionally, the spatial variations of each bioclimatic index in each time period were analysed to assess their implications for the future viticultural suitability of the region.




2. Materials and Methods


2.1. Study Area


This study was conducted in Extremadura. This region is located in Southwestern Spain, bordering Portugal (Figure 1), and spans across 41,634 km2, between 37°57′ and 40°29′ N latitude and 4°39′ and 7°33′ W longitude.



In Extremadura, the climate is mainly Mediterranean, with oceanic influences due to its proximity to the Atlantic Ocean. Precipitation shows a marked interannual variability, with a dry season from June to September and a rainy season from October to May, which accounts for 80% of the total precipitation. Droughts commonly occur in Extremadura every 8–9 years, lasting approximately two years [36]. In general, Extremadura is considered a semiarid region, where summers are very hot and dry, reaching temperatures above 40 °C; winters are either rainy and mild or cold and dry.



The average elevation in the region is 425 m above sea level (m a.s.l.), although the altitude ranges from 2091 m a.s.l. in Sierra de Gredos, to the north of the region, to 116 m a.s.l. in the Guadiana valley, in the centre of the region. The terrain varies considerably, with Sierra Morena, other mountains, and large grassland areas to the south, the vast Alcántara and Brozas plains, the San Pedro mountains, and the Guadiana valley to the west, the Tagus River and the steep Las Villuercas mountains to the east, and the Central System to the north, where the highest locations in the region are found, in addition to other lower mountain ranges (such as Sierra de Gata and Las Hurdes) with fertile valleys between them.



Extremadura has 83,763 ha of vineyards, accounting for 9.24% of Spanish vineyards, ranking second among Spanish autonomous communities, only behind Castilla y La Mancha [37]. Furthermore, it has the Ribera del Guadiana Protected Designation of Origin (PDO) along with two other Protected Geographical Indications (PGIs) for wine, namely Designation-of-origin Cava and Extremadura wine. Figure 1 shows the elevation map of the region with vineyard areas.




2.2. Climate Data and Future Scenarios


Daily maximum and minimum temperatures data were obtained from http://cordex.org/ (accessed on 25 June 2022) for the historical period 1971−2005 and two scenarios between 2006 and 2095 at 0.125° grid resolution (approximately 12.5 km). The bioclimatic indices considered in this study were computed at the same spatial resolution, using historical data and data from a set of 10 GCM-RCM combinations (Table 1) under both RCP 4.5 and RCP 8.5 for the future. The RCP 4.5 scenario corresponds to a stabilisation of the additional anthropogenic radiative forcing relative to the pre-industrial levels, without an overshoot pathway, at 4.5 W/m2 by the end of the 21st century. The RCP 8.5 corresponds to an increase in radiative forcing of 8.5 W/m2 by the end of the 21st century. All regional changes were analysed within the geographical sector comprising Extremadura, using data for four-time intervals: 1971–2005 (reference, P0), 2006–2035 (P1), 2036–2065 (P2) and 2066–2095 (P3). Grid points located in Extremadura, and a few others along its boundaries, where temperature and precipitation were estimated according to different scenarios, were considered to calculate the bioclimatic indices (Figure 1). The use of a few points along the boundaries of the region can benefit subsequent estimates in border areas.




2.3. Bioclimatic Indices


GST, WI, HI and BEDD (Table 2) are commonly used because of their ability to describe cultivar suitability, the applicability for understanding wine region climate characteristics and the possibility of comparing between different regions. These four temperature-derived indices are a simple set of indicators of a climate suitable for the successful production of winegrapes in a region. It is important to emphasise that the conclusions in this study were drawn only by considering climatic variables. Non-climatic variables, for example, different geographical considerations such as the effect of topography on solar radiation interception, cultural practices to reduce the incidence of extreme climate conditions, or technology development, were not considered.



The GST is defined as the mean air temperature of all days between 1 April and 31 October (in the Northern Hemisphere), considering the active period of growth of the grapevine. Usually, GST should be between 13 and 21 °C for quality winegrape production [31]. This index provides the basis for placing latitudinal boundaries on viticulture areas [38].



The WI also denominated growing degree-days (GDD), is a daily effective thermal integral during the vegetative growing period. It is computed by subtracting a base temperature (commonly quantified as 10 °C for winegrapes) from the average daily temperature from 1 April to 31 October.



The HI considers an estimate of the daytime temperature by taking the maximum temperatures and the mean of the average in its calculations. Moreover, a length of day coefficient, K, is incorporated to consider the average daylight period for the latitude of the area. Huglin [32] developed this latitudinal correction for the latitudes of European viticulture as a linear response to increasing day lengths at higher latitudes. The HI is summed over a 6-month period, 1 April, and 30 September, rather than a 7-month period in the other indices since the heat accumulation in October are not considered important. K is 1.02 for 40° N latitude [5].



The BEDD index is another way to calculate heat summation, incorporating an adjustment for diurnal temperature range and a day length correction, as in the HI. However, in the BEDD index, the interval of effective heat summation is considered between 10 °C and 19 °C, base temperature, and upper threshold, respectively. Moreover, if the diurnal temperature range is greater than 13 °C, it is adjusted upward, and if less than 10 °C, downward. The coefficient K, length of the day, is similar to that applied to HI. The BEDD index is summed over 1 April and 31 October.




2.4. Statistical Analysis


Temporal trends in all bioclimatic indices were analysed by the Mann-Kendall test, as recommended by the World Meteorological Organisation [39]. Sen’s non-parametric method [40] determines the gradients and their direction. The relative change, RC, of each index throughout the studied period is identified following expression:


RC = (nβ/|x|) × 100



(1)




where n is the data set record length, β is the magnitude of trend in the time series and |x| is the absolute average value of the time series.



Comparisons between the three periods (P1, P2, and P3) and the past condition (P0) were performed for all bioclimatic indices under both RCP scenarios. The differences between each projected scenario and the reference period were computed. Statistically significant anomalies were assessed using the ANOVA test at a 5 % significance level for each grid point’s mean values. The null hypothesis indicates that data have the same mean, and the rejection of this null hypothesis addresses Tukey’s test. This multiple comparison procedure was used to find significantly different means between each period and the reference.



The spatial representation of all bioclimatic indices according to different scenarios was performed using the GIS software ArcGIS v.10.5 (ESRI Inc., Redlands, CA, USA). Figure 2 illustrates the overall methodological framework used in this study.





3. Results and Discussion


Temperature is one of the key climate variables for a vineyard; in consequence, warming could significantly impact winegrape production.



Table 3 outlines the mean indices for both the historical period, P0, and the three future periods, P1, P2, and P3, for both scenarios considered in the present study.



Throughout the 21st century, all mean indices should gradually increase, which will have a significant impact on future viticulture in the region. The graph in Figure 3 shows this increase over the years in future periods, particularly in the RCP 8.5 scenario, as expected. Both scenarios show a trend in period P1 similar to that observed in the historical period, with very similar values of annual increases. However, during period P2, the trends of the two scenarios begin to diverge. The RCP 8.5 scenario maintains an increasing trend similar to that of P1 in the following periods, P2 and P3, while the increasing trend is lower and even stabilises during the P3 period in the RCP 4.5 scenario.



As outlined in Table 4, both in the historical period and throughout the 21st century, all bioclimatic indices show significant change trends. In the RCP 4.5 scenario, the intensity of the change throughout the century will be very similar to that of the historical period because the Sen slopes are very similar. However, in the RCP 8.5 scenario, these intensities practically double, as do the Sen slopes. The relative change in the RCP 4.5 scenario is double that in the historical period, and the relative change in the RCP 8.5 scenario is double that in the RCP 4.5 scenario.



In Extremadura, the GST index, which is related to the optimal temperature ranges for vine development, was mainly found between the Warm and Hot classes in the P0 period (Figure 3a), as indicated by Honorio et al. [41] for the 1980–2010 period. As such, the region fell into optimal GST classes for viticulture. Extremadura produces wines of proven quality, mostly under the Ribera del Guadiana Protected Denomination of Origin, thus confirming the suitability of the region for wine production. As shown in Figure 3a, such conditions should be maintained in both scenarios until the end of period P1. However, for both scenarios in period P2, most of the region should be in the Very Hot category, which will only allow growing late-maturing varieties (Figure 3a and Figure 4). For the RCP 8.5 scenario, in period P3, the conditions will be Too Hot (Figure 3a and Figure 4), likely compromising high-quality grape production. Similar results were found by Teslić et al. [17] in the Emilia Romagna region (Italy) and by Koufos et al. [27] in Greece. As a result of this future increase in GST, phenological events will advance in Extremadura, as described by Fraga et al. [10], reaching up to 10 days in flowering and veraison and up to 20 days in ripening.



The Central West region (Las Vegas del Guadiana) will be the first area of Extremadura to experience Very Hot conditions for viticulture under both scenarios in period P1 (Figure 4). Subsequently, these conditions will extend to practically the entire autonomous community so that by the end of the century, the conditions will be Too Hot for viticulture in 52% of the territory under the RCP 8.5 scenario (Figure 4), including the current main wine-growing areas. However, in the RCP 4.5 scenario, despite the generalised warming, the conditions will not be Too Hot for viticulture. Nevertheless, Very Hot conditions will be reached across 80% of the territory (Figure 4), thereby requiring the adaptation of measures for quality viticulture [17].



The temporal evolution of the GDD (Figure 3b) in Extremadura shows a similar increasing GST trend, albeit with an approximately double RC (Table 4). Thus, starting from a Region IV category at the end of the historical period, the GDD should reach a Region V category in the RCP 4.5 scenario and Too Hot in the RCP 8.5 scenario by the end of the 21st century. Koufos et al. [42] found that the harvest date of all vine varieties under study will be bought forward because of the increase in GDD, particularly at the end of the 21st century, in the RCP 8.5 scenario. Similar results, albeit less intense, were found by Vukovic et al. [43] in Serbia and by Blanco-Ward et al. [44] in the Douro region of Portugal.



As shown by the spatial distribution of GDD in Figure 5, the Las Vegas del Guadiana area (Central West) will likely have the highest GDD values in the P1 period and for both scenarios. Therefore, warming mitigation measures must be implemented in this important viticultural area. For the RCP 4.5 scenario, in period P3, only Las Vegas del Guadiana should reach conditions classified as Too Hot, accounting for 13% of the total area (Figure 5). However, based on the projection for the RCP 8.5 scenario, by the end of the 21st century, virtually the entire region will be classified as Too Hot for viticulture. In this case, the current wine-growing areas will fall into the Too Hot classification, requiring the adaptation of measures for these limiting conditions towards preserving the productivity of these wine-growing areas, as well as the typicity and quality of the wines [45].



The HI (Figure 3c) also shows an increasing trend in the historical period, reaching the Warm category by the end of this period. In the following periods, and for both scenarios, its increase is evident, particularly in the RCP 8.5 scenario in which the class Too Hot will be reached in the mid-21st century. However, in the RCP 4.5 scenario, although the category Very Warm will be reached at the beginning of the P2 period, the class Too Hot will only be reached at the end of P3, that is, at the end of the 21st century. Thus, under Too Hot conditions, viticulture could be questionable.



Similar results were found by Teslić et al. [17] in the Emilia-Romagna region (Italy). However, in the RCP 4.5 scenario, the conditions will allow viticulture, albeit with adaptation measures [27], because the high temperatures will accelerate the phenological stages and shorten the growth intervals of vines, thereby affecting their quality [46].



Figure 6 shows the spatial distribution of HI, with 57% of the territory predominantly in the Warm condition during the historical period. However, in the RCP scenario 8.5, HI will gradually increase over time, reaching the category Very Warm in up to 34% of the territory in the P1 period and the category Too Hot in 51% of the territory in the P2 period, thus becoming the main class in this scenario. Towards the end of the 21st century, in the P3 period, the class Too Hot will extend almost throughout Extremadura, covering 95% of its land area in the RCP scenario 8.5 and a large area (39%) in the RCP 4.5 scenario.



As with the indices GST and GDD, HI should reach the highest values in the P1 period for both scenarios in the Las Vegas del Guadiana (Central West) zone. In this zone, in periods P2 and P3 and in scenario RCP 4.5, the category Too Hot will be reached. Therefore, as indicated before, the conditions will be unsuitable for viticulture.



The biologically effective degree-days (BEDD) index has the lowest RC values of the entire time series until the end of the 21st century for both scenarios (Table 4). For both scenarios, in the periods P0 and P1, BEDD values lie in the class 1400–1600 °C, reaching the class 1600–1700 °C in P2 and P3, as shown in Figure 3d. Similar results have been found in wine-growing areas of Greece by Koufos et al. [27], thus indicating that, if agronomic measures are not applied, primarily by selecting late-maturing varieties, grape ripening could be brought forward, falling outside the ideal period. This earlier ripening would cause an imbalance between the sugar concentration and acidity of musts. Conversely, this accelerated ripening could benefit high-altitude areas where grape ripening is currently compromised, as found by Eccel et al. [47] in the northern region of Italy.



As shown in Figure 7, the spatial distribution of the BEDD index in Extremadura during the historical period indicates that 1400–1600 °C is the predominant class, with other minor classes in a few areas to the north, south, and east of the region. In the P1 period, 1400–1600 °C will remain the predominant class, but with the 1600–1700 °C class in Las Vegas del Guadiana and with fewer zones with low values. For the RCP 4.5 scenario, in P2 and P3, the class 1600–1700 °C will prevail in the region, but in Las Vegas del Guadiana, the predominant class will be 1700–1800 °C. For the RCP 8.5 scenario, in the same periods, the zone with the 1600–1700 °C class will gradually extend across Extremadura and Las Vegas del Guadiana, reaching the 1800–2000 °C class by the end of the 21st century. In other words, the classes 1700–1800 °C and 1800–2000 °C will cover most of the Extremadura territory (approximately 85%) by them (Figure 7). Consequently, for this scenario, only the high-altitude areas would be appropriate to continue using the current varieties and cultivation techniques. However, for the low emissions scenario, only Las Vegas del Guadiana would reach very high ripening classes, with the ideal area for correct ripening accounting for 79% of the total territory of the region (Figure 7).



The statistical analysis of the differences between the scenarios for each future period and the baseline climate for all bioclimatic indices indicated significant changes in all cases. Consequently, the changes in the spatial variability of the bioclimatic indices indicate a clear increase in all their values until the end of the 21st century, particularly for the RCP 8.5 scenario. These changes will have a critical impact on viticulture in Extremadura, especially in the current wine-growing areas with the largest vineyard areas. In a study conducted in European wine-growing areas, Moriondo et al. [48] determined that heat accumulation indices, such as GDD, HI, and BEDD, reached their highest values in Extremadura (1950–2000 period), specifically in the PDO areas of Ribera del Guadiana. This study predicted that the vineyard area of Extremadura would decrease considerably because of the loss of climatic suitability for viticulture in the region. The present study, conducted with a higher spatial resolution, confirmed the harmful effects that a rise in temperature resulting from climate change would have on viticulture in Extremadura, highlighting changes in the climatic zoning of the region as the climate changes during this century, varying and decreasing the optimal areas for viticulture.



It is well known how higher temperatures affect winegrapes and the wine industry. For instance, earlier occurrence of phenological events [49], lower grape acidity at harvest [50], and an alcohol increase in wines [51] are expected from warming. Moreover, higher temperatures affect a wide range of metabolites, and in particular flavonoids, which are key compounds for berry and wine quality. A decrease in total anthocyanins is reported by Gouot et al. [52]. Changes in flavours and antioxidant composition have also been reported by Pons et al. [53]. These shifts could alter the suitability of Extremadura for winegrape production, including the current areas where the main vineyards exist. Not only the quality of wines could be affected but also the number of winegrapes; harvest during the hotter summer days, with higher water stress, will cause a lower crop load [10]. In consequence, technological developments, such as the use of new winegrape varieties more resistant to drought stress and heat or the application of shading nets, will also be crucial to maintain viticulture in Extremadura in the future.



Currently, no preventive or adaptive measures are being conducted in Extremadura to adapt viticulture to climate change. The main adaptative strategies are (1) The selection of new areas for viticulture. If the use of current varieties continues, zones with higher elevation would have to be selected to maintain the number of winegrapes and the quality of wines. (2) Genetic improvement. If there is no possibility to select new high-altitude areas, it is necessary to obtain new varieties adapted to the expected climatic conditions, with a longer vegetative-productive cycle and grape ripening outside of the warmer periods. New varieties more resistant to droughts, with higher water use efficiency, would be necessary, as those that Coupel-Ledru et al. [54] found. The choice of more efficient and drought-tolerant rootstocks has been proposed as another adaptation measure [55]. (3) Crop management. The implementation of cultivation techniques aimed at increasing the soil water storage capacity, such as the increase of organic matter, no-till or minimum tillage techniques, and permanent or semi-permanent plant cover management, has shown a positive effect [56]. Vineyard rows can be oriented to the east to be less exposed during the warmest period of the day. Trellising modes will have to be adapted to decrease the temperature at the bunches of winegrapes, with a higher shading, as Tomasi et al. [57] reported using the Pergola training system. Moreover, canopy management is important, removing leaves earlier and using foliar antiperspirants to reduce transpiration by forming a clear and flexible film that reduces normal moisture loss due to leaf transpiration. This treatment is effective in reducing the sugar accumulation in the berry without a significant prejudice to the accumulation of phenolic compounds [58]. Another treatment is the kaolin (i.e., white clay mineral) application to reduce the negative effects of high temperatures and heat stress on canopy physiological processes, yield and fruit quality. The temperature on leaves is reduced by radiation reflection and lower transpiration. Results have shown that it is an effective technique, quick and simple to be applied, as well as economical since it is sufficient to spray only one side of each row (50 % of the vineyard) [59]. Finally, the use of controlled deficit irrigation can be implemented, applying less water at specific developmental stages such that there is little, if any, negative impact on the yield.




4. Conclusions


The bioclimatic indices analysed in this study show that changes in the Extremadura region in the coming decades will worsen the conditions for viticulture and grape quality, especially in the RCP 8.5 scenario. In this scenario, the ideal wine-growing area will markedly decrease, becoming restricted to high-altitude areas, to the north of the region. These changes in weather conditions will require adapting cultivation techniques, varieties, dates of field operations, and the use of different technological developments for quality and sustainable viticulture.



In general, of the two scenarios analysed in this study, RCP 4.5 shows a smaller increase in the indices from the P2 period, reaching high categories but not as extreme as those found in the RCP 8.5 scenario, according to which the conditions in Extremadura will be too warm for wine production by the end of the 21st century.



These changes will occur first in the zone of Las Vegas del Guadiana, located in the Central-West Extremadura region, which seems to forecast the predominant climatic category in Extremadura in future periods. Accordingly, climate change mitigation strategies should be tested in Las Vegas del Guadiana.



The intensity of changes in bioclimatic indices in the RCP 4.5 scenario is very similar to that of changes observed in the historical period (P0). This similarity could indicate that if the historical trend continues, the RCP 4.5 scenario is more likely to occur than the RCP 8.5 scenario. However, climate change is a non-linear system. Therefore, despite foreseeing a trend similar to that of the historical period, irreversible changes may be triggered, creating a feedback loop.



Although currently no preventive or adaptive measures are being conducted in Extremadura to adapt viticulture to climate change, it would be necessary to start implementing some primary strategies, such as the use of new areas for viticulture and new varieties adapted to the expected climatic conditions and the implementation of new cultivation techniques and treatments to reduce the impact of high temperatures.
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Figure 1. Location map of Extremadura. Digital elevation models and vineyards in Extremadura are shown (a). Grid points where climate variables were available and considered to calculate bioclimatic indices are indicated as crosses (b). 
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Figure 2. The overall methodological framework of this study. 
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Figure 3. Temporal evolution of GST (a), GDD (b), HI (c) and BEDD (d) during the historical period (blue line) and the future time periods considered in the study, under the RCP 4.5 (green line) and RCP 8.5 (red line) scenarios. 
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Figure 4. Spatial distributions of GST during the historical period (P0) and the future time periods (P1, P2 and P3) in Extremadura. The percentages of each GST class for all time periods and under both scenarios, RCP 4.5 and RCP 8.5, are also shown (for instance, P1.45 means the time period P1 under the scenario RCP 4.5). 
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Figure 5. Spatial distributions of GDD during the historical period (P0) and the future time periods (P1, P2 and P3) in Extremadura. The percentages of each GDD class for all time periods and under both scenarios, RCP 4.5 and RCP 8.5, are also shown (for instance, P1.45 means the time period P1 under the scenario RCP 4.5). 
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Figure 6. Spatial distributions of HI during the historical period (P0) and the future time periods (P1, P2 and P3) in Extremadura. The percentages of each HI class for all time periods and under both scenarios, RCP 4.5 and RCP 8.5, are also shown (for instance, P1.45 means the time period P1 under the scenario RCP 4.5). 
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Figure 7. Spatial distributions of BEDD during the historical period (P0) and the future time periods (P1, P2 and P3) in Extremadura. The percentages of each BEDD class for all time periods and under both scenarios, RCP 4.5 and RCP 8.5, are also shown (for instance, P1.45 means the time period P1 under the scenario RCP 4.5). 
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Table 1. Combinations of the Global Climate Models (GCM) and the Regional Climate Models (RCM) were used in this study.






Table 1. Combinations of the Global Climate Models (GCM) and the Regional Climate Models (RCM) were used in this study.





	
Global Model

	
Regional Model




	

	
CCLM4-8-17

	
RCA4

	
RACMO22E

	
REMO2009






	
CNRM-CM5

	
X

	
X

	

	




	
EC-EARTH

	

	

	
X

	




	
IPSL-CM5A-MR

	

	
X

	

	




	
MPI-ESM-LR

	
X

	
X

	

	
X




	
MOHC-HadGEM2-ES

	
X

	
X

	
X

	











[image: Table] 





Table 2. Temperature-derived indices used in the study.
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	Index
	Equation
	Months
	Class Limits





	GST
	       ∑   d = 1  n        T m a x + T m i n    2      n       
	1 April–

31 October
	
	(1)

	
Too Cool < 13 °C




	(2)

	
Cool = 13–15 °C




	(3)

	
Intermediate = 15–17 °C




	(4)

	
Warm = 17–19 °C




	(5)

	
Hot = 19–21 °C




	(6)

	
Very Hot = 21–24 °C




	(7)

	
Too Hot > 24 °C









	GDD

or

WI
	     ∑  d = 1  n   m a x       T m a x + T m i n    2  − 10 , 0     
	1 April–

31 October
	
	(1)

	
Too Cool < 850




	(2)

	
(Region I) 850–1389




	(3)

	
(Region II) 1389–1667




	(4)

	
(Region III) 1667–1944




	(5)

	
(Region IV) 1944–2222




	(6)

	
(Region V) 2222–2700




	(7)

	
Too Hot > 2700









	HI
	    ∑  d = 1  n   m a x       T m e a n − 10 + T m a x − 10     2 , 0     K  

where K is an adjustment for latitude/day

length
	1 April–

30 September
	
	(1)

	
Too Cool < 1200




	(2)

	
Very Cool = 1200–1500




	(3)

	
Cool = 1500–1800




	(4)

	
Temperate = 1800–2100




	(5)

	
Warm Temperate = 2100–2400




	(6)

	
Warm = 2400–2700




	(7)

	
Very Warm = 2700–3000




	(8)

	
Too Hot > 3000









	BEDD
	    ∑  d = 1  n   m i n   M a x       T m a x + T m i n    2  − 10 , 0   K + D R T a d j , 9    

where

  D T R a d j =       0.25   T m a x + T m i n − 13   ,     T m a x − T m i n   > 13       0 ,     10 <   T m a x − T m i n   < 13       0.25   T m a x + T m i n − 10   ,     T m a x − T m i n   > 10        

and K is an adjustment for latitude/day length
	1 April–

31 October
	
	(1)

	
<1000




	(2)

	
1000–1200




	(3)

	
1200–1400




	(4)

	
1400–1600




	(5)

	
1600–1700




	(6)

	
1700–1800




	(7)

	
1800–2000




	(8)

	
>2000
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Table 3. Mean and coefficient of variation for each bioclimatic index (°C units) and for each period and scenario.
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GST

	
GDD

	
HI

	
BEDD






	
Historical Period

	
P0 (1971–2005)

	
Mean

	
19.0

	
1935.8

	
2426.4

	
1442.8




	
CV (%)

	
9.1

	
18.3

	
14.6

	
12.6




	
RCP 4.5

	
P1 (2006–2035)

	
Mean

	
19.9

	
2132.1

	
2604.5

	
1511.6




	
CV (%)

	
9.0

	
17.4

	
14.0

	
11.6




	
P2 (2036–2065)

	
Mean

	
21.2

	
2404.6

	
2863.5

	
1612.7




	
CV (%)

	
9.1

	
16.9

	
13.7

	
10.1




	
P3(2066–2095)

	
Mean

	
21.7

	
2516.6

	
2954.9

	
1643.3




	
CV (%)

	
9.2

	
16.9

	
14.0

	
10.1




	
RCP 8.5

	
P1 (2006–2035)

	
Mean

	
20.2

	
2184.9

	
2644.8

	
1528.4




	
CV (%)

	
9.4

	
18.1

	
14.3

	
11.4




	
P2 (2036–2065)

	
Mean

	
21.9

	
2555.2

	
2989.7

	
1656.4




	
CV (%)

	
9.3

	
17.0

	
13.7

	
9.3




	
P3(2066–2095)

	
Mean

	
24.0

	
2998.3

	
3377.8

	
1761.0




	
CV (%)

	
9.3

	
15.9

	
13.2

	
7.4
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Table 4. Statistics of the Mann-Kendall test (ZMK) and the magnitude of trends approximated by Sen’s estimator (β) for each bioclimatic index, considering the historical period and all years until the end of the 21st century for each scenario. RC is the relative change.






Table 4. Statistics of the Mann-Kendall test (ZMK) and the magnitude of trends approximated by Sen’s estimator (β) for each bioclimatic index, considering the historical period and all years until the end of the 21st century for each scenario. RC is the relative change.





	

	
ZMK

	
β

	
RC (%)






	
Historical Period

	
GST

	
3.58 ***

	
0.03

	
5.88




	
GDD

	
3.66 ***

	
6.81

	
12.32




	
HI

	
2.87 **

	
5.51

	
7.95




	
BEDD

	
2.84 **

	
2.63

	
6.38




	
RCP 4.5

	
GST

	
10.18 ***

	
0.03

	
12.61




	
GDD

	
10.22 ***

	
6.21

	
23.77




	
HI

	
9.60 ***

	
5.65

	
18.12




	
BEDD

	
8.15 ***

	
2.19

	
12.38




	
RCP 8.5

	
GST

	
12.19 ***

	
0.06

	
26.13




	
GDD

	
12.19 ***

	
13.64

	
47.61




	
HI

	
11.95 ***

	
12.20

	
36.56




	
BEDD

	
11.14 ***

	
3.74

	
20.40








*** Significant trend at the 0.001 level; ** Significant trend at the 0.01 level.
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