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2 
 

Abstract 31 

Climate change presents significant challenges to agricultural suitability and food 32 

security, largely due to the limited adaptability of domesticated crops. However, crop 33 

wild relatives maintain greater diversity and are well-adapted to various environments. 34 

This study evaluates the potential distributional responses of grapevine (Vitis vinifera 35 

L.) and its wild relatives (Vitis spp.) to future climate change using the maximum 36 

entropy model. We reveal that the annual mean temperature is the primary factor 37 

determining the potential distribution of cultivated grapes. By 2080, under the SSP585 38 

scenario, suitable areas for wine and table grapes are predicted to decline by 1.5 39 

million km² and 1.3 million km², respectively. The results suggest that grape 40 

cultivation, especially for table grapes, is highly vulnerable to future climate change. 41 

In contrast, approximately 70% of wild grapes are projected to demonstrate robust 42 

adaptability to future conditions. For example, North American wild grapes like V. 43 

rotundifolia and V. labrusca, as well as East Asian wild grapes such as V. heyneana 44 

and V. davidii, are projected to demonstrate significant adaptability to response future 45 

climate change. These wild grapes are valuable genetic resources for improving the 46 

resilience of cultivated grapes through rootstock development and breeding programs 47 

to face the climate change. Our results predict the potential future distribution areas of 48 

wild grapes and highlight the critical role of their genetic resources in grape breeding 49 

for promoting adaptation to climate change.  50 

 51 

 52 
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Introduction 55 

Global climate change has significant implications for food security and agricultural 56 

sustainability, affecting crop growth and overall productivity (David et al., 2011; 57 

Yadav 2015; Brett et al., 2016; Pironon et al., 2019; You et al., 2024; Yang et al., 58 

2024). Climate change may reduce the acreage of important crops, as rising 59 

temperatures and sea levels increasingly challenge their ability to thrive in traditional 60 

growing regions (Muller et al., 2011; Tim Wheeler et al., 2013). For example, wheat is 61 

considered the most vulnerable crop in eastern Africa, with projections indicating a 62 

yield reduction of up to 72% by the end of this century (Adhikari et al., 2015). This 63 

issue extends beyond wheat, as the productivity of grain legumes will also be affected 64 

by the shrinking and degradation of arable land due to global climate change (Vadez 65 

et al., 2012). Additionally, climate change is predicted to have adverse effects on 66 

major crops, particularly in tropical regions like Brazil, where maize production is 67 

experiencing significant declines due to delayed rainy seasons and rising temperatures. 68 

This highlights the urgent need for adaptive agricultural strategies to ensure food 69 

security (Dhaliwal et al., 2022; Bigolin et al., 2024). Overall, these challenges 70 

underscore the importance of resilient agricultural practices to mitigate the effects of 71 

climate change on our crop production. 72 

The crop wild relatives (CWRs), compared to domesticated cultivars, have been 73 

shown to be more reliance to global climate change and could adapt to harsh 74 

environments (Zhang et al., 2017). Increasing agricultural plant diversity 75 

(agrobiodiversity) and the utilization of CWRs are crucial for enhancing crop 76 

adaptability to future climate challenges (Waha et al., 2018). Compared to 77 

domesticated cultivars, CWRs possess untapped genetic diversity and provide 78 

valuable traits, such as disease resistance and drought tolerance, which can be 79 

effectively utilized for crop improvement with genome editing techniques in response 80 

to changing climatic conditions (Li et al., 2018; Fernie & Yan, 2019; Renzi et al., 81 

2022). Increasing attention has focused on the role of CWRs in promoting climate 82 

adaptation of crops recently. It has been suggested that crop sustainability and 83 

resilience in sub-Saharan Africa can be enhanced through the use of CWRs for crops 84 

such as potato, squash, and finger millet (Pironon et al., 2019; Satori et al., 2022). 85 

CWRs play a key role in assessing the impacts of climate change on crops and in 86 

developing adaptation strategies. Similarly, the global distribution and conservation 87 
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status of Rice Wild Relatives (RWRs) have been evaluated, with strategies to ensure 88 

the resilience of rice genetic resources in response to climate change (Lin et al., 2024). 89 

Concurrently, the investigation of alternative varieties, rootstocks, or geographic 90 

relocations may be explored (Rogiers et al., 2022; Zhang et al., 2022). In summary, 91 

the impact of global climate change on crops highlights the importance of using 92 

CWRs in agricultural strategies to enhance crop resilience. 93 

Grapevine (Vitis vinifera L.) is one of the most important fruit crops globally, widely 94 

cultivated for both fresh consumption and wine production (Zhou et al., 2017; Yang et 95 

al., 2023; Xiao et al., 2023, 2025; Liu et al., 2024; Long et al., 2024; Peng et al., 96 

2025). However, viticulture is highly sensitive to climate change, which significantly 97 

limits its suitable growing regions, quality, and productivity (Hannah et al., 2013; 98 

Morales-Castilla et al., 2020). Climate change affects grapevine growth by 99 

influencing phenological stages such as bud burst, flowering, and ripening (Dong et 100 

al., 2023). Changes in temperature and precipitation can alter the timing of these 101 

stages, potentially impacting grapevine distribution and productivity (Van Leeuwen et 102 

al., 2019; Rogiers et al., 2022). Furthermore, climate change can also impact grape 103 

quality by influencing sugar accumulation, acidity levels, and phenolic compounds 104 

(De Orduna, 2010; Van Leeuwen & Destrac-Irvine, 2017). Higher temperatures 105 

during the growing season, as projected under future climate scenarios, may increase 106 

sugar accumulation, affecting the flavor profile and overall quality of the grapes 107 

(Mosedale et al., 2016). Additionally, climate change might have a detrimental impact 108 

on grapevines by increasing pest and disease pressure and decreasing crop yield 109 

(Caffarra et al., 2012). Wild grape relatives in the Vitis genus are important genetic 110 

resources for developing rootstocks and breeding with desirable traits, including 111 

resistance to biotic and abiotic stresses, such as Pierce’s Disease, cold, drought, and 112 

salinity (Morales-Cruz et al., 2021; Wang et al., 2021; Wang et al., 2023; Zhang et al., 113 

2024). For example, studies have found that rootstocks can enhance the tolerance of 114 

plants to abiotic stresses (such as drought and salt stress) by restricting the transport of 115 

heavy metal ions and through detoxification processes in the root system (Cochetel et 116 

al., 2023). Additionally, the genetic background and root traits of rootstocks can also 117 

influence the growth and quality of grapes. Certain wild grape species, such as V. 118 

berlandieri, exhibit high heritability and genetic variation in root traits, which can be 119 

transferred to cultivated varieties through grafting, thereby improving their 120 
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adaptability to climate change (Blois et al., 2023). Although the influence of 121 

environmental niches on the distribution and growth of wild grapes has attracted 122 

researchers’ attention (Rahimi et al., 2021; Aguirre‐Liguori et al., 2022; Petitpierre et 123 

al., 2023; Ma et al., 2023; Morales-Cruz et al., 2023), the assessment of the potential 124 

of wild grape relatives to respond to future climate is still lacking. 125 

In this study, we selected two scenarios: SSP245, characterized by moderate 126 

greenhouse gas emissions and relatively manageable climate change impacts, and 127 

SSP585, which features higher greenhouse gas emissions and more pronounced 128 

climate change impacts. These scenarios provide a comprehensive coverage of the 129 

potential range of future climate change, offering a more representative and 130 

forward-looking foundation for our analysis. We employed the maxent model based 131 

on the maximum entropy principle, leveraging its strengths in processing 132 

environmental variables and predicting species distribution. We made detailed 133 

estimates of the distribution dynamics of cultivated grapes and their wild relatives 134 

(Vitis L.) in response to future climate change. This method not only accurately 135 

captures changes in environmental variables but also provides a strong scientific basis 136 

for developing adaptive strategies in grape cultivation. We aim to (1) simulate the 137 

niche distribution area and investigate climate factors preferment of cultivated grape 138 

and its wild relatives; (2) evaluate the response of cultivated grape and its wild 139 

relatives to future climate change; (3) identify wild species with potential for breeding 140 

and as rootstocks to response to future climate change. 141 

 142 

Results 143 

Potential distribution of cultivated grapes (V. vinifera ssp. vinifera) in response to 144 

future climate change 145 

Understanding the relationship between species distribution and environmental factors 146 

is crucial for evaluating the impact of climate change on plant populations. Under 147 

current climate conditions, the suitable distribution areas for cultivated grapes (V. 148 

vinifera) are widely spread across East Asian, Europe, North America and southern 149 

Australia (Fig. 1a), with distinct distribution patterns for table grapes and wine grapes 150 

(Fig. 1f). And under the SSP245 (Intermediate Development) and SSP585 151 

(Fossil-Fueled Development) scenarios, two of the Shared Socioeconomic Pathways 152 

ACCEPTED M
ANUSC

RIP
T

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/advance-article/doi/10.1093/hr/uhaf104/8109942 by guest on 24 April 2025



6 
 

(SSPs) considered, the potential future trajectories of greenhouse gas concentrations 153 

are evaluated. SSP245 represents an intermediate development path, while SSP585 154 

reflects a high dependence on fossil fuels. Under future climate condition, the suitable 155 

distribution for V. vinifera is expected to be significantly reduced (Fig. 1). This 156 

suggests that high greenhouse gas emissions could potentially have a substantial 157 

impact on the geographical distribution of V. vinifera, indicating that extreme 158 

temperatures may significantly negatively affect the spatial distribution of grapes. 159 

These results emphasize the critical role of temperature in determining the distribution 160 

of V. vinifera and also point to the challenges it may encounter due to climate change 161 

(Fig. 1). Using the maxent species distribution model, among the 19 climate factors, 162 

the Annual Mean Temperature (bio1) was identified as the primary factor influencing 163 

the potential distribution of V. vinifera (Fig. S1), which is followed by the Mean 164 

Temperature of the Coldest Quarter (bio11) and the Minimum Temperature of the 165 

Coldest Month (bio6). The Annual Mean Temperature (bio1) has been identified as a 166 

primary factor influencing the potential distribution of grapes. To assess grape growth 167 

suitability under different temperatures, we analyze the impact of bio1 on both wild 168 

and cultivated grapes. The analysis indicates that these grape varieties show different 169 

temperature adaptability, with bio1 having a greater impact on cultivated grapes (Fig. 170 

S1). Wild grapes exhibit greater temperature adaptability than cultivated grapes, 171 

allowing them to thrive in diverse climatic conditions. Among of them, V. cinerea, V. 172 

rotundifolia, and V. hancockii show remarkable tolerance to high temperatures. While 173 

V. vinifera ssp. sylvestris, V. amurensis, and V. aestivalis varieties exhibit strong 174 

resistance to low temperatures, and V. amurensis is particularly notable for its 175 

exceptional cold tolerance (Fig. 2). It is worth noting that V. vinifera ssp. sylvestris 176 

and V. amurensis were affected by the Quaternary glaciation, resulting in geographical 177 

isolation or refuge groups within the species, which led to certain differences in the 178 

response of the groups to climate factors. We further conducted prediction analyses of 179 

different geographical distribution groups within these two species. Under the SSP245 180 

and SSP585 scenarios, with the intensification of extreme weather events, the suitable 181 

areas of V. vinifera ssp. sylvestris (Fig. S2a-d) and V. amurensis (Fig. S2e-h) showed a 182 

trend of gradual reduction. Under the SSP585 scenario, the reduction trend of V. 183 

amurensis (Fig. S2f, S2h) was more obvious. In addition to temperature, precipitation 184 

is also an important factor affecting grape growth, especially in the Precipitation of 185 

Warmest Quarter (bio18) and Precipitation of Coldest Quarter (bio19). Notably, the 186 
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growth and distribution of European (V. vinifera ssp. sylvestris) and North American 187 

wild grapes are significantly affected by the changes in precipitation in a specific 188 

season (Fig. S3). These results emphasize that the decisive influence of temperature 189 

and precipitation on the growth and distribution of grapes. They not only highlight the 190 

key role of temperature in determining grape distribution but also reveal the 191 

challenges grapes may face due to climate change. These findings are crucial for 192 

understanding the response of grapes to climate change and developing adaptive 193 

management strategies. 194 

 195 

Fig. 1. Suitable distribution regions of cultivated grapes (V. vinifera) predicted with 196 

maximum entropy model under different climate change scenarios (a, d) present, (b, e) 197 

Under the SSP245 scenario during 2081-2100, (c, f) Under the SSP585 scenario 198 

during 2081-2100. The left panel was for all the domesticated grapes, and the right 199 

panel represent estimation for table grapes (green) and wine grapes (blue), 200 

respectively. 201 
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 202 

Fig. 2. Annual Mean Temperature (bio1) tolerance of cultivated grapes and wild 203 

grapes, the x-axis distribution indicates plasticity in response to different annual mean 204 

temperatures, each row on the y-axis distribution represents the names of cultivated 205 

grapes and wild grapes, the height of each peak represents the assigned probability. 206 

 207 

Under SSP585 scenario, projections indicate that the current suitable regions for V. 208 

vinifera will persist, encompassing an area of around 125.4×10
5
 km² (Table S1). The 209 

suitable areas for wine grapes and table grapes are expected to increase to 13.36×10
5
 210 

and 19.12×10
5
 km² (Table S1). Despite overall expansion in the areas suitable for 211 

viticulture, the potential suitable areas for wine grapes decreased to 15.04×10
5
 km² 212 

and for table grapes, it decreased to 13.26×10
5
 km² (Table S1). The greater reduction 213 

for wine grapes compared to table grapes indicates that wine grapes may be more 214 
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sensitive to climate change, or their suitable growing conditions could be more 215 

negatively impacted. 216 

In detail, most of the current suitable distribution region is projected to be retained 217 

(Fig. 3c-d, indicated in yellow) in larger areas of current table grapes-producing 218 

regions, especially in China, however, the model predicts a decline in suitability in the 219 

southern regions. Meanwhile, the suitability of Chile, the main table grapes producer 220 

in South America, is also declining (Fig. 3c-d, marked in red), whereas the regions of 221 

northern China and northern Turkey are projected to become suitable in the future 222 

(Fig. 3c-d, marked in blue). Specifically, current suitability is projected to be retained 223 

(Fig. 3e-3f, Fig. S4c-d, indicated in yellow) in many traditional wine-producing 224 

regions (such as France and Italy), under SSP245 and SSP585 scenarios. Suitability is 225 

projected to decline (Fig. 3e-f; Fig. S4c-d, marked in red) in Spanish regions and 226 

northeastern Australia (Queensland). Conversely, northern North American and two 227 

important non-Mediterranean wine-producing regions (non-Mediterranean Australia 228 

and New Zealand) are projected to expand in the future (Fig. 3e-f, marked in blue). As 229 

for Thompson Seedless, the most widely distributed table grapes, there is an observed 230 

trend of contraction in its suitable distribution range in southern China and Europe, as 231 

indicated by the red regions in Fig. S4a and b, conversely, in North America, the 232 

suitable areas for Thompson Seedless are expanding, as shown by the blue regions in 233 

the same figures. Chardonnay, the most widely distributed wine grapes, follows the 234 

same trend as wine grapes in terms of climate preferences. Interestingly, our analysis 235 

reveals that the retained suitability areas for wild grapes are comparable to 63% of 236 

those for cultivated grapes in the SSP245 and 65% in the SSP585 scenarios, 237 

respectively. This suggests that some areas currently suitable for grape cultivation 238 

may become unsuitable in the future. 239 ACCEPTED M
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 240 

Fig. 3. Suitable distribution regions for cultivated grapes (V. vinifera), table grapes 241 

and wine grapes estimated using maximum entropy model; (a-b) cultivated grapes (V. 242 

vinifera), (c-d) table grapes, (e-f) wine grapes, with future projections for the years 243 

2081–2100 under the SSP245 and SSP585 climatic scenarios. The projected 244 

bioclimatic suitability for Thompson Seedless and Chardonnay under the SSP245 and 245 

SSP585 scenarios can be found in the Supplementary Material (Fig. S4). 246 

 247 

Grape wild relatives in response to climate change 248 

We compared the responses of European (V. vinifera ssp. sylvestris), North American, 249 

and East Asian wild grapes species to climate change to identify those that could 250 

potentially improve the adaptability and resistance of domesticated grapes. The results 251 

show that the current suitable areas are expected to be retained (Fig. 4a-f, indicated in 252 

yellow) in larger areas of the three wild grape regions. Among them, North American 253 

wild grapes have the largest area of 30.37×10
5
 km², followed by East Asian wild 254 

grapes and V. vinifera ssp. sylvestris, with 27.05×10
5
 km² and 23.88×10

5
 km² 255 

respectively (Table S1). As for V. vinifera ssp. sylvestris, declining suitability in the 256 

southeastern Europe, with a total decrease reaching 5.13×10
5
 km² (Table S1). In terms 257 

of the Expansion-Contraction Ratio, under the SSP245 scenario, European wild 258 

grapes (V. vinifera ssp. sylvestris) exhibited a significant expansion trend in the future, 259 

increasing by 3.6%, with East Asian wild grapes following at 0.53%, while the 260 

suitability for North American wild grapes decreased by 0.32% (Fig. S5). As the 261 

climate gradually worsens, under the SSP585 scenario, the V. vinifera ssp. sylvestris 262 
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Expansion-Contraction Ratio decreases to 1.8%. On the contrary, the East Asian wild 263 

grapes and North American wild grapes increase significantly, to 4.19% and 3.38% 264 

respectively (Fig. S5). This suggests that the East Asian and North American wild 265 

grapes demonstrate a greater capacity to adapt to future adverse weather conditions 266 

compared to V. vinifera ssp. sylvestris. 267 

 268 

Fig. 4. Maxent model projected bioclimatic suitability for European wild grapes (V. 269 

vinifera ssp. sylvestris), North American wild grapes, and East Asian wild grapes (a-b) 270 

European wild grapes (V. vinifera ssp. sylvestris), (c-d) North American wild grapes, 271 

(e-f) East Asian wild grapes, with future projections for the years 2081–2100 under 272 

the SSP245 and SSP585 climatic scenarios. 273 

 274 

Future suitability of North American wild grapes 275 

An analysis of distribution of ten North American wild grape species found that V. 276 

rotundifolia is expected to experience the largest expansion of suitable areas in the 277 

future (Fig. 5b, marked in blue), especially in the southeastern regions of North 278 

American. To better understand these geographic shifts, we examine 279 

Expansion-Contraction Ratio analysis. In North American grapes, the ensemble mean 280 
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increases in suitable areas is 227% under SSP245 scenario, and 205% under SSP585 281 

scenario, respectively (Fig. 5k). Followed by V. labrusca (Fig. 5a), large newly 282 

suitable areas are projected in regions of North America, accounting for 131% under 283 

SSP245 scenario and 118% under SSP585 scenario, respectively (Fig. 5k). They may 284 

be able to adapt to the warmer climate and changing patterns of precipitation. 285 

Meanwhile, the cultivation areas of V. vulpina, V. aestivalis, V. monticola, and V. 286 

arizonica have also shown an expanding trend, with respective increases of 11.49%, 287 

9.28%, 7.88%, and 2.01%, while the distribution areas of V. rupestris, V. riparia, and 288 

V. cinerea are facing the risk of contraction. Under the SSP585 scenario, the mean 289 

suitability decline rates are 12.91%, 1.91%, and 1.37%, respectively, mainly in the 290 

middle and lower parts of North America (Fig. 5f-g, 5i, marked in red). Unfortunately, 291 

as climate conditions worsen, the environmental requirements for V. girdiana can no 292 

longer be met in North America, indicating that V. girdiana has become unsuitable for 293 

distribution there (Fig. 5j). 294 
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Fig. 5. Maxent model projected bioclimatic suitability for North American wild 296 

grapes (a) V. labrusca, (b) V. rotundifolia, (c) V. arizonica, (d) V. monticola, (e) V. 297 

vulpina, (f) V. riparia, (g) V. rupestris, (h) V. aestivalis, (i) V. cinerea, (j) V. girdiana, 298 

with future projections for the years 2081–2100 under the SSP585 climatic scenarios, 299 

future projections under the SSP245 climate scenario are in the Supplementary 300 

Material (Fig. S6). (k) Net suitability changes for the distribution of North American 301 

wild grapes. Bar plots show Expansion-Contraction Ratio of change in area suitable 302 

for grape-growing regions projected by maxent model for SSP245 (yellow) and 303 

SSP585 (red) scenarios. 304 

 305 

Future suitability of East Asian wild grapes 306 

For East Asian wild grapes, we analyzed the sensitivity and adaptability of ten grape 307 

species to climate change. Among them, V. heyneana shows an ensemble mean 308 

increase in suitable areas of 49% in China under SSP245, and 46% in SSP585 (Fig. 309 

6k). Large increases in ecological footprint are projected in eastern, central and 310 

western China (Fig. 6a, marked in blue). In contrast, V. davidii displays an opposite 311 

trend: under SSP585 scenario, suitable areas increase by 22%, compared to a 2.3% 312 

increase under SSP245 scenario . V. bryoniifolia, V. chunganensis, V. flexuosa, V. 313 

hancockii, V. piasezkii, and V. pseudoreticulata also show positive expansion trends 314 

(Fig. 6k), with projected expansions ranging from 0.89% to 8.11% under the SSP245 315 

scenario, and from 3.89% to 8.65% under the SSP585 scenario, attributed to their 316 

adaptability to environmental changes. In contrast, the suitable areas for V. amurensis 317 

are anticipated to contract. Under the SSP245 scenario, the suitable areas are 318 

projected to decrease by 7.91%, while under the SSP585 scenario, a reduction of 5.66% 319 

is expected (Fig. 6k), mainly concentrated in the middle reaches and middle and lower 320 

reaches of the Yellow River in China (Fig. 6j, marked in red). Unlike other species, V. 321 

romanetii has an Expansion-Contraction Ratio of zero for its suitable areas, indicating 322 

it is at a critical threshold. Further research and adaptive farming strategies may be 323 

necessary to ensure its viability. In general, under the impending climate change, eight 324 

of the ten species exhibit significant adaptive capabilities. These species stand out for 325 

future agricultural efforts due to their positive growth trajectories and resilience to 326 

anticipated climate changes. Their favorable rate of expansion contrasts with that of V. 327 

ACCEPTED M
ANUSC

RIP
T

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/advance-article/doi/10.1093/hr/uhaf104/8109942 by guest on 24 April 2025

https://www.gbif.org/species/5372424
https://www.gbif.org/species/5372394
https://www.gbif.org/species/5372385
https://www.gbif.org/species/5372398


15 
 

amurensis, which is facing contraction. This emphasizes their inherent adaptability 328 

and potential to thrive in the face of a changing climate. 329 

 330 

 331 
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Fig. 6. Maxent model projected bioclimatic suitability for East Asian wild grapes (a) 332 

V. heyneana, (b) V. davidii, (c) V. bryoniifolia, (d) V. chunganensis, (e) V. flexuosa, (f) 333 

V. hancockii, (g) V. piasezkii, (h) V. pseudoreticulata, (i) V. romanetii, (j) V. amurensis, 334 

with future projections for the years 2081–2100 under the SSP585 climatic scenarios, 335 

future projections under the SSP245 climate scenario are in the Supplementary 336 

Material (Fig. S7). (k) Net suitability change for the distribution of East Asian wild 337 

grapes. Bar plots show Expansion-Contraction Ratio of change in area suitable for 338 

grape-growing regions projected by maxent model for SSP245 (yellow) and SSP585 339 

(red) scenarios. 340 

 341 

Discussion 342 

The response of grapevine and its wild relatives to climate change 343 

The decline in crop suitability caused by global climate change may result in 344 

significant economic and conservation impacts. The extent of these impacts varies 345 

depending on crop type, geographic region, and adaptation strategies, highlighting the 346 

urgent need for targeted agricultural interventions to enhance resilience and ensure 347 

global food security (Zhou et al., 2014; Rezaei et al., 2023; Hosokawa et al., 2023; 348 

Mohammadi et al., 2023; Farooq et al., 2023; Magon et al., 2023). Hannah et al. 349 

(2013) discussed the potential impact of climate change on the expansion of 350 

grape-growing areas to higher latitudes and altitudes, particularly in the northern 351 

regions of North America and Europe. While these areas are currently unsuitable for 352 

viticulture, they are predicted to become viable for grape cultivation in the future. 353 

These regions are recognized as emerging cold-climate grape-growing areas. In 354 

addition to anthropogenic activities (such as native vegetation removal, deep tillage, 355 

soil sterilization, and the application of fertilizers and pesticides), the impact on soil 356 

type and structure plays a crucial role in determining the key conditions for grape 357 

growth. Furthermore, climate change, characterized by rising temperatures and 358 

changing precipitation patterns, presents a significant threat to the global wine 359 

industry (Cabré et al., 2020; Zhang et al., 2024; Van et al., 2024). However, a 360 

comprehensive evaluation of the impacts of future climate change on cultivated grape 361 

and its wild relative remains necessary. Our results further underscore the profound 362 

implications of climate change on viticulture and suggest that the potential range 363 
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expansion of wild grapes in North America as climate conditions evolve presents both 364 

opportunities and challenges (Fig. 5). In contrast, under the SSP585 scenario, which 365 

projects a significant increase in greenhouse gas emissions, we predict a substantial 366 

reduction in the areas suitable for wine grape cultivation. This change could make 367 

some traditional grape cultivation regions unsuitable for existing grape varieties, 368 

potentially leading to losses of 15.04×10
5
 km² for wine grapes and 13.26×10

5
 km² for 369 

table grapes (Table S1). This change may render traditional grape-growing regions 370 

unsuitable for current varieties, requiring the development of new varieties that can 371 

adapt to climate change. Furthermore, our analysis indicates that the expansion of 372 

suitable areas for table grapes exceeds that of wine grapes, suggesting that table 373 

grapes may be more resilient to the severe weather conditions expected in the future 374 

(Fig. 3, Table S1). This unexpected finding suggests that table grapes have a greater 375 

potential to thrive under projected environmental stresses compared to wine grapes in 376 

the context of climate change. Compared to cultivated grapes, wild grapes may have a 377 

greater ability to adapt to future climate change. North American and East Asian wild 378 

grapes, in particular, may exhibit even greater adaptability than European ones, such 379 

as V. vinifera ssp. sylvestris (Fig. 4). For instance, wild grapes in North America and 380 

East Asia have demonstrated remarkable adaptability to extreme temperature changes 381 

(Figs. 5k, 6k). Their ability to survive and thrive in warmer climates can be attributed 382 

to the genetic diversity shaped by long-term natural selection (Figs. 5-6). The genetic 383 

diversity and stress tolerance traits in these wild grapes could serve as invaluable 384 

resources for breeding programs aimed at developing new cultivars better able to 385 

withstand the environmental pressures of climate change. As global climate change 386 

progresses, this insight could have a significantly impact on the grape industry, 387 

potentially leading to a repositioning of table and wild grapes to ensure economic 388 

viability and the ability of agriculture against future climate uncertainties. The 389 

urgency of adapting agricultural practices and the need for innovation in grape 390 

breeding, highlights the critical need to ensure the sustainability and evolution of the 391 

viticulture industry in the face of global warming. 392 

In response to climate challenges, strategic crop switching and relocation in the 393 

United States may reduce the decline in agricultural profits by up to 50% under the 394 

SSP585 scenario (Rising et al., 2020). Crop migration is a crucial climate adaptation 395 

strategy that can protect yields of major crops, although its success depends on 396 
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overcoming socio-economic and environmental obstacles (Sloat et al., 2020). 397 

Globally, optimizing cropland distribution through modeling can reduce the 398 

environmental impact of agriculture while maintaining food production. Innovative 399 

adaptation strategies, such as Ethiopian farmers transitioning to drought-resistant 400 

perennial crops like Enset (Ensete ventricosum), are enhancing food security in 401 

drought-prone regions (Beyer et al., 2023; Chase et al., 2023). Actually, these 402 

strategies emphasize the importance of proactive and innovative measures in 403 

agriculture to address the complex climate change challenges and ensure the 404 

sustainability of both agricultural profits and environmental health. However, these 405 

studies also highlight the limitations and challenges of these strategies, including the 406 

need for further adaptation measures, uncertainty about long-term sustainability, and 407 

potential environmental costs associated with such large-scale shifts in agricultural 408 

practices. In summary, while crop switching and migration present viable short- and 409 

medium-term solutions to climate change pressures on agriculture, they also 410 

emphasize the need for a more comprehensive and sustainable approach to 411 

agricultural adaptation that addresses economic, environmental, and regional 412 

complexities. 413 

Wild Vitis genetic resources for breeding grapes and its rootstocks with climate 414 

resilience 415 

To address climate warming, researchers have found that measures such as increasing 416 

irrigation and reducing grape temperatures through misting or sprinkling may be 417 

necessary to mitigate the impact of heat stress on grape quality. These measures can 418 

be considered part of a long-term adaptation strategy (Hannah et al., 2013). However, 419 

more importantly, researchers have identified valuable genetic resources of CWRs 420 

used as rootstocks to enhance the resilience and adaptability of domesticated crops 421 

(Rogiers et al., 2022). CWRs are increasingly recognized as valuable genetic 422 

resources that enhance crop resilience to various stresses and contribute to agricultural 423 

sustainability. Recent advances in genomics and high-throughput techniques are 424 

accelerating the development of climate-resilient crops with enhanced stress tolerance 425 

and nutritional value (Satori et al., 2022). This involves harnessing the genetic 426 

potential of CWRs to develop new varieties and polyploids, which is essential for 427 

adapting to future climatic conditions. The challenges of integrating CWRs into grape 428 

breeding programs include ensuring hybrid compatibility, assessing genetic diversity, 429 
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managing legal restrictions, and mitigating the risks of disease transmission. However, 430 

potential opportunities lie in enhancing crop adaptability and developing new varieties. 431 

Solutions may involve marker-assisted breeding and effective risk management 432 

strategies. The timeline for CWR integration can vary depending on the region, 433 

resources, and research progress. Generally, it may take 5 to 10 years, or even longer, 434 

from preliminary research to the development of new varieties, with potential 435 

challenges including high costs and uncertainties in market acceptance 436 

(Pourkheirandish et al., 2020; Hohenlohe et al., 2021). In summary, integrating CWRs 437 

into crop improvement programs, supported by genomics and conservation strategies, 438 

is crucial for building resilience to climate change. This approach not only enhances 439 

the genetic base of crops but also ensures the long-term sustainability of global food 440 

systems, safeguarding nutritious food for future generations (Bohra et al., 2022; 441 

Coyne et al., 2020). Our research provides a comprehensive analysis of the 442 

adaptability of various wild grape species, including European V. vinifera ssp. 443 

sylvestris and identifies specific species of East Asian and North American wild 444 

grapes exhibit exceptional abilities to adapt to changing climate patterns. The 445 

distribution patterns of V. vinifera ssp. sylvestris differ between eastern and western 446 

populations; however, their predicted distributions align with the overall pattern when 447 

merged (Figs. S2b, S2d, 4b). Similarly, the growing regions of V. amurensis follow a 448 

comparable trend (Figs. S2f, S2h, 6j). The analysis results of different geographical 449 

groups of these two species indicate that different geographical groups do respond 450 

differently to environmental changes (Fig. S2). These findings highlight their 451 

potential as a genetic bridge for developing more resilient and adaptable grape 452 

cultivars. Wild grapes in North America, particularly V. rotundifolia and V. labrusca, 453 

are predicted to undergo substantial increases in suitable distribution areas under 454 

different climate change scenarios. V. rotundifolia is expected to lead this expansion, 455 

with an estimated increase of 227% under SSP245 scenario, and 205% under SSP585 456 

scenario (Fig. 5k). In addition to the well-known V. labrusca and V. rotundifolia, other 457 

species such as V. arizonica, V. monticola, and V. vulpina have also demonstrated 458 

exceptional adaptability. Similarly, East Asian wild grapes such as V. heyneana are 459 

predicted to expand their suitable range in the future. Notably, V. davidii shows a 460 

unique response to climate scenarios, with the expansion-contraction ratio of its 461 

suitable habitat under the SSP585 scenario exceeding that projected under the SSP245 462 

scenario (Fig. 6k). Furthermore, other species including V. bryoniifolia, V. 463 
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chunganensis, V. flexuosa, V. hancockii, V. piasezkii, and V. pseudoreticulata have 464 

demonstrated strong adaptability, making them promising candidates for future 465 

distribution (Fig. 6k). Previous studies have examined these species, including six 466 

wild grapes from the southwestern United States, in comparison with a Chinese wild 467 

grape V. davidii. Findings suggest that these species have evolved genetic networks 468 

and disease resistance genes that enhance their ability to adapt to environmental 469 

stresses, such as high temperatures or drought (Zhang et al., 2019; Morales-Cruz et al., 470 

2021).  471 

Additionally, many commercial grape rootstocks (such as V. riparia × V. berlandieri 472 

and V. rupestris × V. berlandieri) and hybrid varieties are derived from multiple wild 473 

species, and their genetic composition and adaptability significantly influence the 474 

stress resistance of grape plants (Prada et al., 2024; Blois et al., 2023; Atak, 2024). 475 

However, the adaptability of rootstocks may alleviate the climatic stress on primary 476 

grape cultivars to a certain extent, which may lead to deviations in model predictions. 477 

Therefore, future research should integrate data on rootstock distribution and 478 

adaptability to enhance the practical applicability of models. By conducting in-depth 479 

analyses of the genetic composition and functions of rootstocks, we can better 480 

understand their role in viticulture and develop more precise strategies to address 481 

climate change (Tscholl et al., 2024). Overall, these wild grape species demonstrate 482 

genetic resilience and potential resistance to environmental stresses, such as drought 483 

and heat, which are critical for ensuring the long-term sustainability of grape 484 

horticulture. Furthermore, these species have potential in developing rootstocks that 485 

can enhance the adaptability of cultivated grapes and help produce high-quality 486 

grapes under changing climatic conditions. These findings offer novel insights into 487 

grape-environment interactions, ultimately supporting the selection of suitable 488 

rootstocks for future viticulture. 489 

Strategies and recommendations for the grape industry to cope with climate 490 

change 491 

The study has conducted an in-depth analysis of the impact of climate change on 492 

grape-growing regions and proposed targeted measures to provide scientific guidance 493 

for the sustainable development of the grape industry. It is recommended to use 494 

greenhouse and field experiments to evaluate the heat tolerance, cold resistance, and 495 
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drought resistance of different grape varieties, and compare these results with model 496 

predictions to assess their adaptability to future climate conditions (Li et al., 2025; 497 

Wang et al., 2021; Liu et al., 2024). At the same time, measured data from ecological 498 

sites (such as phenology databases) are used to verify the rationality of the model 499 

predictions (Cameron et al., 2021). Previous research results indicate that certain wild 500 

grape species (such as V. labrusca and V. davidii) possess stronger stress resistance 501 

and future climate adaptability, and their desirable genes can be introduced into 502 

cultivated varieties through hybrid breeding or gene-editing techniques to enhance the 503 

climate adaptability of grapes (Dixon et al., 2024; Morales-Cruz et al., 2021; Tu et al., 504 

2020), our results are consistent with those previously reported in the literature (Figs. 505 

5-6). It is also recommended to strengthen the conservation and utilization of wild 506 

grape germplasm resources, establish a gene bank, and pay attention to the emerging 507 

cultivation potential in high latitude or high altitude areas (Tscholl et al., 2024). In 508 

terms of cultivation techniques, promoting water-saving irrigation, scientific 509 

application of organic fertilizers, canopy management, and green pest control can 510 

effectively enhance the stress resistance and quality of grapes. Governments should 511 

increase investment in infrastructure construction in grape-growing areas to improve 512 

irrigation, drainage, and transportation conditions and establish a comprehensive 513 

policy system for the grape industry, providing technical training and financial 514 

support (Tscholl et al., 2024; Khadatkar et al., 2025). The implementation of these 515 

measures can effectively address the potential impacts of climate change on the grape 516 

industry, enhance the adaptability and competitiveness of grape production, and 517 

provide strong support for the sustainable development of the grape industry. 518 

Conclusion 519 

Our study employed meteorological factors and the maxent model to predict shifts in 520 

suitable agricultural regions for both cultivated and wild grapes under future climatic 521 

conditions. The research underscores the enhanced adaptability of North American 522 

and East Asian wild grapes in response to projected climate changes. We identified 523 

that these specific wild grape species are likely to expand their suitable habitats in 524 

future climates, reflecting their sensitivity and adaptability to changing environmental 525 

conditions, allowing them to survive and thrive in warmer climates. This insight is 526 

significant for understanding the geographical distribution and ecological resilience of 527 

grape species. Furthermore, our research provides a foundation for further 528 
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investigations into resistance gene mining and rootstock improvement (Table. S1), 529 

both of which are crucial for addressing climate change challenges and ensuring the 530 

sustainable development of the grape industry. In conclusion, our study provides a 531 

scientific basis for the strategic planning of grape cultivation regions and offers a 532 

novel perspective on the conservation and utilization of grape genetic resources. 533 

Future research will focus on genomic analysis of these wild grapes and the 534 

application of their resistance genes in the improvement of cultivated varieties. 535 

Materials and Methods 536 

Data Collection and Analysis of Vitis L. Distribution 537 

We comprehensively collected distribution data for Vitis L., a process that involved 538 

multiple sources to ensure the comprehensiveness and accuracy of the data. First, we 539 

obtained distribution data from the Global Biodiversity Information Facility (GBIF) 540 

website (https://www.gbif.org/), an international network that aims to provide free 541 

and open biodiversity data. Through this platform, we searched for the scientific name 542 

of the target species and further limited the search using filters, such as latitude and 543 

longitude information, a specific time frame, or a specific region. We are able to 544 

access species records and observational data from all over the world, which provide 545 

us with a global perspective on the distribution of Vitis L. Secondly, we referred to the 546 

database of VIVC (Vitis International Variety Catalogue, https://www.vivc.de/), an 547 

international catalogue that provides detailed information on grape varieties, including 548 

passport data of varieties (such as origin, characteristics), SSR marker data for genetic 549 

analysis, literature records and photos. It not only supplements missing geographic 550 

coordinate information to eliminate positioning issues caused by unclear descriptions 551 

but also regularly updates to ensure the timeliness and accuracy of the data. In 552 

addition to the above two databases, we also referred to relevant literature, especially 553 

the study published by Puga et al. in 2022, which provided us with data on the 554 

distribution of grape species. In addition, Flora of China and Flora of North America 555 

are based on scientific plant taxonomy and record information such as morphological 556 

characteristics, distribution ranges, and ecological environment of plants. These floras 557 

undergo rigorous peer review and field verification to ensure their scientific accuracy. 558 

They verify the distribution locations with clear latitude and longitude records using 559 

the them, supplementing distribution data lacking geographic coordinates and 560 
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eliminating those that cannot be accurately positioned due to missing or unclear 561 

geographic information. Finally, 5,662 effective distribution sites were obtained 562 

(2,109 for cultivated grapes and 3,553 for wild grapes). The obtained data, which 563 

retains only the longitude, latitude, and species name, is saved in CSV format and 564 

used as the source for establishing the species distribution model (SDM) (Sang et al., 565 

2022; Liu et al., 2024).  566 

Source and processing of climate data 567 

Current and future climate data were derived from the WorldClim database 568 

(https://www.worldclim.org/), with a spatial resolution of 2.5 arc-minute grid 569 

(geospatial resolution of approximately 5 km), and includes 19 bioclimatic variables 570 

(Bio1~Bio19), these variables cover multiple climate elements such as temperature, 571 

precipitation, and humidity, providing us with comprehensive climate background 572 

information for analyzing and predicting the factors affecting V. L. distribution. The 573 

WorldClim database is presented in the Supplementary Files. The global climate 574 

model selected here was the version of European Climate Earth System Model 575 

(EC-Earth): EC-Earth3-Veg, which integrates vegetation cover and land surface 576 

processes to more accurately simulate the Earth system, including the atmosphere, 577 

ocean, sea ice, land surface and biogeochemical cycles. Due to the uncertainty of 578 

future development models, we used two Shared Socioeconomic Pathways (SSPs) for 579 

the period 2081-2100: SSP245 (Intermediate Development) and SSP585 scenarios 580 

(Fossil-Fueled Development). These SSPs represent two distinct trajectories of future 581 

human development patterns. The clear differences between them are particularly 582 

beneficial for studying the response of grapevines to climate change. 583 

Model building, optimization and evaluation 584 

Apply the processed distribution data and environmental factors to the maxent model 585 

for analysis, models were fit by applying the machine-learning algorithm maxent 3.4.3 586 

(Phillips et al., 2006). The maxent model is a widely used species distribution 587 

modeling tool that is based on the maximum entropy principle and can predict the 588 

potential distribution area of species using limited distribution data. In this analysis, 589 

we first cleaned and preprocessed the collected species distribution data to ensure the 590 

quality and applicability of the data, combined these data with environmental factors, 591 

and input them into the maxent model. Specifically, the parameter settings of the 592 
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initial model are: 25% distribution points are used as the random test percentage in the 593 

model, the default maximum number of background points is 10,000, running 10 594 

model replicates, and Jackknife is used to calculate the contribution rate of 595 

environmental factors to explore the relationship between the suitable zone and 596 

relationship with environment variables. Model construction accuracy is determined 597 

by the area under the curve (AUC), with values ranging from 0 to 1. Higher AUC 598 

values indicate better model fit, higher construction accuracy, and greater credibility. 599 

An AUC value of 0.5-0.6 indicates failure in model construction, 0.6-0.7 indicates 600 

poor simulation effect, 0.7-0.8 indicates average simulation effect, 0.8-0.9 indicates 601 

good simulation effect, and 0.9-1 indicates excellent simulation effect (Konowalik., 602 

2021). 603 

ArcGIS and R for spatial data analysis and visualization 604 

We utilize the Species Distribution Models (SDMtoolbox 2.0) extension in ArcGIS 605 

10.8.2 to analyze areas of expansion and contraction, effectively predicting and 606 

addressing the potential impacts of climate change on the geographical distribution of 607 

grape populations (Zhang et al., 2017; Hazarika et al., 2023). SDMtoolbox is a toolkit 608 

specifically designed for species distribution model analysis, which provides a range 609 

of functions, including data preprocessing, model training, result evaluation and 610 

visualization. In addition, we are conducting an in-depth analysis of the ratios of 611 

expansion and contraction areas for grapes under different climate scenarios, aiming 612 

to develop more accurate adaptation strategies, and are using RStudio-2024.04.2+764 613 

to create bar charts illustrating the percentages. 614 

To enhance the clarity and comprehensibility of the methodological approach, a 615 

comprehensive flowchart was developed to visually illustrate the sequential processes 616 

of data collection, modeling, and analysis (Fig. S8). 617 
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