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A B S T R A C T   

Winegrapes are a valuable ($70 billion) commodity, but climate change is predicted to reduce grape yield and 
quality by exacerbating water and heat stress. Developing stress-resistant varieties would mitigate these impacts, 
but the trait values to target can be obscured by complex relationships between traits and plant performance. 
Stomatal traits mediate trade-offs between increasing gas exchange, to increase carbon assimilation and evap-
orative cooling, and reducing gas exchange, to avoid water stress. We used a functional-structural plant model to 
quantify the impacts of maximum stomatal conductance (gmax) and leaf water potential thresholds for 50 % 
stomatal closure (gs Ψ50) on vine carbon gain, water stress, and temperature under historical and future con-
ditions, assuming moderate and extreme climate change (Representative Concentration Pathways 4.5 and 8.5), 
for premium- and hot-climate US wine regions (Napa and the San Joaquin Valley (SJV)). Shifting from the mean 
trait values reported for winegrapes to water-saving values (i.e., a lower gmax and less negative gs Ψ50) reduced 
simulated vine transpiration and water stress below even historical levels, but the trait values that conserved 
water without compromising carbon gain varied between climate scenarios and regions. Extreme water-saving 
traits maintained carbon gain at or above historical levels in Napa under both scenarios, while intermediate 
water-saving traits maintained carbon gain under moderate climate change in the SJV. Vine canopy temperatures 
exceeded thresholds for photochemical heat damage in the SJV, regardless of the trait values. Overall, by 
reducing transpiration and water stress, water-saving traits would reduce irrigation demand and warming im-
pacts on yield and quality, though more work is needed to determine whether historical carbon gain will remain 
adequate to support ripening, especially with heat-reducing management practices. Developing varieties with a 
range of water-saving trait values would provide plant material tailored to different regions and reduce the risk 
from uncertainty around future climate.   

1. Introduction 

Winegrapes (Vitis vinifera L.) are an important crop economically, 
valued at nearly $70 billion globally, and culturally, evoking a sense of 
place, time, and community in a way that is unique among commodities 
(Alston and Sambucci, 2019). Climate change is expected to increase 
temperature and evaporative demand in many wine-growing regions 
worldwide (Jones, 2008; White et al., 2006), potentially decreasing 
yields and reducing wine quality (Jones et al., 2005; Pathak et al., 2018). 
Developing more stress-resistant crop varieties is a key strategy to adapt 
agriculture to climate change (Atlin et al., 2017; Duchene, 2016; Vivin 
et al., 2017). However, few traits have simple, monotonic relationships 

with plant performance (Messina et al., 2011). Instead, relationships 
between traits and performance often reflect compromises between 
competing physiological demands, which obscures the trait values that 
breeding or genetic engineering should aim to achieve (Chaves et al., 
2016; Walker et al., 2018). 

Stomatal traits mediate several trade-offs that are important to vine 
responses to climate change (Chaves et al., 2016). High stomatal 
conductance increases both transpiration and the CO2 influx for 
photosynthesis. A high transpiration rate can exacerbate plant water 
stress by dehydrating the leaves and depleting soil moisture, but also 
mitigate heat stress by increasing the evaporative cooling of the foliage 
(Drake et al., 2018; Wolf et al., 2016). High leaf temperatures can 
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damage the biochemical machinery for photosynthesis and cause lasting 
reductions in carbon gain (Greer and Weedon, 2013; Hüve et al., 2011). 
Thus, under hot conditions, with a high evaporative demand, plants face 
a trade-off between closing the stomata to avoid water stress, and 
keeping the stomata open to maintain photosynthesis and evaporative 
cooling. 

Stomatal behavior can also affect grape yield and berry chemistry. 
Water stress can reduce yield by limiting the water supply for berry 
growth, or inducing wilting or leaf senescence that overexposes and 
sunburns the fruit (Coombe and McCarthy, 2000; Keller et al., 2015; 
Webb et al., 2010). High-quality berries have an appropriate ratio of 
sugar to acid content and, for red varieties, a high anthocyanin content. 
Insufficient photosynthesis can prevent berries from reaching adequate 
sugar levels for winemaking, while water stress can overly concentrate 
sugars and accelerate the degradation of acids and anthocyanins 
through overexposure (Alston et al., 2018; Jones et al., 2005; Martíne-
z-Lüscher et al., 2020). Altogether, improved grape cultivars need sto-
matal traits that balance competing demands for carbon gain, avoiding 
water stress, and evaporative cooling under future climatic conditions. 

Several findings suggest that growers would benefit most from sto-
matal traits that reduce gas exchange to prioritize avoiding vine water 
stress and reducing irrigation demand. Modeling and experimental work 
in agronomic crops (e.g., chickpeas, wheat, and soybeans) found that 
cultivars with lower maximum gas exchange rates conserved soil 
moisture longer into the growing season, which reduced differences in 
yield between well-watered and non-irrigated conditions (Sinclair et al., 
2010, 2005; Zaman-Allah et al., 2011). Consistent with these findings, a 
meta-analysis of grape physiology traits found that maximum stomatal 
conductance was lower in cultivars that produce high-quality wine in 
hotter, drier regions (Bartlett and Sinclair, 2021). Further, recent 
modeling work found that stomatal traits that reduced gas exchange 
reduced grapevine vulnerability to water stress under projected condi-
tions for economically important wine regions in North America and 
Europe (Dayer et al., 2022). Reducing gas exchange conserved soil water 
resources and extended the time required for vine water potentials to 
exceed critical thresholds for hydraulic damage (i.e., a 100 % loss of leaf 
hydraulic conductivity). However, it is unknown whether the traits 
defined as optimal in Dayer et al., 2022, which maximized the time to 
reach critical water stress, would compromise the carbon supply for 
ripening or capacity for evaporative cooling to protect the leaves from 
heat damage. Grapevine carbon demand is typically larger under high 
evaporative demand, since berry sugar accumulation occurs in the 
hottest period of the growing season (Vivin et al., 2002), and hotter US 
wine regions are typically managed for higher yields than premium 
regions (CDFA, 2020). Grapevines have also been shown to open sto-
mata during heatwaves to facilitate evaporative cooling (Sadras et al., 
2012; Soar et al., 2009). Thus, accounting for the trade-offs among 
carbon gain, avoiding water stress, and cooling is crucial to identify the 
most adaptive stomatal traits for future conditions. 

Functional-structural plant models (FSPMs), which predict whole- 
plant performance from spatially explicit plant architecture and mech-
anistic organ-level physiology, provide a powerful approach to evaluate 
complex trait impacts on plant function (Soualiou et al., 2021; Vos et al., 
2010). Here, we used an FSPM developed for grapevine to test how 
stomatal traits impact vine gas exchange, water potentials, and tem-
peratures under different management practices (i.e., trellising systems 
and irrigation regimes) and climate change scenarios (Albasha et al., 
2019). We focused on traits characterizing the relationship between 
stomatal conductance (gs) and leaf water potential (ΨL): gmax, the 
maximum stomatal conductance in the absence of water stress (i.e., gs at 
ΨL = 0 MPa), and gs Ψ50, the water potential threshold for 50 % stomatal 
closure (i.e., ΨL at gs = gmax/2) (Guyot et al., 2012). A higher gmax in-
creases the maximum rate of transpiration, photosynthesis, and evapo-
rative cooling. A more negative gs Ψ50 allows leaves to maintain greater 
gas exchange under water stress, while a higher gs Ψ50 increases stomatal 
sensitivity to water stress and prevents strong declines in leaf water 

potentials and soil moisture. 
We advanced previous work modeling the impacts of stomatal traits 

on grapevine performance by comparing impacts between climate 
change scenarios and using a modeling approach that can account for 
differences in management practices. Previous work focused on the 
extreme Representative Concentration Pathway (RCP) 8.5 scenario, 
where atmospheric CO2 concentrations continue to increase over the 
next century (Dayer et al., 2022; van Vuuren et al., 2011). RCP 8.5 is 
increasingly considered to be implausibly extreme (Pielke Jr et al., 2022, 
but see Schwalm et al., 2020), so we compared trait impacts under RCP 
8.5 and 4.5, an intermediate scenario where CO2 concentrations stabi-
lize by mid-century (van Vuuren et al., 2011). We also used the FSPM to 
account for differences in management that could impact trait re-
lationships with vine water, carbon, and energy balance. We compared 
Napa Valley, which has an optimal climate for premium wine, to the 
southern San Joaquin Valley (SJV), which is one of the hottest and most 
productive US wine regions, accounting for a nearly third of US wine-
grape production. SJV growers typically use greater irrigation and larger 
canopies trained to weeping, rather than upright, trellising systems to 
support large yields and prevent overexposure (Gladstone and 
Dokoozlian, 2003; Williams et al., 2022). Previous work modeled trait 
impacts using a “big-leaf” canopy approximation (Dayer et al., 2022), 
which cannot account for the impacts of complex canopy architecture on 
vine carbon and water fluxes or temperatures (Bailey et al., 2016; Prieto 
et al., 2012), and assumed vines were unirrigated, which is rare in the US 
wine regions and could overestimate vulnerability to water stress. We 
parameterized the FSPM with the range of trait values reported across 
grape cultivars (Bartlett and Sinclair, 2021) and the values that opti-
mized the avoidance of water stress in Dayer et al. (2022). We identified 
the traits that 1) minimized total vine transpiration and water stress 
while 2) maintaining historical levels for vine carbon gain, which we 
assumed was an adequate carbon supply for fruit production, and 3) 
avoiding temperature thresholds for heat damage to photosynthesis. We 
tested whether these values differed between climate change scenarios 
and premium and high-production regions, to provide insight into how 
grape breeding efforts should be tailored to different industry sectors 
and account for uncertainty in climate projections. 

2. Methods 

2.1. Model overview 

We supplied six stomatal trait parameterizations and three climate 
scenarios for two California wine regions to HydroShoot to evaluate the 
impacts on vine gas exchange and heat and water stresses. HydroShoot is 
described in detail in Albasha et al. (2019). Briefly, the model uses 
three-dimensional (3-D) vine architecture, plant physiology traits, and 
soil and atmospheric conditions as inputs for three modules (hydraulics, 
energy budget, and gas exchange) that calculate water potential, temper-
ature, and gas exchange rates for individual leaves at an hourly timestep. 
Vine architecture is defined by supplying 3-D coordinates, diameters, 
and topological connections for each plant segment (i.e., shoot inter-
node, petiole, and leaf). The hydraulics module uses the Ohm’s law 
analogy to calculate the water flux and water potential for each vine 
segment i, assuming that the hydraulic conductivity of each segment (Ki) 
varies with its water potential (Ψi) following a sigmoidal vulnerability 
curve. The energy budget module calculates temperature for each leaf l 
(Tl), assuming that leaves gain energy from absorbed shortwave solar 
radiation (Rg,l) and thermal longwave irradiance from the sky, soil, and 
nearby leaves, lose energy through thermal longwave emission and 
transpiration (latent heat flux), and exchange energy with the air 
through thermal conduction-convection (sensible heat flux). The gas 
exchange module calculates the stomatal conductance to CO2 for each 
leaf l (gs,CO2,l) following a modified model of (Leuning, 1995): 
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gs,CO2 ,l = gs0,CO2 + m0
An,l + Rd,l

(
ci,l − Γ

)
(

1 +

(
Ψl

Ψcrit,leaf

)n) (1)  

where gs0,CO2 is the residual conductance to CO2, m0 and n are shape 
parameters, ci is intercellular CO2 concentration, An is net carbon 
assimilation, and Rd is mitochondrial respiration. Stomatal conductance 
is assumed to vary sigmoidally with leaf water potential (Ψl), and Ψcrit, 

leaf is the Ψl threshold for a 50 % decline in stomatal conductance. An is 
calculated from the Farquhar model, assuming that the biochemical 
parameters depend on leaf temperature and nitrogen content. Leaf ni-
trogen content is assumed to vary across the canopy with light exposure, 
which is quantified following Prieto et al. (2012) as the mean photo-
synthetic photon flux density over the previous 10 days for each leaf 
(PPFD10,l). Each module uses outputs from the others as inputs, and thus 
an iterative procedure is used to solve all three. 

Leaf-level gas exchange is then summed to calculate whole-vine net 
carbon assimilation (Aplant) and transpiration (Eplant). The soil module 
then updates the soil volumetric water content by subtracting Eplant and, 
where applicable, adding drip irrigation water, and uses supplied 
moisture-retention curve parameters to calculate soil water potential 
(Ψsoil). The soil is represented as a single hydraulic element, and the soil 
volume occupied by each vine is equal to the vine × row spacing 
multiplied by soil depth (2 m) and the percent of soil volume occupied 
by roots (i.e., rhizosphere coefficient, 65 %) (see section “Vine archi-
tecture, vineyard design, and irrigation” and Table S1 for details). 

2.2. Stomatal trait parameterization 

We defined six stomatal trait parameterizations by varying the 
maximum stomatal conductance to water vapor (gmax) at 25 ◦C and the 
leaf water potential threshold for 50 % stomatal closure (gs Ψ50). Five 
parameterizations were defined from a meta-analysis of stomatal traits 
compiled for 21 cultivars from 8 studies where field-grown vines were 
monitored for midday stomatal conductance (gs) and leaf water poten-
tial (ΨMD) over the growing season (Bartlett and Sinclair 2021). These 
cultivars capture a wide range of geographic and climate associations (e. 
g., mean growing season temperatures for each cultivar ranged from 
15.8 to 20.2 ◦C, capturing 47 % of the range from 14.7 to 24.1 ◦C across 
the 120 most planted cultivars worldwide) (Anderson and Nelgen, 
2020). The meta-analysis standardized the calculation of the stomatal 

traits by fitting exponential (gs = ae− bΨMD ), sigmoidal 
(

gs =
a

1+ e− (
ΨMD − c

b )

)

, 

logistic 
(

gs =
a

1+ (
ΨMD

c )
b

)

, and linear (gs = a + bΨMD) relationships be-

tween gs and ΨMD and using Aikake Information Criterion corrected for 
small sample sizes (AICc) to identify the best-fit model for each cultivar 
(Burnham and Anderson, 2010). The best-fit models were used to 
calculate gmax as the gs value at ΨMD = 0 MPa and gs Ψ50 as the ΨMD value 
where gs = gmax/2 (Table 1). We then defined a baseline scenario, where 
gmax and gs Ψ50 equal the median values from the meta-analysis, and four 
high or low gmax or gs Ψ50 scenarios, where each trait is equal to its 95th 
or 5th percentile value (i.e., + gmax, - gmax, + gs Ψ50, and - gs Ψ50, 
respectively) (Table 2, Fig. 1). 

The sixth parameterization used the highest-performing values from 
a grapevine stomatal optimization experiment (Dayer et al., 2022). This 
study used the SurEau physiology model to determine the number of 
days without irrigation required for leaf water potentials to reach 
thresholds for critical hydraulic damage (i.e., a 100 % loss of leaf hy-
draulic conductance) under historical and projected climatic conditions 
for six wine regions, including Napa and Paso Robles, a California wine 
region intermediate in temperature between Napa and Fresno. A 
detailed description of SurEau is provided in Cochard et al. (2021). 
Briefly, SurEau and Hydroshoot both use trait and environmental inputs 
to calculate leaf water potential, temperature, and gas exchange from 

hydraulic, energy budget, and gas exchange equations, but differ in the 
representation of vine architecture, with SurEau using a “big leaf” 
canopy approximation that does not account for heterogeneity in light 
exposure and leaf physiological function. Dayer et al., simulated >50, 
000 trait parameterizations and defined the 200 highest-performing 
(“elite”) parameter combinations as those producing the longest times 
to reach the critical Ψl thresholds (2022). However, the “elite” stomatal 
parameters were calculated from gs responses to pre-dawn water po-
tential, rather than ΨMD. To calculate the “elite” parameters as a func-
tion of ΨMD, we fitted the relationship between the gs and Ψl values that 
SurEau calculated at midday (12 PM) using the mean “elite” parameter 
values and historical climatic conditions for Napa as inputs (Gambetta, 
G. and Cochard, H., personal communication) (Fig. S1). We used this 
relationship to calculate gmax and gs Ψ50 (Fig. 1). 

For each simulation, gs Ψ50 was supplied directly to HydroShoot as 
Ψcrit,leaf. gmax was supplied by inverting Eq. (1) to calculate the m0 value 
at which stomatal conductance to water vapor (1.6gs,CO2) equaled gmax, 
assuming that Ψl = 0, leaf temperature = 25 ◦C, and PPFD10 equaled the 
mean value across the canopy over the simulation period for each site. 

Table 1 
Stomatal trait values compiled from the literature for 20 winegrape cultivars 
(Bartlett and Sinclair, 2021) used to define the baseline, +/− gmax, and +/− gs 
Ψ50 trait scenarios.  

Cultivar gmax 

(mmol m-2s-1) 
gs Ψ50 

(MPa) 
References 

Aglianico 595 − 1.42 Levin et al., 2020 
Cabernet Sauvignon 382 − 1.17 Speirs et al., 2013 
Cabernet Sauvignon 474 − 1.03 Speirs et al., 2013 
Cabernet Sauvignon 489 − 1.48 Levin et al., 2020 
Carménére 353 − 1.04 Villalobos-González et al., 2019 
Carménére 375 − 1.09 Villalobos-González et al., 2019 
Cinsault 483 − 1.47 Levin et al., 2020 
Durif 483 − 1.51 Levin et al., 2020 
Friesa 480 − 1.52 Levin et al., 2020 
Grenache 337 − 0.92 Schultz, 2003 
Grenache 442 − 0.96 Martorell et al., 2015 
Grenache 477 − 1.47 Levin et al., 2020 
Malbec 468 − 1.48 Levin et al., 2020 
Montepulciano 86 − 1.16 Tombesi et al., 2014 
Montepulciano 291 − 0.86 Tombesi et al., 2014 
Montepulciano 466 − 1.59 Levin et al., 2020 
Petit Verdot 465 − 1.50 Levin et al., 2020 
Refosco 459 − 1.40 Levin et al., 2020 
Riesling 243 − 1.25 Park, 2001 
Sangiovese 99 − 1.01 Tombesi et al., 2014 
Sangiovese 182 − 0.96 Tombesi et al., 2014 
Sauvignon Blanc 733 − 1.25 Naor et al., 1994 
Souzão 444 − 1.51 Levin et al., 2020 
Syrah 282 − 1.05 Schultz, 2003 
Syrah 304 − 1.05 Villalobos-González et al., 2019 
Syrah 348 − 1.23 Villalobos-Gonzalez et al., 2019 
Syrah 438 − 1.34 Levin et al., 2020 
Tannat 426 − 1.53 Levin et al., 2020 
Tempranillo 439 − 1.20 Martorell et al., 2015 
Tempranillo 424 − 1.54 Levin et al., 2020 
Tinta Amarela 406 − 1.55 Levin et al., 2020 
Tinta Madeira 402 − 1.38 Levin et al., 2020 
Touriga Nacional 398 − 1.27 Levin et al., 2020  

Table 2 
Parameter values for the six stomatal trait scenarios.  

Scenario gmax 

(mmol m− 2 s− 1) 
gs Ψ50 

(MPa) 

Baseline 425 − 1.27 
+ gmax 586 − 1.27 
- gs Ψ50 425 − 1.56 
- gmax 155 − 1.27 
+ gs Ψ50 425 − 0.93 
Elite 87 − 0.85  
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All other model parameters are provided in Table S2. 

2.3. Climate scenarios 

We simulated vine physiology for the month following veraison. We 
assumed veraison dates varied between sites and climate scenarios 
based on temperature. We chose this period to capture the growing 
season period with the hottest, driest conditions and minimal canopy 
growth, since HydroShoot works on static canopy structures. 

Historical climate data was collected from two weather stations in 
the California Irrigation Management Information System network 
(CIMIS, https://cimis.water.ca.gov/). The Oakville station (38.43 N, 
122.41 W) represents the premium Oakville, Napa Valley region, and 
the Fresno State station (36.82 N, 119.74 W) represents the hot, high- 
producing southern San Joaquin Valley. Hourly measurements were 
compiled for the HydroShoot input variables air temperature (Tair, ◦C), 
relative humidity (RH,%), windspeed (u, m s− 1), and solar global radi-
ation (Rg, W m− 2) from the earliest 20-year period available for both 
stations (1990–2010). We excluded values flagged as unrealistic or 
outside the 99.8 % confidence interval for historical values by CIMIS (<
1 % of total data). Values were averaged across years to produce a 
representative trajectory of hourly climate conditions. 

The future climatic conditions projected for each site were compiled 
from the Cal-Adapt database (https://cal-adapt.org/). We focused on the 
four global climate models (GCMs) identified as priority models for 
California (CanESM2, CNRM-CM5, HadGEM2-ES, MIROC5) because 
these models capture the widest range of projected temperature and 
precipitation changes across the 32 models evaluated in the Coupled 
Model Intercomparison Project (CMIP5). CanESM2, CNRM-CM5, and 
HadGEM2-ES represent average, cooler/wetter, and warmer/drier sce-
narios, respectively, and MIROC5 predictions were the most distinct 
from the other 32 models (Pierce et al., 2018). Projections were used for 
the moderate Representative Concentration Pathway (RCP) 4.5 emis-
sions scenario, where global emissions stabilize by 2040 then decline, 
and the extreme RCP 8.5 scenario, where global emissions continue to 

increase over the next century. Projections were downscaled to a 1/16◦

spatial resolution with localized constructed analogs (LOCA) methods 
(Pierce et al., 2015, 2014). The projections generate daily estimates for 
minimum and maximum Tair and RH and mean Rg and u. We extracted 
these values for the 20-year period at the end of the century 
(2079–2099) and averaged projections from all years and models to 
generate a representative trajectory of daily climate conditions. 

We then downscaled the climate projections from daily to hourly 
using models fitted to the historical climate data. First, for each site s, we 
predicted hourly (h) values for Tair from the minimum and maximum 
values for each day d (Tmin,d and Tmax,d), using the model from Linvill 
1990 

Tair,h,d,s =
(
Tmax,d,s − Tmin,d,s

)
sin

(

π h − Sd,s

Ld,s + βs

)

+ Tmin,d,s (2)  

where Sd is the daily time at sunrise, Ld is the day length, and β is a fitted 
parameter. This model is only applicable to daylight hours, so we used 
Eq. (2) to estimate Tair from 6 AM to 9 PM, and made the simplifying 
assumption that hourly Tair was constant and equal to Tmin,d overnight. 
We used the chillR package in R (v. 4.1.0) to determine Sd,s and Ld,s from 
the date and site latitude, and the likelihood package to fit βs for the 
historical Tair measurements over each simulation period. The best-fit βs 
values were then used to predict hourly Tair from the RCP 4.5 and 8.5 
projections for Tmin,d and Tmax,d. 

We used the same procedure to fit βs for hourly incident global ra-
diation (Rg) and wind speed (u). The projections for these variables were 
only for daily means, so we estimated daily maximum and minimum 
values by assuming that the minimum daily Rg = 0 and, thus, the 
maximum Rg = 2 × mean Rg, and that the daily minimum windspeed 
was equal to historical values and, thus the maximum u = 2 × (mean-
–minimum u). This assumption is consistent with observed trends for 
windspeed; in the western US, minimum daily u remained constant 
while maximum values increased from 1961 to 1990 (Klink, 1999). We 
then used Eq. (2) to predict hourly values from the daily maximum and 
minimum Rg and u. Finally, we used the air temperature estimated from 

Fig. 1. Relationships between leaf water potential (ΨL) and stomatal conductance (gs) produced by the six stomatal trait parameterizations (Table 1). Black line 
indicates average trait values reported across winegrape cultivars (baseline) (Bartlett and Sinclair, 2021). Black star indicates the baseline maximum stomatal 
conductance (gmax = 425 mmol m− 2 s− 1) and dotted black line indicates the baseline ΨL threshold for a 50 % reduction in gs from gmax (gs Ψ50 = − 1.27 MPa). Gold 
lines are water-spending trait parameterizations and blue lines are water-saving parameterizations. Dashed lines indicate parameterizations for the 95th and 5th 
percentile values reported across winegrape cultivars for gs Ψ50 (+gs Ψ50 = − 0.93 MPa and -gs Ψ50 = − 1.56 MPa) and solid lines indicate parameterizations for 95th 
and 5th percentile values for gmax (+gmax = 586 mmol m− 2 s− 1 and -gmax = 155 mmol m− 2 s− 1). Dotted blue line indicates the “elite” traits that minimized water stress 
in Dayer et al. (2022) (gmax = 87 mmol m− 2 s− 1 and gs Ψ50 = − 0.85 MPa). (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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Eq. (2) to calculate hourly relative humidity 

RHh,d,s = RHmax,d,s +
(
RHmin,d,s − RHmax,d,s

)
(

Tair,h,d,s − Tmin,d,s

Tmax,d,s − Tmin,d,s

)

(3)  

from daily minimum and maximum values (RHmin,d and RHmax,d) 
(Waichler and Wigmosta, 2003). 

We assumed that atmospheric CO2 concentrations are 400 ppm for 
historical conditions and 534 and 837 ppm for RCP 4.5 and 8.5, which 
were calculated as the mean projected CO2 concentrations from 
2070–99 for each RCP (van Vuuren et al., 2011). 

2.4. Phenology 

We assumed that phenology would advance with temperature under 
future climatic conditions. We used the Grapevine Flowering Veraison 
(GFV) model from Parker et al. (2011) to calculate veraison dates. We 
used the average historical climate data to calculate the growing degree 
days (GDD) from Jan 1 to typical dates reported for budbreak and 
veraison for Cabernet Sauvignon in Napa (Apr 1 and Jul 30) and French 
Colombard in the SJV (Mar 25 and Jul 15), which are the most planted 
varieties in each region (CDFA, 2020). Following the GFV model, GDD 
were calculated with a base temperature of 0 ◦C. We assumed the GDD 
thresholds were constant and estimated veraison dates for RCP 4.5 and 
8.5 as the dates where GDD crossed these thresholds. Predicted veraison 
dates shifted from July 30 to July 16 and July 6 for RCP 4.5 and 8.5 in 
Napa and from July 15 to July 2 and June 25 in the SJV. 

2.5. Vine architecture, vineyard design, and irrigation 

Each site was parameterized with a vine architecture capturing 
representative local trellising systems (Fig. 2). The Napa simulations 
used the bilateral cordon vertically shoot-positioned (VSP) canopy 
mockup from Albasha et al. (2019), which was digitized with an elec-
tromagnetic 3D digitizer (Fastrak, Polhemus Inc., Colchester, VT, USA) 
from a mature (10-yo), field-grown Syrah vine at veraison in the 
Montpellier, France INRAE research vineyard (3◦53″E, 43◦37″N). The 
SJV simulations used a bilateral cordon California Sprawl architecture, 
which was manually mocked-up using HydroShoot’s vine architecture 
library to reproduce the canopy properties reported by (Gladstone and 
Dokoozlian, 2003). California Sprawl trellising allows the shoots to hang 
downwards to shade and cool the fruit zone, while VSP trellising holds 
the shoots upright to increase light exposure in the fruit zone. Canopy 
area and vine × row spacing were typical for each region (4 m2 at 1.8 ×
2.1 m for Napa and 12 m2 at 2.2 × 3.0 m for the SJV). We assumed that 

total root length per vine, which affects the root area available for water 
uptake and, thus, the hydraulic conductivity of the root system, 
increased with canopy area so that the ratio of canopy to root area was 
constant (1000 m at Napa and 3000 m at the SJV) (Table S1). We 
simulated solar radiation assuming a north-south row orientation, which 
has been the standard for California (Goldammer, 2018). 

We also simulated typical irrigation regimes for each region. Irriga-
tion was applied at a rate of 3.8 L h− 1 every 7 days in Napa to replace 60 
% of cumulative whole-plant transpiration since the last irrigation, and 
every 3 days at 80 % replacement in the SJV (Williams, 2014; Williams 
et al., 2010). We made the simplifying assumptions that there was no 
precipitation over the simulation period and that both sites had the same 
soil depth (2 m) and soil type (clay loam), which determines the soil 
moisture-retention curve parameters of van Genuchten (1980), 
following the soil texture classes of Carsel and Parrish (1988). We 
assumed all simulations began with a Ψsoil of − 0.6 MPa, which is a 
typical target for soil water depletion by veraison (Deloire et al., 2020; 
Van Leeuwen et al., 2009). 

2.6. Model output analysis 

We supplied the trait and climate parameterizations to HydroShoot 
and calculated gas exchange, water potential, and temperature at the 
leaf level at an hourly timescale over each 30-day simulation period. We 
summed E and An for all leaves to calculate whole-plant transpiration 
(Eplant) and net carbon gain (Aplant) at an hourly timescale and over the 
entire simulation period. We calculated whole-plant water-use effi-
ciency (WUE) as Aplant/Eplant over the simulation period. We charac-
terized the stomatal behavior driving the plant water and carbon fluxes 
by calculating the mean canopy gs at the hottest time of day (3 PM) over 
the simulation period. We quantified the impacts of the trait and future 
climate scenarios on gas exchange by calculating the percent difference 
from total Eplant, Aplant, and WUE and mean gs for baseline stomatal traits 
under historical conditions (e.g., for trait scenario i and climate scenario 
j, ΔEplant,i,j = 100 Eplant,i,j − Eplant, baseline, historical

Eplant, baseline, historical
). 

We quantified vine water and heat stress by calculating mean canopy 
leaf water potentials and temperatures at the hottest time of day (3 PM) 
at a daily timescale (Ψcanopy and Tcanopy) and over the simulation period 
(Ψcanopy and Tcanopy). We measured the effectiveness of evaporative 
cooling by calculating the mean difference between air and canopy 
temperature. We also measured the impacts of the trait and climate 
scenarios on spatial and temporal variation in water and heat stress. To 
characterize spatial variation in stress within the canopy, we calculated 
the mean percent of canopy area with leaf water potentials below the 

Fig. 2. VSP (left) and California Sprawl (right) canopy mock-ups used for the Napa and San Joaquin Valley simulations, respectively.  
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threshold for turgor loss and wilting (PLATLP), and with leaf tempera-
tures greater than Tair (PLATair). The leaf water potential threshold for 
turgor loss (i.e., TLP = − 1.7 MPa) was defined as the mean value from 
veraison to mid-ripening reported for eight winegrape cultivars grown 
under unirrigated field conditions in an arid Mediterranean wine region 
(Alsina et al., 2007). Finally, we characterized temporal variation in 
water and heat stress by calculating the number of days over the 
simulation periods where mean canopy water potentials (Ψcanopy) were 
more negative than TLP and mean canopy temperatures (Tcanopy) were 
higher than Tair. 

3. Results 

3.1. Climate change is predicted to make California wine regions warmer 
and drier 

The San Joaquin Valley (SJV) is warmer and less humid, with greater 
light exposure, than Napa, and climate change is projected to make both 
regions warmer and drier. Maximum daily temperatures over the 
simulated month after veraison increased from 29.1 ± 0.2 ◦C (mean ±
standard error) to 33.5 ± 0.1 ◦C and 35.6 ± 0.1 ◦C for RCP 4.5 and 8.5 in 
Napa and from 34.7 ± 0.1 ◦C to 40.9 ± 0.1 ◦C and 42.3 ± 0.2 ◦C in the 
SJV (Fig. 3a,b). Minimum daily relative humidity decreased from 42.0 
± 0.6 % to 26.1 ± 0.2 % and 27.2 ± 0.2 % for RCP 4.5 and 8.5 in Napa 
and from 27.5 ± 0.2 % to 19.3 ± 0.1 % and 24.4 ± 0.2 % in the SJV 
(Fig. 3c,d). Maximum daily solar radiation decreased from 872 ± 5 to 
836 ± 5 and 846 ± 6 W m− 2 for RCP 4.5 and 8.5 in Napa, and from 900 
± 3 to 889 ± 3 and 884 ± 4 W m− 2 in the SJV (Fig. 3e,f). Maximum daily 
windspeed was similar between sites, and projected to increase from 3.4 
± 0.1 to 4.3 ± 0.1 and 4.1 ± 0.1 m s− 1 in Napa and from 3.2 ± 0.1 to 4.6 
± 0.1 and 4.3 ± 0.1 m s− 1 in the SJV (Fig. 3g,h). 

3.2. Extreme water-saving stomatal traits conserved water without 
compromising future carbon gain in Napa, but only under high CO2 
fertilization in the SJV 

The impacts of the stomatal traits and climate change scenarios on 
vine gas exchange varied between wine regions (Fig. 4). In Napa, future 
conditions increased both total whole-plant transpiration (Eplant) and net 
carbon gain (Aplant) (Figs. 5, S2). The effects of warming dominated for 
RCP 4.5, increasing transpiration more than carbon gain and reducing 
water-use efficiency (WUEplant) (e.g., for the baseline stomatal trait 
scenarios, RCP 4.5 increased Eplant by 50 % and Aplant by 36 % and 
decreased WUEplant by 9 % compared to historical conditions) (Figs. 3, 5, 
S2). In contrast, the effects of CO2 fertilization dominated for RCP 8.5. 
RCP 8.5 reduced mean daily stomatal conductance more strongly than 
RCP 4.5, which also made Eplant lower than for RCP 4.5 despite the 
higher temperatures (e.g., for the baseline traits, RCP 8.5 increased Eplant 
by 46 %, Aplant by 78 %, and WUEplant by 22 % compared to historical 
conditions) (Figs. 5, 6, S2). These trends were similar, but the magnitude 
of climate change impacts on gas exchange were smaller in the SJV. For 
the baseline stomatal traits, RCP 4.5 only increased Eplant by 19 % and 
Aplant by 10 %, and decreased WUEplant by 8 %, while RCP 8.5 decreased 
Eplant by 8 % and increased Aplant by 53 % and WUEplant by 41 %, 
compared to historical conditions (Figs. 5, S3). 

The stomatal traits had a stronger impact on transpiration than 
carbon gain, and thus shifting from baseline to water-saving traits 
improved water-use efficiency. The most extreme water-saving (“elite”) 
traits conserved water but compromised carbon gain under historical 
conditions, while the effects on carbon gain under future conditions 
varied between sites. Under historical conditions, shifting from baseline 
to water-saving traits (i.e., a lower gmax, a less negative gs Ψ50, or both 
(“elite”)) reduced Eplant by 19–64 % and Aplant by 5–33 % in Napa and 
Eplant by 20–55 % and Aplant by 10–38 % in the SJV (Figs. 5, S2–3), 
suggesting that selecting for these traits could reduce ripening capacity 

if historical conditions persist. Conversely, in Napa, under future climate 
conditions, CO2 fertilization allowed the most extreme water-saving 
traits to reduce transpiration without notably compromising carbon 
gain. Shifting from baseline traits historically to “elite” traits in the 
future reduced Eplant by 38 % and Aplant by 3 % for RCP 4.5 and reduced 
Eplant by 37 % and increased Aplant by 35 % for RCP 8.5 (Fig. 5). In the 
SJV, the extreme water-saving “elite” traits also conserved water 
without reducing carbon gain for RCP 8.5, but not RCP 4.5. Shifting from 
baseline to “elite” traits reduced Eplant by 41 % and Aplant by 23 % for 
RCP 4.5, but reduced Eplant by 47 % and increased Aplant by 15 % for RCP 
8.5, due to greater CO2 fertilization (Fig. 5). Shifting from baseline to the 
most water-saving traits reported from existing cultivars (i.e., a lower 
gmax or higher gs Ψ50) instead allowed for moderate water conservation 
with only minor declines in carbon gain for RCP 4.5. The lower gmax 
scenario reduced Eplant by 10 % and Aplant by 0.5 %, and the higher gs Ψ50 
scenario reduced Eplant by 4 % and increased Aplant by 2 % (Fig. 5). At 
both sites, shifting to more water-spending traits was detrimental, by 
increasing transpiration more than carbon gain, and was not necessary 
to maintain historical carbon gain, since CO2 fertilization increased 
future carbon gain for the baseline traits. Overall, these findings suggest 
that selecting for extreme water-saving traits would be an effective 
strategy to reduce water use in Napa, and in the SJV under the most 
extreme emissions scenario, while intermediate water-saving traits 
would be needed to avoid compromising ripening in the SJV under 
moderate emissions. 

3.3. All water-saving traits protected vines from severe water stress under 
future conditions 

Vines in the SJV experienced more water stress than in Napa, and 
climate change exacerbated water stress at both sites (Figs. 7, S4–5). 
RCP 4.5 induced the strongest water stress, since minimum daily relative 
humidity was projected to be lowest for this scenario in the month after 
veraison (Fig. 2c,d), and the higher CO2 concentrations for RCP 8.5 
allowed for more conservative stomatal behavior (Fig. 6). For baseline 
stomatal traits, mean canopy leaf water potentials at the hottest time of 
day over the simulation periods (Ψcanopy) decreased from − 1.16 to − 1.46 
and − 1.41 MPa for RCP 4.5 and 8.5 in Napa, and from − 1.66 to − 1.80 
and − 1.67 MPa in the SJV (Figs. 7, S4–5). The number of days where 
mean canopy water potential at the hottest time of day declined below 
thresholds for leaf turgor loss and wilting (i.e., TLP = − 1.7 MPa) 
increased from 0 to 4 and 2 for RCP 4.5 and 8.5 in Napa, and from 8 to 29 
and 8 days in the SJV (Fig. 7). On average, the percent of the canopy area 
with leaf water potentials below TLP at the hottest time of day increased 
from 0 % to 15 % and 8 % for RCP 4.5 and 8.5 in Napa, and from 46 % to 
67 % and 42 % in the SJV (Fig. 7). Thus, future conditions increased the 
duration of severe water stress and the spatial extent in the canopy, 
especially in the SJV, exacerbating the risk of fruit dehydration and 
sunburn. 

Shifting from baseline to water-saving traits protected the canopy 
from severe water stress under future conditions. All three water-saving 
trait scenarios made Ψcanopy less negative under future conditions than 
for baseline traits historically and avoided turgor loss and wilting, with 
the extreme “elite” traits producing the least negative water potentials. 
For all three trait scenarios, Ψcanopy ranged from − 1.22 to − 0.87 MPa 
and − 1.19 to − 0.87 MPa for RCP 4.5 and 8.5 in Napa and from − 1.52 to 
− 1.14 MPa and − 1.40 to − 1.07 MPa in the SJV (Fig. 7, S4–5). Ψcanopy 
remained above TLP every day and, on average, none of the canopy area 
experienced water potentials below TLP, for both sites and RCPs (Fig. 7). 
Conversely, shifting to water-spending trait scenarios strongly exacer-
bated water stress, reducing Ψcanopy and increasing the duration and 
spatial extent of water potentials below TLP (Fig. 7). Altogether, these 
findings suggest that selecting for any of the water-saving trait values 
would be an effective strategy to protect vines from severe water stress 
under future conditions. 
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Fig. 3. Daily environmental conditions for each site and climate scenario. Left panels show conditions for Napa (a, c, e, g) and right panels for the southern San 
Joaquin Valley (b, d, f, h). Panels show maximum and minimum daily air temperature (Tair) (a, b) and relative humidity (c, d), maximum daily solar radiation (e, f), 
and maximum daily windspeed (g, h). Solid lines in panels a–d indicate maximum values and dotted lines indicate minimum values. Colors indicate climate scenarios 
(historical = black, Representative Concentration Pathway (RCP) 4.5 = blue, and RCP 8.5 = cyan). Each line is an average of a 20-year period (i.e., from 1990–2009 
for historical conditions and 2079–99 for RCP 4.5 and 8.5). Historical conditions were measured by California Irrigation Management Information System (CIMIS) 
climate stations at Oakville in Napa (lat., lon. = 38.43, − 122.41) and Fresno in the SJV (36.82, − 119.74). RCP 4.5 and 8.5 conditions are global climate model 
projections for these sites, averaged from the four priority climate models for California, and accessed from the Cal-Adapt database. Phenology was assumed to adjust 
with climate, and the arrows indicate the start of the simulation period for each climate scenario. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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Fig. 4. Example demonstrating the impacts of site and climate scenario on model predictions for vine gas exchange, water potential, and temperature for the month 
after veraison. Simulations are for baseline stomatal trait values (gmax = 425 mmol m− 2 s− 1 and gs Ψ50 = − 1.27 MPa) in premium (Napa) and hot (SJV) California 
wine-growing regions under historical and moderate climate change (RCP 4.5) scenarios. Model predictions are whole-plant transpiration (Eplant) and net carbon 
assimilation (Aplant) rates, mean leaf and soil water potentials (Ψcanopy and Ψsoil), and mean canopy temperatures (Tcanopy), at an hourly timescale over each 
simulation period (7/30–8/29 and 7/16–8/15 for historical and RCP 4.5 scenarios in Napa and 7/15–8/14 and 7/2–8/1 in the SJV). Black lines indicate soil water 
potentials, dashed blue lines indicate leaf water potential thresholds for wilting (i.e., − 1.7 MPa), and dashed red lines indicate leaf temperature thresholds for 
photochemical damage (i.e., 40 ◦C). Warming and CO2 fertilization increased vine transpiration and carbon gain rates, exacerbated soil drying and vine water stress, 
and increased canopy temperatures from historical to RCP 4.5 conditions. Higher evaporative demand and larger canopy size (i.e., 12 m2 vs. 4 m2) made gas ex-
change rates, water stress, and canopy temperatures larger in the SJV than Napa. Model predictions for all trait and climate scenarios are provided in Figs. S2–S5. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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3.4. Water-saving traits only slightly increased the risk of heat damage 

Future conditions increased the simulated canopy temperatures. 
Mean temperatures remained below typical thresholds for photochem-
ical damage (40 ◦C) in Napa but crossed these thresholds under future 
conditions in the SJV. For the baseline stomatal traits, mean canopy 
temperature at the hottest time of day, averaged over the simulation 
periods (Tcanopy), increased from 28.4 ◦C historically to 32.8 ◦C and 
34.9 ◦C for RCP 4.5 and 8.5 in Napa and from 33.8 ◦C to 40.1 ◦C and 
41.4 ◦C in the SJV (Figs. 8, S4–5). Vines were able to maintain evapo-
rative cooling and reduce mean canopy temperatures below air tem-
perature at the hottest time of day, though the water-saving traits 

slightly reduced cooling capacity and increased the risk of heat damage. 
Shifting from baseline traits under historical conditions to the “elite” 
traits under future conditions reduced mean canopy temperature 
depression (Tcanopy–Tair) from − 0.61 ◦C to − 0.23 ◦C and − 0.22 ◦C for 
RCP 4.5 and 8.5 in Napa and from − 0.62 ◦C to − 0.26 ◦C and − 0.21 ◦C in 
the SJV (Fig. 8). The proportion of the canopy with leaf temperatures >
40 ◦C remained 0 % for all climate scenarios in Napa and increased from 
0 % to 70 % and 99 % for RCP 4.5 and 8.5 in the SJV (Fig. 8). In contrast, 
shifting to water-spending traits slightly facilitated evaporative cooling, 
reducing mean Tcanopy–Tair from − 0.61 ◦C to − 0.76 ◦C and − 0.70 ◦C for 
RCP 4.5 and 8.5 in Napa and from − 0.62 ◦C to − 0.75 ◦C and − 0.73 ◦C in 
the SJV (Fig. 8). The proportion of the canopy leaves with temperatures 

Fig. 5. Trait and climate impacts on total whole-plant transpiration (Eplant) (a, d), net carbon assimilation (Aplant) (b, e), and water-use efficiency (WUE) (c, f) over 
the simulated month after veraison. Impacts are measured as the percent difference from baseline traits under historical conditions (e.g., for trait scenario i and 
climate scenario k, ΔEplant,i,k = 100 Eplant,i,k − Eplant, baseline, historical

Eplant, baseline, historical
). Left panels show impacts for Napa (a, b, c) and right panels for the southern San Joaquin Valley (SJV) (d, e, 

f). Dashed lines indicate a percent difference of 0. Future conditions increased net carbon assimilation through CO2 fertilization (i.e., atmospheric CO2 concentrations 
= 400 ppm for historical scenarios, 534 ppm for RCP 4.5, and 837 ppm for RCP 8.5) (a, d), allowing for reductions in stomatal conductance that partly mitigated the 
effects of warming on transpiration (b, e). In the premium region (Napa), CO2 fertilization allowed shifting from baseline to extreme water-saving (“elite”) traits to 
maintain carbon gain above historical levels, while reducing transpiration, for both RCP 4.5 and 8.5. This was also the case for RCP 8.5 in the hot, high-production 
region (the SJV). However, these traits reduced net carbon gain below historical baseline levels at this site under the weaker CO2 fertilization from RCP 4.5. Instead, 
shifting to moderate water-saving trait scenarios (i.e., -gmax and +gs Ψ50) allowed for reductions in transpiration without compromising carbon gain under 
these conditions. 
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> 40 ◦C remained 0 % in Napa and increased to 50 % and 89 % for RCP 
4.5 and 8.5 in the SJV for the -gs Ψ50 scenario (Fig. 8). Overall, the 
stomatal traits had relatively small impacts on evaporative cooling ca-
pacity, suggesting that the water-saving traits would not substantively 
increase the risk of foliar heat damage under average future conditions, 
compared to water-spending traits. 

4. Discussion 

Shifting from average to water-saving stomatal traits reduced 
grapevine water use and water stress, but the traits that conserved water 
without compromising vine carbon gain varied between climate sce-
narios and wine regions. This study compared trait values from across 
the range reported for winegrape cultivars and values identified in 
previous work as minimizing vine water stress (i.e., maximizing the time 
required for vine water potentials to reach thresholds for a 100 % loss of 
leaf hydraulic conductance) (Dayer et al., 2022). The traits that mini-
mized water stress–the “elite” water-saving traits (i.e., gmax = 87 mmol 
m− 2 s− 1 and gs Ψ50 = − 0.85 MPa)–compromised vine carbon gain 
(Aplant) under historical conditions but were beneficial under more 
future climate scenarios in the premium Napa region than the hot, 
high-production San Joaquin Valley (SJV). In Napa, shifting from 
baseline to “elite” traits reduced cumulative vine transpiration in the 
month after veraison (Eplant) below historical levels while maintaining 
historical carbon gain under both moderate (RCP 4.5) and severe (RCP 
8.5) climate change scenarios (Fig. 5). In the SJV, shifting to “elite” traits 
maintained historical Aplant under RCP 8.5, but not RCP 4.5, reflecting a 
smaller CO2 fertilization effect on photosynthesis under RCP 4.5 (Fig. 5). 
Instead, RCP 4.5 in the SJV favored the most water-saving traits reported 
across cultivars (i.e., gmax = 155 mmol m− 2 s− 1 or gs Ψ50 = − 0.93 MPa) 
(Fig. 5). Shifting to any of the three water-saving trait scenarios reduced 
vine water stress below historical levels (Fig. 7). The simulated canopy 
temperatures crossed thresholds for photochemical damage (40 ◦C) in 
the SJV, but the stomatal traits only slightly impacted cooling capacity 
(Fig. 8), indicating that stomatal trait selection alone is not sufficient to 
prevent heat stress and, thus, other strategies are needed. Overall, 
shifting to water-saving stomatal traits can mitigate climate change 
impacts by reducing irrigation demand and alleviating vine water stress 
without compromising carbon gain. Selecting for a range of trait values 
would provide plant material tailored to different growing regions and 
buffer uncertainty around future climate conditions. 

Several factors made the “elite” traits beneficial under both future 
climate scenarios in Napa, but only under the most severe scenario in the 

SJV (RCP 8.5). First, the higher CO2 concentrations increased photo-
synthesis, which allowed vines to reduce stomatal conductance, more 
strongly for RCP 8.5 than 4.5 (Figs. 5 and 6). This stronger reduction in 
mean gs made Eplant lower, and, in turn, mean canopy water potentials 
(Ψcanopy) less negative, under RCP 8.5 than 4.5 (Figs. 5 and 7). Second, 
differences in evaporative demand and canopy structure made Eplant and 
Aplant more responsive to climate change in Napa, which made the 
“elite” water-saving traits more beneficial. Changes in relative humidity 
and evaporative demand were larger in Napa (Fig. 3). Mean VPD 
increased by 90 % and 120 % for RCP 4.5 and 8.5 in Napa and by 49 % 
and 41 % in the SJV compared to historical conditions, driving a larger 
increase in Eplant in Napa. Relationships between gas exchange, ΨL, and 
solar radiation (Rg) within the canopy suggest that the VSP canopy ar-
chitecture also contributed to the greater increase in Aplant in Napa. The 
shorter shoots reduced vine hydraulic resistance and smaller canopy size 
reduced vine transpiration, producing a smaller range of leaf water 
potentials in the canopy (Figs. 2, S6). Thus, gs and A were consistently 
high in sunlit leaves in the VSP canopy but limited by water stress in a 
significant fraction of sunlit leaves in the Sprawl canopy, which, in turn, 
limited photosynthetic responses to CO2 fertilization (Fig. S7). Thus, 
CO2 fertilization increased WUE without compromising carbon gain in 
both regions for RCP 8.5 and in Napa for RCP 4.5, but could not prevent 
substantive reductions in carbon gain in the SJV for RCP 4.5. 

The most planted cultivars in California have more water-spending 
traits than average, making selecting for water-saving traits a valuable 
strategy for this area. Cabernet Sauvignon and Chardonnay account for 
40 % of winegrape bearing area and exhibit trait values similar to the –gs 
Ψ50 scenario (i.e., gmax = 489 and 445 mmol m− 2 s− 1 and gs Ψ50 = − 1.48 
and − 1.57 MPa, respectively) (CDFA, 2022; Levin et al., 2020) (Fig. S8). 
Compared to –gs Ψ50 under historical conditions, the most water-saving 
traits that produced minimal (< 5 %) reductions in Aplant were the “elite” 
traits for both climate scenarios in Napa and +gs Ψ50 for RCP 4.5 and the 
“elite” traits for RCP 8.5 traits in the SJV. Shifting from –gs Ψ50 to these 
traits reduced Eplant by 43 % for both climate scenarios in Napa and by 
15 % for RCP 4.5 and 53 % for RCP 8.5 in the SJV (Fig. S9). Vine 
transpiration is a significant component (~50 %) of total vineyard 
evapotranspiration, making selecting for water-saving traits a promising 
strategy to reduce irrigation demand, which is crucial to adapt agri-
culture to the reduced irrigation availability projected under climate 
change (Burchard-Levine et al., 2022; Darouich et al., 2022; Wilson 
et al., 2016). Previous work identified the “elite” traits as optimal for 
minimizing water stress, but only focused on RCP 8.5, which is 
increasingly considered to be implausibly extreme (Burgess et al., 2021; 

Fig. 6. Trait and climate impacts on mean daily stomatal conductance (gs). CO2 fertilization allowed for more conservative behavior under future conditions.  
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Pielke Jr et al., 2022). Developing grapevines with a range of trait values 
between “elite” to -gmax or +gs Ψ50 scenarios would reduce risk from 
uncertainty by creating a “portfolio” of plant material tailored to 
different climate scenarios and growing regions. 

While the genetic basis of stomatal behavior is complex and not well 
understood, and plasticity can significantly influence stomatal traits, gas 
exchange has a relatively high heritability in grape, suggesting that it is 
plausible to select for water-saving grapevines (Coupel-Ledru et al., 
2014; Lavoie-Lamoureux et al., 2017; Sorek et al., 2020). There is 
relatively little market demand for new grape cultivars, but conven-
tional breeding could be used to improve stomatal behavior in existing 
cultivars, if there is enough clonal diversity in the stomatal traits. Sig-
nificant clonal differences in gs have been observed in a few cultivars (i. 

e., Tempranillo and Monastrell), but, to the best of our knowledge, 
clonal diversity in gas exchange has never been measured for the main 
cultivars in California (Romero et al., 2023; Tortosa et al., 2020). Ge-
netic engineering has been proposed as a faster alternative to breeding, 
and as a strategy to precisely target specific traits. While many genes are 
expected to determine gs Ψ50 and gmax, transformations targeting single 
genes have successfully reduced gs in grapevine and other species (Caine 
et al., 2019; Clemens et al., 2022). Future work should use clones or 
transformed plant material to experimentally test model predictions for 
how variation in stomatal traits in otherwise genetically similar plants 
impacts whole-plant gas exchange, growth, and ripening. 

Conversely, several limitations to our modeling approach could 
overestimate the benefits of the water-saving traits. First, fluxes were 

Fig. 7. Stomatal trait and climate impacts on vine water stress. Top panels (a and d) show the mean canopy water potential at the hottest time of the day (3PM) over 
each simulation period (Ψcanopy). Middle panels (b and e) show the number of days with daily mean canopy water potentials below leaf water potential thresholds for 
turgor loss and wilting (i.e., TLP = − 1.7 MPa, dashed lines). Bottom panels (c and f) show the mean percent of canopy area with leaf water potentials below TLP 
(PLAtlp). Colors indicate climate scenarios. Left panels show values for Napa (a–c) and right panels show the SJV (d–f). Future conditions, especially RCP 4.5, reduced 
mean water potentials (a, d), increased the number of days with canopy water potentials below TLP (b, e), and increased the proportion of canopy area with leaf 
water potentials below TLP (c, f). Shifting from baseline to water-saving stomatal traits strongly reduced vine water stress. For these traits, Ψcanopy under future 
conditions was less negative (a, d) and the duration of severe water stress (b, e) and the proportion of the canopy experiencing severe water stress (c, f), than for 
baseline traits under historical conditions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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modeled at the vine and not the vineyard scale. Water-saving traits 
would be less effective at reducing irrigation demand if slower soil 
moisture depletion by the vines allowed for increases in cover crop 
transpiration or soil evaporation. Second, the model excludes several 
processes that could increase vine carbon demand under future condi-
tions. This could underestimate the constraints of the water-saving traits 
on ripening, especially for RCP 4.5, where Aplant is close to or slightly 
below historical levels. The model accounts for increases in leaf respi-
ration with temperature, but not fruit, stem, or belowground respiration. 
Fruit and stems account for approximately 10 % and 40 % of above-
ground respiration (Medrano et al., 2015; Poni et al., 2006). Warmer, 
wetter soil also increases root and soil microbial respiration, which can 
be a significant sink for plant carbon (Escalona et al., 2012; Gougoulias 
et al., 2014). The model is also vegetative, and does not predict fruit 

carbon demand. Shifting to water-saving traits made canopy water po-
tentials (Ψcanopy) less negative (Fig. 7), which would increase vine water 
supply to the fruit and, thus, berry growth and yield (Williams et al., 
2010). Increasing berry water volume would reduce sugar concentra-
tions, which could improve quality by preventing excessive sugar 
accumulation, which produces bland and overly alcoholic wines (Alston 
et al., 2018). However, this could prevent berries from reaching 
adequate sugar concentrations if carbon gain is too limited. The model 
also assumes that vine size is constant, which is suitable for the period 
from veraison to harvest, when vines are managed to stop vegetative 
growth, but could fail to identify significant carbon limitations on can-
opy growth earlier in the season. Finally, the model assumes that the 
stomatal traits are determined only by the scion variety, while other 
factors, including vine age, rootstock, soil type, and temperature, can 

Fig. 8. Trait and climate impacts on heat stress. Top panels (a and d) show the mean canopy temperature over the month after veraison at the hottest time of day 
(3PM) (Tcanopy) for each stomatal trait parameterization. Dashed lines indicate approximate thresholds for persistent photochemical damage (40 ◦C). Middle panels (b 
and e) show mean differences between canopy and air temperature (Tair). Bottom panels (c and f) show the mean percent of canopy area with leaf temperatures >
40 ◦C (PLAT40). Left panels are from Napa (a–c) and right panels are from the SJV (d–f). Warming increased mean canopy temperatures under future conditions (a, d). 
Canopy temperatures remained well below 40 ◦C under future conditions in Napa (a), but crossed this threshold in the SJV (d). Evaporative cooling maintained 
cooler canopy than air temperatures for all trait and climate scenarios (b, e), though shifting from baseline to water-saving traits slightly reduced cooling capacity. 
For the hottest scenario, RCP 8.5, shifting from baseline to “elite’ traits reduced mean Tcanopy–Tair from − 0.62 to − 0.23 ◦C in Napa and from − 0.63 ◦C to − 0.21 ◦C in 
the SJV (b, e), while the proportion of the canopy with leaf temperatures > 40 ◦C remained 0 % in Napa and increased from 92 % to 99 % in the SJV (c, f). Thus, the 
risk of heat damage is high under future climate scenarios in the SJV, but the stomatal traits have little impact on exacerbating or mitigating this risk. 
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also impact gs (Lavoie-Lamoureux et al., 2017; Riffle et al., 2021; Soar 
et al., 2009). Stomatal traits can also change over time; for example, 
highly water-stressed vines have been shown to make stomatal closure 
less sensitive to water potential over the growing season (Sorek et al., 
2020). Thus, some field conditions could reduce the effectiveness of 
water-saving plant material. Altogether, these factors could over-
estimate irrigation savings and underestimate carbon limitations from 
the water-saving traits, especially under lower CO2 fertilization in RCP 
4.5. More experimental and modeling work is needed to measure how 
trait and environmental changes impact vine water and carbon budgets 
and integrate these processes into vine- and vineyard-scale models. 

Water-spending stomatal behavior has been shown to mitigate heat 
stress, with high stomatal conductance reducing the incidence of leaf 
burning for grapevines during severe heat events (Millan et al., 2023). 
However, our simulations predicted that mean canopy temperatures at 
the hottest time of day would cross thresholds for photochemical dam-
age (40 ◦C) under projected average conditions in the SJV, regardless of 
the stomatal trait values (Greer and Weedon, 2013) (Fig. 8). Thus, 
growers will need plant material also selected for photochemical heat 
resistance or management strategies to reduce heat absorption (e.g., 
shadecloth, east-west row orientations, and reflective sprays, such as 
kaolin). More modeling work is needed to evaluate whether combining 
these management interventions with water-saving traits makes vine 
carbon gain too limiting. 

5. Conclusions 

Overall, our findings show that selecting grapevines for water-saving 
stomatal traits would reduce vine transpiration and water stress under 
future conditions below even historical levels, despite increasing evap-
orative demand. However, the stomatal traits that reduced transpiration 
without compromising the carbon supply for ripening varied between 
growing regions and climate change scenarios. Thus, breeding or engi-
neering grapevine for a range of water-saving stomatal trait values 
would provide plant material tailored to different regions and reduce the 
risk from uncertainty around future climatic conditions. By reducing 
water stress, the water-saving traits could even increase yield and 
mitigate warming impacts on berry quality. However, several processes 
that are not accounted for in our modeling approach could reduce the 
efficacy of the water-saving traits. Accounting for growth, ripening, and 
belowground respiration could show that the water-saving traits are too 
restrictive of the carbon supply, and accounting for plasticity in stomatal 
behavior and water loss from the soil and cover crops could show that 
water savings are overestimated. More modeling and experimental work 
is needed to evaluate how these processes mediate the effects of the 
stomatal traits on vine- and vineyard-scale water and carbon fluxes. 
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