

  environments-10-00005




environments-10-00005







Environments 2023, 10(1), 5; doi:10.3390/environments10010005




Article



Regional Climate Change Effects on the Viticulture in Portugal



Rainer Ferdinand Wunderlich 1[image: Orcid], Yu-Pin Lin 1,*[image: Orcid] and Andrianto Ansari 1,2[image: Orcid]





1



Department of Bioenvironmental Systems Engineering, National Taiwan University, Taipei 10617, Taiwan






2



Department of Agronomy, Faculty of Agriculture, Universitas Gadjah Mada, Yogyakarta 55281, Indonesia









*



Correspondence: yplin@ntu.edu.tw







Academic Editor: Brett Bryan



Received: 3 October 2022 / Revised: 25 November 2022 / Accepted: 15 December 2022 / Published: 22 December 2022



Abstract

:

The grapevine (Vitis vinifera) is widely cultivated for the production of wine and other commodities. Wine is globally traded, with an annual market value of approximately USD 4 billion in Portugal alone. However, climate change is expected to profoundly alter regional temperature and precipitation regimes across the Iberian Peninsula and, thus, in continental Portugal, potentially threatening to impact viticulture. We used boosted regression trees and environmental variables describing the climate, soil, topography, and irrigation with a large number of presences (N = 7002) to estimate grapevine suitability for a baseline (1981–2010) and three future periods spanning from 2011 to 2100 using two climate trajectories (SSP3-7.0 and SSP5-8.5) and irrigation scenarios (continued and ceased). Under SSP3-7.0 with irrigation and SSP5-8.5 without irrigation, our results suggest a decline in suitable viticulture area across continental Portugal of ~20% and ~80% by 2041–2070 and 2011–2041, respectively. Following this decline, our data suggest a potential recovery by 2071–2100 of ~6% and ~186%, respectively. However, regional change is more complex: by 2071–2100, the Região Norte, the Douro wine region, and the Algarve, for example, each would experience future changes in suitable area in the range of approximately −92% to −48%, −86% to −24%, and −59% to 267%, respectively, depending mostly on the practicality of irrigation.
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1. Introduction


The global market value of wine (still, sparkling, and fortified) is expected to reach USD 326.6 billion in 2022 and to keep growing at annual rates above 4% [1]. Grapes and wine, in particular, are relevant not only in economic terms but also historically and culturally. There is evidence of grapevine (Vitis vinifera) cultivation (viticulture) and winemaking dating back to at least 5800 BC [2], with recent studies suggesting early grapevine cultivation and winemaking emerging in the Near East before spreading to Europe and—subsequently—other parts of the world [2,3,4,5]. Today, there are thousands of cultivars grown to produce wine, raisins, and table grapes [2], for example, Cabernet Sauvignon, Merlot, Tempranillo, Airén, and Chardonnay—to name just a few of those most commonly cultivated to produce wine.



Viticulture, however, requires certain climatic and edaphic characteristics and is highly sensitive to annual climate variations with potentially disastrous consequences of major deviations [6,7]. Moreover, several studies have pointed out that climatic variations, sometimes even minor or short-term fluctuations, would affect the taste and alcohol content of the resulting wines due to changing concentrations of aromatic compounds and sugars in the grape by increased production or the concentration by evaporative loss [7,8,9,10,11,12,13]. Therefore, both precipitation (e.g., total amount and distribution of precipitation, frequency and duration of dry conditions) and temperature (e.g., growing degree days, average and extreme temperatures) are important climatic factors relevant for viticulture [14,15,16,17,18]. The earth’s climate is expected to further warm up while becoming overall more dynamic, for example, with more severe and prolonged dry spells [19,20,21], more frequent and heavy flooding [22,23], but also redistribution of crop pests, such as locusts or moths [24,25]. Therefore, climate change may cause substantial damage to vineyards, shift suitable areas and latitudinal boundaries, alter both the most suitable varieties for specific regions and the aromatic composition of the grapes, and increase their exposure to pests—all of which would affect global, regional, and local wine production and quality [7,26,27,28]. Predicting and adapting to these changes, however, is complicated by regional and local differences in climate change, for example, due to maritime attenuation along the coasts [29] or topographic buffering [30].



In Portugal, viticulture dates back ~2000 years and significantly influenced the evolution of the landscape. The Douro wine region and its outstanding universal value and its long tradition of winemaking, particularly high-quality port wine (a type of fortified wine) but also other wines, as well as viticulture effects on the cultural environment, have been acknowledged by the World Heritage Convention [31]. This long history is partly explained by highly suitable climatic conditions. Continental Portugal features warm and hot summer Mediterranean climates [32] and large regional variation in both average temperature (ca. 14–20 °C) and precipitation (<600 to over 3000 mm) [29]. This facilitates the cultivation of a broad range of grape varieties [33] in wine regions extending from its very south in the Algarve to its very north in the historical provinces of Minho (northwest) and Trás-os-Montes e Alto Douro (northeast), as well as annual wine production levels and market values of ~680 ML in 2025 and USD 3.7 billion in 2022, respectively, with an expected annual growth rate of ~16% in 2023 [34]. The optimal climatic conditions differ among varieties grown in Portugal—even within the same region. For example, the required growing degree days (GDD) for varieties in the Douro wine region range from approximately 1450 to 2200 °C, with Aragonez (often referred to as Tinta Roriz or—particularly internationally—Tempranillo) and Síria (also referred to as Roupeiro), two of the more commonly planted varieties of red and white grapes, requiring ca. 1550–2050 °C and 1500–2075 °C, respectively [33]. Other commonly planted varieties in Portugal include Touriga-Franca and Castelão (red) and Fernão-Pires (white) [33].



A variety of modeling techniques have been used to analyze grapevine cultivation [35] or predict climate change effects on it (or on other, wild Vitis species [36]), including linear regression [37], input–output model [38], analysis of growing degree days change [33], bioclimatic and extreme indices [39], mechanistic growth models [40], soil–water–atmosphere–plant models [16], and species distribution modeling [26], including the MaxEnt algorithm [41]. Species distribution modeling represents an array of statistical and machine learning algorithms typically used to predict the geographic species distributions from environmental variables and occurrence data [42,43,44,45]. Recent studies of climate change effects on grapevine cultivation in Portugal suggest both positive [37] and negative consequences [39,46], or suggest increased requirements for irrigation [47], at least in the longer run. Given the lacking consensus, the expected degree of warming under the most recent climate models, and an emerging trend toward heatwaves and dry spells in Europe and Portugal [19,20,21,48], we revisit continental Portugal to provide updated estimates of the climate change effects on viticulture at national and regional levels. This is achieved by fitting suitability models of Vitis vinifera across continental Portugal (i.e., excluding any islands) for the baseline period 1981 to 2010 using environmental variables accounting for temperature, precipitation, soil properties, topography, and agricultural practice (irrigation). We provide predictions for the baseline period, as well as the periods 2011 to 2040, 2041 to 2070, and 2071 to 2100, that are used to extrapolate the consequences of climate change on the production of grapes and wine while providing critical information to planners and winemakers. Similar statistical and mechanistic approaches have also been used for major food crops around the world under climate change [49,50,51].




2. Materials and Methods


2.1. Study Area


The study was limited to continental Portugal and to the grapevine (Vitis vinifera). All environmental variables and presence data were clipped to a vector file of the Portuguese administrative borders acquired from the GADM database (https://gadm.org/, accessed on 18 July 2022). For the predictions regarding the Douro wine region, we acquired a shapefile from the Port and Douro Wines Institute (https://www.ivdp.pt/pt/vinha/regiao/limite-da-regiao-demarca-do-douro/, accessed on 18 July 2022). Moreover, we obtained shapefiles for four administrative divisions, Região Norte (Norte), Região Centro (Centro), the Algarve, and Baixo Alentejo, from the GADM database to represent the northern, central, southern, and southeastern regions of Portugal. Together with the Douro wine region, which is encompassed by Norte (mostly) and Centro, these regions are our focal regions. For readers interested in other regions, we provide all ensemble predictions in a repository (https://doi.org/10.6084/m9.figshare.21587229; created on 20 November 2022).




2.2. Occurrence Data


The presence data for grapevine (N = 44,724) were downloaded from the Global Biodiversity Information Facility (GBIF; htpps://gbif.org, accessed on 15 August 2022) using additional filters, year (1981 to 2010), country (Portugal), and coordinate uncertainty in meters (0 to 100) [52]. Presences falling into no data regions (due to inland water bodies or minor mismatches in coastlines and NA regions between environmental variables) were removed (N = 773) along with any remaining duplicates at the raster cell level of the environmental variables (N = 36,948) and a single randomly selected presence to make the total an even number. Thus, a total of 7002 presences were available for modeling. Presences were complemented with an equal number of background points (N = 7002), interpretable as pseudo-absences, that were generated by randomly sampling locations with a minimum distance of 1500 m to avoid sampling regions that are environmentally highly similar to conditions at presences due to spatial autocorrelation [53]; effectively, this approach excludes neighboring cells in the four cardinal directions when assuming a presence right on the center of a cell. This sampling procedure was based on the spatialEco R package [54] and its background function.




2.3. Environmental Data


The environmental variables in a grape or wine context should ideally describe the complete terroir, that is, characteristics of the climate, soil, and topography—as well as winemaking practices. In this study, we focused on the physicochemical environment and accounted for winemaking practices only in terms of irrigation. We acquired three temperature and nine precipitation variables from CHELSA climate (https://chelsa-climate.org/ accessed on 14 December 2022; [55,56]). The former comprised the growing season (≥10 °C) heat sum (GSHS) and the maximum and minimum temperature of the warmest and coldest months, respectively (TMAX and TMIN); the latter consisted of the mean monthly precipitation for the months of February through October. These monthly precipitation variables were aggregated to three variables representing precipitation in spring (PSpring: February—April), summer (PSummer: May—July), and fall (PFall: August—October). Importantly, the high resolution offered by CHELSA is not based on weather station data interpolation or simplistic regression with elevation but semi-mechanistic downscaling [56,57]. Therefore, fewer artifacts, such as high precipitation estimates in cloud-free valleys or negative correlation with precipitation along an elevation gradient, are expected. A large-extent study in the Himalayas, for example, has found superior performance and plausibility of CHELSA over an alternative dataset [58]. The edaphic conditions were downloaded from the European Soil Data Centre [59,60]; accessed on 4 August 2022), which is funded by the European Union, and SoilGrids (https://www.soilgrids.org/ accessed on 14 December 2022; [61]; accessed on 15 August 2022) and described the proportions of the clay and coarse fractions (Clay and Coarse) and the median soil pH (SPH) at 15–30 cm. Specifically, for SPH, we set to NA (no data) all cells with a value of 0 prior to further processing. Topography was accounted for in a single variable, the heat load index (HLI), which represents the combined influence of aspect and slope on incident radiation and temperature [62,63]. The computation of the HLI was based on a digital elevation model acquired from Copernicus (https://land.copernicus.eu/imagery-in-situ/eu-dem/eu-dem-v1.1?tab=mapview; accessed on 15 August 2022) resampled to 500 m. Finally, we acquired the percentage of the area equipped for irrigation (IRRI) from the FAO (https://data.apps.fao.org/catalog/iso/f79213a0-88fd-11da-a88f-000d939bc5d8; [64], accessed on 31 August 2022).This variable was used to account for the local prevalence of agricultural irrigation.



The climate variables were based on two future climate trajectories that were used to generate alternative scenarios: first, IPSL-CM6A-LR, a climate model accounting for changes in and interactions between the atmosphere, geosphere, hydrosphere, and sea ice and featuring a representation also of the carbon cycle [65,66], with the SSP3-7.0 socioeconomic and emission pathway, which represents a trajectory of limited mitigation and high fossil fuel demand under regional rivalry, and, second, the same climate model but with the SSP5-8.5 pathway, which represents an energy- and resource-intensive, fossil-fueled trajectory. The former trajectory was based on recent developments suggesting at least a temporary return to competition between geopolitical blocks and challenges of the energy transition, such as lacking solutions for widespread and large-scale implementation of carbon capture or uncertainties regarding the energy uptake of electric cars [67], while the latter trajectory can be considered as a worst-case scenario in terms of climate change [68]. To explore the trajectories of Portugal and the five focal areas under climate change, we computed the 25th, 50th, and 75th percentiles of six climate variables used (TMIN, TMAX, PSpring, PSummer, and PFall) and performed a principal component analysis to facilitate the discussion of underlying causes of the predicted changes.



The entire study was performed in an equal area coordinate reference system (EPSG:3035) at a resolution of 1 km to avoid latitudinal bias [44] and provide sufficient detail for potential management responses or targeted follow-up studies. This means that all data (occurrences and environmental variables) differing in their coordinate reference system, alignment, or resolution were reprojected for exact matching. The soil properties, topography and irrigation, were considered as constant throughout the study periods; however, we provide two scenarios in terms of irrigation (perpetuation of current practice and no irrigation).




2.4. Modeling Grapevine Suitability


Based on recent benchmarks [43,69,70], we chose boosted regression trees [71,72] (BRT) to train 30 replicate models based on the gbm function in the gbm R package [73]. BRT represents a machine learning algorithm that differs from traditional statistical models by not optimizing a single model but relying on boosting—that is, combining many (in this study, 1000) tree models of relatively limited complexity to improve model performance [71,74,75]. While offering high performance, BRT might lack generalization and exhibit tendencies toward overfitting, that is, representing not only (ecological) signals but also noise in the data [69,71,75,76].



We used the default parameters of the gbm function, except for increasing the number of trees (from 100 to 1000), reducing the shrinking (from 0.1 to 0.075), and allowing two-way interactions between variables to capture the potential synergistic or antagonistic effects between temperature and precipitation, and precipitation and irrigation. Each replicate model was fitted using 50% (N = 3501) of the presences and background points (both randomly sampled) to avoid class imbalance, which can adversely affect random forests and other machine learning algorithms [77,78,79]. For each replicate model, we kept track of the relative variable importance to compute each variable’s mean contribution across all replicates. All models were predicted on the log-odds scale and converted to probability (ranging from 0 to 1) using the plogis R function.




2.5. Model Evaluation


Model predictions for the baseline period were evaluated using the area under the receiver operating characteristic (AUC, ranging from 0 to 1) [80] on both training (AUCtrain) and test (AUCtest) data, which allowed us to compute their difference (AUCdif.) as a measure of overfitting [81]. Moreover, we computed the true skill statistic (TSS, ranging from −1 to 1) [82] on test data after conversion to a presence–absence map. We initially considered and applied (on test data) two alternative thresholding approaches for this conversion: the cutoff that maximizes the sum of sensitivity and specificity (maxSSS) [83,84] and the 10th percentile of suitability at presences, which selects the maximum cutoff that ensures less than 10% omissions. After visual inspection and comparison of the predictions resulting from the two cutoffs, we opted for the 10th percentile approach. Notably, using any other approach than maxSSS for thresholding would suppress subsequently obtained TSS scores since maximizing the sum of sensitivity and specificity also maximizes TSS [83,85]. Where appropriate, we follow Hosmer and colleagues [86] to classify (e.g., into “excellent” or “poor”) AUC and TSS skills. The differing ranges of AUC of TSS were accounted for classification: for example, a TSS score of 0.62 would be equivalent to an AUC score of 0.81, and both would be classified as excellent.




2.6. Ensemble Building, Final Evaluation, and Alternative Irrigation Scenario


Next, we built an ensemble by computing the median suitability across the replicate models. However, we excluded some replicate models from the ensemble in order to improve the performance and limit overfitting. This exclusion was based on the evaluation scores of the replicate models. Specifically, we excluded those replicate models whose TSS and AUCdif. fell below or exceeded the 10th and 90th percentiles across all replicate models, respectively. This approach is conceptually similar to the preselection step adopted in [87], which discarded 50% of the models. The ensemble itself was evaluated using TSS with the full set of presences and background points. Based on this ensemble, we predicted the grapevine suitability for the time periods from 2011 to 2040, 2041 to 2070, and 2071 to 2010. In addition, we prepared an alternative scenario with IRRI being equal to zero across the study area to explore the effect of stopping irrigation practices.




2.7. Extrapolation of Wine Production


Finally, we provided a coarse extrapolation of the combined effects of climate change and irrigation practice on wine production as the ratio of the predicted weighted suitable area divided by the baseline weighted suitable area, with weights equal to local suitability. If, for example, both the area and mean suitability within decrease by 25%, 50%, or 75%, then the wine production would be assumed to decrease by 43.75%, 75%, or 93.75%, respectively.





3. Results


The four ordination plots (Figure 1) visualize the current climate space of Portugal (limited to precipitation in spring, summer, and fall, as well as temperature extremes and the GSHS) together with the centroids of the different regions and their trajectories. In all cases, the more severe SSP5-8.5 scenario translated into larger intensity shifts in climate space. It is apparent that Norte and Centro, on average, represent the cooler and less arid areas in Portugal (Tables S7 and S11; Figure 1a). However, both undergo substantial alteration under climate change, particularly when assuming the more severe SSP5-8.5 scenario (Figure 1c,d). On the other hand, Baixo Alentejo and the Algarve represent the warmer and more arid regions in Portugal (Tables S13 and S15; Figure 1a), but their trajectories under climate change differ in intensity. While Baixo Alentejo exhibits a shift comparable to those of Norte and Centro, the Algarve appears to undergo more limited climatic alteration (Figure 1b–d). Finally, the Douro wine region represents a relatively warm region with dry summers and high maximum temperatures but lower minimum temperatures (Table S9; Figure 1a), which likely will experience an intensity of alteration under climate change comparable to or exceeding that of Norte and Centro (Figure 1c,d).



In Tables S5 and S6, we provide the 25th, 50th, and 75th percentiles of climate variables computed for the baseline and future time periods across Portugal and for both SSP3-7.0 and SSP5-8.5 to complement Figure 1 and help the interpretation of the predictions. In short, these tables reveal a continuous increase in temperature (both TMIN and TMAX) coupled with a continuous decrease in overall precipitation (not considering winter precipitation). Compared with the baseline (1981–2100), the median temperature increased from 4.7 °C (TMIN) and 28.8 °C (TMAX) to 7.3 °C and 34.4 °C (SSP3-7.0), and 8.1 °C and 35.7 °C (SSP5-8.5) by 2071–2100. The precipitation decrease was found to be mostly driven by a decrease in spring, from 200 mm in 1981–2010 to 157 mm (SSP3-7.0) and 150 mm (SSP5-8.5) in 2071–2100 (Tables S5 and S6). We also provide the same climate variable percentiles for the focal areas (Norte, Douro, Centro, Baixo Alentejo, and Algarve) under both SSP3-7.0 (Tables S7, S9, S11, S13 and S15) and SSP5-8.5 (Tables S8, S10, S12, S14 and S16) but stop short of presenting and discussing these in detail for brevity.



The replicate models were mostly influenced (rounded to one decimal) by TMAX (17.5%), GSHS (14.3%), IRRI (13.3%), and PSummer (12.9%), and least affected by HLI (2.6%), PFall (3.2%), and SPH (5.0%). The mean contribution of HLI was comparatively low but stable (sd = 0.227) and remained above 2.0% across all replicate models. Moreover, PSpring (11.2%), TMIN (8.3%), Clay (6.5%), and Coarse (5.3%) also substantially contributed to the models.



Overall, mean evaluation metrics across all replicates suggested excellent model performance (AUCtrain = 0.932; AUCtest = 0.901; TSS = 0.638) and limited overfitting (AUCdif. = 0.032). Moreover, the replicate models performed in a consistent way, with the minimum AUCtrain, AUCtest, and TSS values being approximately equal to 0.929, 0.894, and 0.628, respectively. Similarly, the maximum AUCdif. value was equal to ~0.041. The TSS and AUCdif. cutoffs representing the 10th and 90th percentiles were approximately equal to 0.630 and 0.037, respectively, and led to the elimination of five replicate models. The resulting ensemble (computed as the median of the remaining 25 replicate models) was evaluated using the median of the retained replicate models’ thresholds and the TSS and achieved a score of ~0.640, which is comparable to an excellent AUC score of ~0.820.



The ensemble predictions of grapevine suitability, clipped to regions above the 10th percentile cutoff, for the baseline period (1981–2100) and both irrigation scenarios (with and without irrigation) are shown in Figure 2. Moreover, we provide Figure 2, Figure 3 and Figure 4, which contrast both irrigation scenarios and climate trajectories for the periods 2011–2040, 2041–2070, and 2071–2100. In addition, Table 1 and Table 2 summarize the expanse and mean suitability of regions predicted as suitable for viticulture, alongside changes relative to the baseline scenario with irrigation. All ensemble predictions are available in a repository (https://doi.org/10.6084/m9.figshare.21587229; created on 20 November 2022) to facilitate analysis of different regions and comparisons between studies.



The baseline scenario with the actual irrigation data suggests widely suitable climates for viticulture across Portugal, with particularly large expanses of high suitability found across the north and west of Portugal (Figure 2 left panel). When considering the same baseline period but without irrigation (Figure 2 right panel), the predicted suitability appeared reduced, and high suitability was mostly confined to regions of limited extent in the northeast (e.g., Douro, Dão, and Bairrada) and the west (mostly around Lisbon in the center-west, e.g., Alenquer and Palmela). The future predictions for the three future periods, 2011–2040 (Figure 3), 2041–2070 (Figure 4), and 2071–2100 (Figure 5), differed both between climate trajectories (top vs. bottom panels) and irrigation scenarios (left vs. right panels) with no irrigation scenarios consistently causing greater apparent reductions in suitable area and suitability, while the distinction between SSP3-7.0 and SSP5-8.5 was less clear. Moreover, there appeared to be a trend of suitable regions shifting to and being associated with coastal areas.



Overall, suitable regions look poised to contract under climate change, although initially stable regarding area and with limited recovery in the 2041–2070 and 2071–2100 periods (depending on the region), and exhibit reduced suitability for viticulture (Figure 2, Figure 3 and Figure 4). Moreover, suitable viticulture regions appeared to generally shift toward the coastal regions. Contractions appeared most severe in the northern half of Portugal, including in the Douro wine region and adjacent regions (e.g., Dão and Bairrada), and least severe in the south and west of Portugal, which appeared to profit from climate change. In western Portugal, suitable regions were predicted to expand and shift into a coastal band shape stretching approximately from Lisbon (38°43′ N, 9°10′ W) to Aveiro (40°38′ N, 8°39′ W). Finally, the influence of the different climate trajectories appeared to show overall lowered suitability under SSP5-8.5 relative to SSP3-7.0 but not necessarily a reduction in suitable area to a similar degree and strong regional differences (Figure 2, Figure 3 and Figure 4).



Table 1 and Table 2 and summaries of Tables S1–S4 which detail the estimated expanses of the suitable area and mean suitability within the former across Portugal and within the five focal areas for perpetuated (Table S1 and Table S3) and no irrigation (Table S2 and Table S4) under climate trajectories SSP3-7.0 (Table S1 and Table S2) and SSP5-8.5 (Table S2 and Table S3), respectively.



The largest loss of suitable area across Portugal occurred in the 2041–2070 period under SSP3-7.0; without irrigation, however, an almost fourfold larger loss is expected for the 2011–2040 period under SSP5-8.5. The largest predicted gains occurred in the Algarve and Baixo Alentejo, where the suitable areas could more than triple and almost double under SSP5-8.5—provided that irrigation patterns do not change (Table 1). Without irrigation, however, each of these two areas would have experienced almost complete losses of suitable area in the baseline period (Table 2). Large losses (>40%) are also expected for the Douro wine region, Norte, and Centro—and even with irrigation.



Finally, our coarse extrapolation suggests that wine production would decrease by approximately 21% or 1.5 million hectoliters (SSP3-7.0 with irrigation), 69% or 5.0 million hectoliters (SSP3-7.0 without irrigation), and 48% or 3.5 million hectoliters (SSP5-8.5 without irrigation), but would—overall—remain stable (plus ~0.7% or ~51 thousand hectoliters) under SSP5-8.5 with irrigation when compared with the 1995 wine production in Portugal of ~7.3 million hectoliters according to the OIV database (https://www.oiv.int/en/statistiques/recherche; [88]; accessed on 15 August 2022).




4. Discussion


In this study, we have analyzed the climatic shifts in Portugal and modeled regional grapevine suitability across the study area and in five focal areas to estimate national and regional climate change effects on the suitable area and mean suitability of grapevine cultivation. The models were mostly driven by temperature (TMAX and GSHS) and water availability (IRRI and PSummer). Given the expectations of succinctly rising median TMAX (>5 °C) and declining precipitation in spring (>20%) and overall (Tables S5 and S6), with little reason to expect betterment of global climate trends in the near future [67], it is not surprising that our predictions suggest major losses across Portugal and in most focal areas, particularly when assuming a halt to irrigation (Table 1, Table 2 and Tables S1–S4). This is, since plants face a trade-off between photosynthetic activity and water conservation as temperatures rise with increasing CO2 levels, even if water-use efficiency would increase [89]. Consequently, the trends toward drier and warmer climates in Portugal would promote water conservation and, thus, reduced photosynthetic activity. For plants in drier regions, it is generally expected that elevated CO2 would contribute to increasing greenness and leaf area; however, the increased sensitivity to water availability would make the plants more susceptible to droughts [90]. Specifically for grapevine, however, elevated CO2 was shown to accelerate berry ripening while reducing production [91] and contribute to increased net photosynthetic rate, water-use efficiency, and grapevine yield under current temperature regimes, without significant stomatal conductance responses under drought conditions [92]. According to the same study, the latter could be attributed to the experimental drought conditions not being severe enough to trigger such a response [92], and another study observed such stomatal acclimation responses and reduced photosynthetic capacity under elevated CO2, at least 20 days after treatments were imposed—even when temperature and water availability were not modified and more so if this was the case [93]. This makes the expected tendencies toward increasing drought frequency and severity in the region troubling [21].



Consistently high evaluation scores on test data and relatively low overfitting suggest that our results are both robust and suitable for deriving future predictions [81,94]. However, since we did not differentiate between varieties, the estimated niche of grapevine would represent the union of all individual varietal niches, which may differ in their requirements for water, growing degree days [33], and other factors. Such intraspecific variability is known in grapevine cultivars, for example, in terms of growing degree requirements [33], and has also been reported for other taxa, such as grasses [87]. Therefore, the effect of climate change in individual wine regions, which typically cultivate one or a few dominant varieties that are well adapted to the local conditions, might also be underestimated. Since human-facilitated dispersal, that is, the planting of different, better-adapted varieties [33], is highly likely, however, we may also overestimate on-the-ground climate change impacts due to the buffering effect of intraspecific variability [95]. In addition, management responses including shading [96], especially with novel photo-selective materials [97], adjusted pruning times [98], and improved irrigation [47,99], for example, carbonated irrigation [100], and other emerging technologies would reduce the predicted impacts. Our results, thus, have to be seen as a prediction of what could happen when no changes are made to current practice (other than irrigation, for which we provide an alternative scenario), which in our opinion, represents the best information to identify regions where management responses to climate change are required. Moreover, our no irrigation scenario shows the potential ramifications of failing to maintain (let alone expand) current irrigation practices under a drying climate. Since lowered precipitation (Tables S5 and S6) would lead to reduced water tables, stream flows, and reservoir storage levels, less water would be available for agriculture. As we have demonstrated, this could cause dramatic consequences for the cultivation of not just grapevines but also similarly drought-tolerant crops, such as olives (Olea europaea), and generally (even more so) for other (less drought tolerant) crops grown in the region, including rice, which typically requires inundation.



Our results are not in line with the findings of Gouveia and colleagues [37], who predicted favorable consequences of climate change for the Douro wine region, but largely agree with those of Blanco-Ward and colleagues [39] about future climate change effects on wine production; overall, we suggest a negative outcome with substantial net losses of suitable area, particularly in the 2041–2070 and 2011–2040 periods and, regarding specific focal areas, in the Região Norte, the Douro wine region, and the Região Centro (Table 1, Table 2 and Tables S1–S4, Figure 2, Figure 3 and Figure 4). While potential recoveries are expected in some regions, they might not be realistic, considering that grapevines bear no fruit for several years after planting and might not reach peak product until after a decade [7]. A similar trajectory under climate change, that is, a large decline of suitable area by 2041–2070 with a subsequent partial recovery, has been reported for southern Italy due to the combined effects of increasing temperature and prolonged dry spells [16].



Our results are concerning, given the economic and cultural relevance of grapevine cultivation and winemaking in Portugal and—specifically—the Douro wine region [31]. Considering that the predicted losses were most and least severe in the north and south of Portugal, respectively—in fact, regions in the south might greatly, albeit most likely in theory only, profit from climate change given continuing irrigation (Table 1 and Table 2; Figure 2, Figure 3 and Figure 4)—the predicted pattern suggests a shift from northern to southern viticulture areas. This trend contrasts large-scale poleward boundary shifts of viticulture [27,101] and suggests that the grapevine is locally and regionally subject to complex interactions between individual aspects of terroir [14]. In addition, we observed a clear tendency of higher suitability shifting toward the coast (Figure 2, Figure 3 and Figure 4), which could partly be explained by the mediating effect of the Atlantic Ocean on extreme temperatures. In the Algarve, which resembles a band along the southern coast, for example, the median TMAX is predicted to increase only by 2.9 °C (SSP3-7.0) to 3.7 °C (SSP5-8.5) by 2071–2100 (Tables S15 and S16), whereas the same increase would be equal to 5.6 °C (SSP3-7.0) to 6.9 °C (SSP5-8.5) across continental Portugal (Tables S5 and S6). Finally, increasing temperatures early in the season could affect the grapevine phenology and result in hastened berry maturation and potentially reduce production [91].



Moreover, assuming that wine production volume is dependent on the product of suitable area and mean suitability, our results suggested mostly major reductions in production volume relative to the baseline period of roughly 21% to 69% by 2071–2100, except for the SSP5-8.5 scenario with irrigation, which caused a marginal increase (0.7%). Our extrapolation is, of course, rough. While suitability is known to be generally positively correlated with abundance [102] and thence biomass, our assumptions are unlikely to withstand rigorous tests, in particular due to negligence of many factors (including market mechanics and mitigation measures) and the nonlinearity of the suitability–abundance relationship [103]. Nevertheless, our extrapolation helps to appreciate the potential magnitude of a crisis that is at least partly preventable.



Surprisingly, suitability for grapevine or viticulture decreased in the north, most severely in the Douro wine region and the Região Norte, and—less extreme—in the Região Centro, but not in the south, where suitable area was actually found to potentially increase, especially in the Algarve (Table 1 and Table 2). This represents an inversion of the typical climate change impacts since Portugal, together with Spain, Italy, and Greece, sits at or close to the northern hemisphere’s southern limit of grape cultivation and winemaking. Therefore, an overall northward shift would have been expected given the geographic position of Portugal in the northern hemisphere, in line with large-scale responses to climate change of viticulture [27,28] and many species [104]. For example, wine is now grown in northern countries, such as Latvia, Denmark, Sweden, and even Finland and Norway [27,101,105]. Similarly, global “breadbaskets” are likely required to shift poleward to avoid severe yield shortages [106]; however, crop pests, such as locusts or moths, are expected to expand their ranges poleward [24,25] too. Moreover, losses were exacerbated, and potential increases in suitable area, that is, in the Algarve and Baixo Alentejo, were turned into losses when irrigation was assumed to stop (Table 2). Therefore, our study highlights the complexities of viticulture responses to climate change when considering the potential effects of climate variable interactions, changing agricultural practices, and potential mitigation.



While the viticulture outlook for many regions in Portugal is bleak, well-established and emerging management adaptation and mitigation strategies are available. Potential pathways to ameliorate or mitigate climate change effects on wine quantity and quality [28] include adjusted pruning times, improved irrigation [100], water nebulization to limit peak heat stress [107], selection of more suitable varieties [7,33], and shading or kaolin (Al4Si4O10(OH)8) coating against radiation and heat [33,96,97,98,99,107,108]. Depending on the exact makeup of shading, however, it might reduce plant biomass by affecting the carbon balance, as shown for apple [109], while installation costs (or lacking water resources) might prevent the widespread use of nebulization [107], or even irrigation. Kaolin coating, similarly, can be effective against the impacts of radiation and heat and thus can maintain yields but might slightly decrease sugar content in berries [107]. In addition, new varieties can be bred that are more resilient to climate change (e.g., tolerant to higher temperatures and more frequent droughts, or with longer maturation periods), particularly when harnessing genetic methods [110,111] that can also improve pathogen resistance [112]. Moreover, plant-growth-promoting microbes (PGPMs) could help to further improve the tolerance of grapevines to climatic stress or disease [113,114,115], yet more research will be required, including on the biosafety of such approaches. As a last resort, vineyards could be moved to cooler sites, for example, on north-facing slopes or higher elevations [39], although such climate change adaptation strategies would also come with their own challenges, such stressful levels of UV-B radiation at higher elevation [116], and, thus, require additional mitigation. Moreover, planting new varieties or establishing new vineyards at cooler sites, or to reclaim regions lost before due to climate change, also takes time since grapevines do not produce crop for several years after planting and may reach peak production after a decade or later [7].



Altogether, these limitations and complications suggest the need for substantial investments for adaptation or, in some regions, to facilitate transition to other, more favorable crops or land uses. Finally, given the critical importance of irrigation, adaptation strategies aiming to preserve or provide additional water resources, for example, by partly covering reservoirs, canals, aquaculture ponds, and other water bodies with floating solar panels [117,118,119] or by desalination and reusing wastewater [120,121], would likely also be required alongside a range of policy changes regulating water use [122] and encouraging collective action [123] for resilient food production systems under an increasingly drier climate, which might cause competition [124] for increasingly scarce irrigation water resources.




5. Conclusions


Climate change has the potential to expand viticulture poleward by elevating average temperatures. In most traditional viticulture regions, however, this potentially positive effect of rising temperature is offset by increased water requirements (i.e., irrigation), while droughts tend to become more frequent and longer. In this study, we found that climate change would have overall negative consequences for viticulture in Portugal, and potentially devastating consequences for the Região Norte, the Douro wine region, and the Região Centro (except its westernmost coastal areas), unless intensive mitigation strategies are pursued, particularly when irrigation becomes limited or impossible. While increased and improved irrigation might mitigate some of these impacts, it remains questionable whether freshwater sources for irrigation are readily available under an increasingly drier climate. In summary, climate change will likely have broad and mostly negative effects on Portugal’s viticulture, while hypothetically presenting opportunities (if water is available) in some regions, such as the Algarve, and will make necessary a range of adaptive mitigation strategies, including cultivar selection and breeding, inoculation with PGPMs, improved irrigation, and other techniques, such as shading. However, PGPMs for grapevine are still in their infancy, and water for irrigation might be lacking in the near future, making regional transitions to even more drought-tolerant crops or agricultural systems potentially inevitable if traditional mitigation measures fall short of mitigating worsening climate change impacts.
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Figure 1. Ordination plots of Portugal in climate space comprising six variables: precipitation in spring, summer, and fall, temperature extremes (min. and max.), and growing season heat load; (a) the arrows and light gray points represent fitted vectors of precipitation (blue) and heat (red) and the entire baseline climate space, respectively, while the filled circles represent regional centroids; (b–d) climatic trajectories under climate change following SSP3-7.0 (orange) and SSP5-8.5 (red). 
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Figure 2. Predictions (EPSG:3035) for the baseline period (1981–2010) with coordinates in hundreds of kilometers. Darker colors indicate higher suitability; suitability falls short of the 10th percentile threshold, and no data regions are shown in gray and dark blue, respectively. The outlines of the Douro wine region and the other focal areas are displayed in white. In the left panel, we also overlay a systematic subset of 500 out of 7002 presences (black triangles) to allow for a visual assessment of the prediction and numeric labels (1–5) to identify different regions: “1” Norte, “2” Douro wine region, “3” Centro, “4” Baixo Alentejo, and “5” Algarve. (Left) Actual proportions of area equipped for irrigation are used; (Right) the proportion of area equipped for irrigation is assumed zero across the study area. Geographic labels are added in the first panel for faster orientation. 
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Figure 3. Predictions (EPSG:3035) for the 2011–2040 period; the figure follows the style of Figure 2. (Left panels) with irrigation, (right panels) without irrigation, (top panels) SSP3-7.0 climate trajectory, (bottom) SSP5-8.5 climate trajectory. 






Figure 3. Predictions (EPSG:3035) for the 2011–2040 period; the figure follows the style of Figure 2. (Left panels) with irrigation, (right panels) without irrigation, (top panels) SSP3-7.0 climate trajectory, (bottom) SSP5-8.5 climate trajectory.



[image: Environments 10 00005 g003]







[image: Environments 10 00005 g004 550] 





Figure 4. Predictions (EPSG:3035) for the 2041–2070 period; the figure follows the style of Figure 2. (Left panels) with irrigation, (right panels) without irrigation, (top panels) SSP3-7.0 climate trajectory, (bottom) SSP5-8.5 climate trajectory. 
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Figure 5. Predictions (EPSG:3035) for the 2071–2100 period; the figure follows the style of Figure 2. (Left panels) with irrigation, (right panels) without irrigation, (top panels) SSP3-7.0 climate trajectory, (bottom) SSP5-8.5 climate trajectory. 
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Table 1. Summary of the most extreme climate change scenario effects under continued irrigation on the suitable area relative to the baseline period (1981–2010) across Portugal and the five focal areas.
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	Area
	Change

(%)
	Period
	Climate Trajectory





	Portugal
	−19.93
	2041–2070
	SSP 3

RCP 7.0



	Região Norte
	−54.86
	2071–2100
	SSP 3

RCP 7.0



	Douro

Wine Region
	−56.57
	2041–2070
	SSP 5

RCP 8.5



	Região Centro
	−44.59
	2041–2070
	SSP 5

RCP 8.5



	Baixo Alentejo
	87.87
	2071–2100
	SSP 5

RCP 8.5



	Algarve
	267.20
	2071–2100
	SSP 5

RCP 8.5
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Table 2. Summary of the most extreme climate change scenario effects without irrigation on suitable area relative to the baseline period (1981–2010) across Portugal and the five focal areas.
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	Area
	Change

(%)
	Period
	Climate Trajectory





	Portugal
	−79.57
	2011–2040
	SSP 5

RCP 8.5



	Região Norte
	−95.05
	2041–2070
	SSP 3

RCP 7.0



	Douro

Wine Region
	−90.66
	2041–2070
	SSP 3

RCP 7.0



	Região Centro
	−71.55
	2011–2040
	SSP 5

RCP 8.5



	Baixo Alentejo
	−96.63
	baseline
	n/a



	Algarve
	−94.73
	baseline
	n/a
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