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            Abstract
Climate change is affecting grape yield, composition and wine quality. As a result, the geography of wine production is changing. In this Review, we discuss the consequences of changing temperature, precipitation, humidity, radiation and CO2 on global wine production and explore adaptation strategies. Current winegrowing regions are primarily located at mid-latitudes (California, USA; southern France; northern Spain and Italy; Barossa, Australia; Stellenbosch, South Africa; and Mendoza, Argentina, among others), where the climate is warm enough to allow grape ripening, but without excessive heat, and relatively dry to avoid strong disease pressure. About 90% of traditional wine regions in coastal and lowland regions of Spain, Italy, Greece and southern California could be at risk of disappearing by the end of the century because of excessive drought and more frequent heatwaves with climate change. Warmer temperatures might increase suitability for other regions (Washington State, Oregon, Tasmania, northern France) and are driving the emergence of new wine regions, like the southern United Kingdom. The degree of these changes in suitability strongly depends on the level of temperature rise. Existing producers can adapt to a certain level of warming by changing plant material (varieties and rootstocks), training systems and vineyard management. However, these adaptations might not be enough to maintain economically viable wine production in all areas. Future research should aim to assess the economic impact of climate change adaptation strategies applied at large scale.


Key points
	
                Climate change modifies wine production conditions and requires adaptation from growers.

              
	
                The suitability of current winegrowing areas is changing, and there will be winners and losers. New winegrowing regions will appear in previously unsuitable areas, including expanding into upslope regions and natural areas, raising issues for environmental preservation.

              
	
                Higher temperatures advance phenology (major stages in the growing cycle), shifting grape ripening to a warmer part of the summer. In most winegrowing regions around the globe, grape harvests have advanced by 2–3 weeks over the past 40 years. The resulting modifications in grape composition at harvest change wine quality and style.

              
	
                Changing plant material and cultivation techniques that retard maturity are effective adaptation strategies to higher temperatures until a certain level of warming.

              
	
                Increased drought reduces yield and can result in sustainability losses. The use of drought-resistant plant material and the adoption of different training systems are effective adaptation strategies to deal with declining water availability. Supplementary irrigation is also an option when sustainable freshwater resources are available.

              
	
                The emergence of new pests and diseases and the increasing occurrence of extreme weather events, such as heatwaves, heavy rainfall and possibly hail, also challenge wine production in some regions. In contrast, other areas might benefit from reduced pest and disease pressure.
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                    Fig. 1: Global changes in winegrowing suitability at temperature increases of 2 °C and 4 °C.[image: ]


Fig. 2: Expected changes in phenology, yield and wine quality in response to increased temperatures and potential adaptations.[image: ]


Fig. 3: Wine quality impairment under climate change.[image: ]


Fig. 4: Drought projections for winegrowing regions under warming of 2 °C and 4 °C.[image: ]


Fig. 5: Drought-tolerance adaptation mechanisms in vines.[image: ]


Fig. 6: Potential positive and negative impacts of climate change on major pests and diseases in vines.[image: ]
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                Data availability

            
            The suitability assessment compiled in Fig. 1 can be obtained by applying, for each region identified in Supplementary Table 1, the methodology explained in the Supplementary note and in Supplementary Tables 3, 4 and 5, for each specific reference selected in Supplementary Table 2.

            The data underlying Fig. 3 are freely available, for the observed precipitations at http://gpcp.umd.edu/ and for drought projections at https://catalogue.ceda.ac.uk/uuid/1b91153925dd474387bb696d59adbd15.
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