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Abstract 

Stomatal traits directly regulate plant gas exchange, water stress, and temperature, making these traits a 

promising target to adapt grapevines to climate change. However, the most beneficial trait values are unknown. 

We used a functional-structural plant model (HydroShoot) to quantify the impacts of the maximum stomatal 

conductance (gmax) and leaf water potential threshold for 50% stomatal closure (gs 50) on grapevine 

performance under historical and future climatic conditions for premium and hot American wine regions. Future 

conditions (2079-99) were predicted from global climate models, assuming high emissions (RCP 8.5). For both 

regions and climate scenarios, compared to mean trait values, water-spending traits (i.e., a high gmax or highly 

negative gs 50) had negligible benefits for carbon gain and evaporative cooling, but strongly exacerbated vine 

water stress. Conversely, water-saving traits (i.e., a low gmax or high gs 50) reduced transpiration and water 

stress, but also the carbon supply for ripening. Overall, selecting for water-saving stomatal traits could improve 

water-use efficiency and protect yield and quality from severe water stress, but future work is needed to compare 

these benefits to the consequences of minor declines in carbon gain for fruit production. 

 

Introduction 

Climate change is expected to increase growing season temperature and evaporative demand in many wine 

regions worldwide over the next century (Hannah et al., 2013). Greater evaporative demand increases vine 

transpiration and water stress, which can reduce yield and berry quality. Thus, selecting grapevines for traits 

that mitigate the impacts of water stress on vine performance is an important strategy to adapt viticulture to 

future conditions. However, physiology traits can have complex, nonlinear effects on plant performance, 

making it difficult to determine the trait values to target through breeding or genetic engineering (Vivin et al., 

2017). Thus, we conducted the first study applying a functional-structural plant model to quantify the impacts 

of variation in water relations traits on grapevine performance under the future conditions projected for 

economically important wine regions.  

We focused here on traits characterizing stomatal responses to water stress, which mechanistically determine 

vine gas exchange, water status, and heat balance. Under dry conditions, plants face a trade-off between closing 

the stomata to avoid water stress and conserve soil water, and keeping the stomata open for photosynthesis and 

evaporative cooling of the foliage (Chaves et al., 2016). Dry ecosystems have generally selected woody species 

for traits that maintain greater gas exchange under water stress (Bartlett et al., 2016). However, in crop systems, 

where competition for water is largely eliminated, traits that reduced stomatal conductance (gs) and extended 

soil water availability longer into the growing season improved yield during drought (Sinclair et al., 2010). We 

compared the impacts of these opposing stomatal strategies on vine performance by parameterizing a plant 

model with traits defined from relationships between gs and leaf water potential (L), including gmax, the 

maximum stomatal conductance, and gs 50, the water potential threshold for 50% stomatal closure. A higher 

gmax increases the maximum rate of photosynthesis and evaporative cooling, while a less negative gs 50 

increases stomatal sensitivity to water stress and limits declines in L and soil moisture.  

We used a functional-structural plant model developed to calculate water, carbon, and energy fluxes for complex 

grapevine canopies (HydroShoot). HydroShoot uses a spatially explicit representation of grapevine architecture 

to scale from leaf to canopy gas exchange (Albasha et al., 2019). HydroShoot integrates a hydraulics module, 
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which calculates water potential for each plant segment (e.g., shoot, petiole), with an energy budget and a gas 

exchange module, which calculate irradiance, temperature, and gas exchange for each leaf. A soil module 

calculates soil water potential from canopy transpiration. The model uses digitized vine architecture, traits, 

meteorological variables, and soil properties as inputs and calculates the plant and soil variables at an hourly 

timescale. We parameterized HydroShoot for two California regions to capture different sections of the 

American wine industry. Napa Valley is a premium region, with an optimal climate for wine quality, while the 

southern San Joaquin Valley (SJV) is the hottest and highest-producing California wine region. We used 

meteorological data and global climate model projections to define historical and future climatic conditions for 

both regions, and supplied these parameterizations to HydroShoot to evaluate the impacts on vine gas exchange 

(i.e., cumulative transpiration (E) and net carbon gain (Anet)), water status (i.e., minimum shoot water 

potential, min), and heat stress (i.e., maximum leaf temperature, TL,max). 

 

Materials and methods 

We collected historical climate data from two weather stations in the California Irrigation Management 

Information System network (CIMIS, https://cimis.water.ca.gov/). The Oakville station (38.43N, 122.41W) 

represents the premium Napa Valley region and the Fresno State station (36.82N, 119.74W) represents the hot 

southern San Joaquin Valley. We used hourly measurements for the HydroShoot input variables air temperature 

(Tair, C), relative humidity (RH, %), windspeed (u, m s-1), and solar radiation (Rg, W m-2) from the earliest 20-

year period available for both stations (1990 – 2010). We averaged values across years to produce a 

representative trajectory of hourly climate conditions. We focused on the month after veraison (Jul 30 – Aug 30 

for Oakville and Jul 11 – Aug 11 for Fresno) to make computational time tractable while capturing the period 

of the growing season with the hottest, driest conditions and the least canopy growth, since HydroShoot assumes 

canopy size is constant.  

We compiled global climate model (GCM) projections at each location from Cal-Adapt (https://cal-adapt.org/). 

We focused on the four priority GCMs for California (CanESM2, CNRM-CM5, HadGEM2-ES, MIROC5), 

which capture the range of temperature and precipitation changes across the 32 models compared in the Coupled 

Model Intercomparison Project (Pierce et al., 2018). The first three models represent average, cooler/wetter, 

and warmer/drier scenarios, respectively, and MIROC5 represents the most distinct scenario from those three. 

We used a high emissions scenario (RCP 8.5). Projections were LOCA downscaled to 1/16° resolution. We 

extracted daily minimum and maximum Tair and RH and mean daily Rg and u from 2079 – 99 and averaged 

values across years and models to generate a trajectory of daily climate conditions. We fitted empirical 

relationships between daily and hourly values for the historical data to downscale the climate projections. 

We parameterized HydroShoot with the 5th, 50th, and 95th percentile gmax and gs 50 values compiled from the 

literature for 21 winegrape cultivars (gmax = 148, 426, and 531 mmol m-2 s-1 and gs 50 = -1.54, -1.27, and -0.85 

MPa) with field-grown vines monitored for gs and L over the growing season (Bartlett & Sinclair 2021). Five 

trait parameterizations (i.e., the three gmax values with mean gs 50 and vice versa) were combined with four site 

and climate scenarios. We used a spur-pruned vertical shoot-positioned canopy architecture, which was 

digitized with LiDAR from a field-grown Syrah vine (43.62N, 3.88E) at veraison (Albasha et al., 2019). Both 

sites were parameterized with the same soil type (clay loam), rooting depth (1.8 m), and irrigation schedule 

(weekly at 60% replacement). Other parameters follow Albasha et al., 2019. We compared each trait 

parameterization to the mean trait values by calculating the percent difference in E, Anet, min, and TL,ma. 

 

Results and discussion 

Compared to the mean stomatal traits, the traits that would increase gas exchange (i.e., gmax = 531 mmol m-2 s-1 

or gs 50 = -1.54 MPa) made grapevine performance worse, and these effects were similar for historical and 

future conditions in both regions (Fig. 1). Under historical conditions, shifting from mean to water-spending 

stomatal traits strongly increased cumulative transpiration (E), by 12 – 17% in Napa and 11 – 14% in the SJV, 

respectively, and reduced minimum shoot water potentials (min), by 10 – 15% and 11 – 18%, while inducing 

negligible increases in cumulative C gain (Anet, 2 – 3% at both sites) and maximum leaf temperature (TL,max, 0 

– 2% at both sites). The water-spending simulations depleted soil water more quickly, exacerbating plant water 

stress and causing canopy temperature to converge on similar values as the mean simulations over time. Climate 

change negatively impacted performance at both sites. For the mean stomatal traits, warming increased E by 
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37% in Napa and 12% in the SJV and TL,max by 13% and 22%, and reduced Anet by 24% and 35% and min by 

32 and 4%, respectively. However, compared to the mean trait values, under future conditions the water-

spending traits increased E by 12 – 13% in Napa and 8 – 10% in the SJV, reduced min by 10 – 15% and 7 – 

14%, respectively, and caused small changes in Anet (2% and -1 to -4%) and TL,max (0 – 3% at both sites).  

Conversely, the water-saving stomatal traits (i.e., gmax = 148 mmol m-2 s-1 or gs 50 = -0.87 MPa) reduced 

transpiration, water stress, and carbon gain compared to the mean trait values, and these effects were also similar 

between regions and climate scenarios (Fig. 1). Under historical conditions, these traits reduced E by 20 – 

41% in Napa and 23 – 31% in the SJV, Anet by 6 – 14% and 10 – 12%, and min by 22 – 25% and 24%, 

respectively, and produced negligible increases in TL,max (0 – 1% at both sites). Under future conditions, the 

water-saving traits reduced E by 22 – 35% in Napa and 22 – 28% in the SJV, Anet by 9 – 13% and 11 – 16%, 

and min by 20 – 23% and 22 - 23%, respectively, and produced negligible increases in TL,max (-1 – 2% at both 

sites), compared to the mean trait values. 

Altogether, these findings suggest that selecting for water-saving stomatal traits is a promising strategy to adapt 

grapevines to climate change. Under extreme warming, these traits produced strong reductions in transpiration 

and water stress (i.e., 20 – 35%) and minor declines in carbon gain (i.e., 9 – 16%) compared to mean trait values 

(Fig. 1). These traits could benefit growers by reducing irrigation demand and mitigating the impacts of climate 

change on yield and quality. Reducing wilting and leaf shedding helps protect the fruit from excess light 

exposure, which heats the clusters and reduces yield, by dehydrating the fruit, and quality, by accelerating the 

degradation of acids and anthocyanins (Martínez-Lüscher et al., 2020; Webb et al., 2010). Water stress can also 

accelerate sugar accumulation and produce overly alcoholic, ‘flabby’ wines, suggesting these traits could also 

improve quality by preventing excessive sugar accumulation (Alston et al., 2018). However, these traits would 

reduce yield and quality, instead, if declines in carbon gain prevent the fruit from reaching target sugar 

concentrations. This is especially a concern in high-production regions, which can require up to ten-fold higher 

yields than premium regions to be profitable. More work is needed to determine how the stomatal traits impact 

ripening. Genetic engineering could provide a promising approach to test these impacts, by altering the stomatal 

traits with minimal changes to the genes directly regulating berry development. Using these techniques to 

develop new winegrape varieties could also potentially increase sustainability with minimal changes to wine 

quality and sensory characteristics. 

 

Conclusion 

Overall, our findings suggest that breeding or engineering grapevines to shift stomatal traits to more water-

saving values would improve water-use efficiency and avoid the detrimental effects of severe water stress on 

yield and quality. These traits were favorable under historical and future climatic conditions in both hot and 

premium growing regions, providing a simple phenotypic target for cultivar improvement that could benefit 

growers now and later, even if warming is less severe than the high-emissions (RCP 8.5) projections. However, 

more work is needed to evaluate whether the benefits for water savings outweigh the consequences of minor 

declines in carbon gain for ripening, especially for high-production wine regions. Finally, these findings also 

suggest functional-structural plant models are an important tool to design grapevine physiology for future 

conditions.  
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Figure 1. Predicted impacts of the stomatal traits on vine performance. Modeled cumulative whole-plant transpiration 

(ET) and net carbon gain (Anet) and minimum shoot water potential (min) and maximum leaf temperature (TL,max) over 

the simulation period. Blue bars indicate historical climate and gray bars indicate projected (RCP 8.5) climate scenarios. 

For each panel, middle bars indicate the mean stomatal trait values, left bars indicate water-spending trait values (i.e., a 

higher gmax and more negative gs 50), and right bars indicate water-saving trait values (i.e., a lower gmax and less negative 

gs 50).  
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