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 24 

Abstract: Grapevine red blotch virus (GRBV) negatively impacts vine physiology and fruit 25 

quality in Vitis vinifera L. by reducing photosynthetic rate, total soluble solids (TSS), and berry 26 

anthocyanin concentration. Currently, growers have few management strategies beyond removal 27 

of infected vines, which may be particularly costly in vineyards with high disease incidence. The 28 

present study was established in 2018 in a GRBV-infected Pinot noir vineyard in southern 29 

Oregon to investigate whether reducing vine stress with cultural practices could dampen the 30 

impact of the disease on vine physiology and fruit quality. The effects of control and 31 

supplemental levels of irrigation and fertilizer on vine growth and physiology, disease severity, 32 
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and fruit composition were observed over three years. Supplemental irrigation affected vine 33 

physiology and fruit composition in 2019 and 2020, but fertilization had no significant effect 34 

over three years. Photosynthetic rate, vegetative growth, vine yield, berry weight, TSS, and 35 

titratable acidity were increased with supplemental irrigation while disease severity 36 

(symptomatic leaves per vine) was reduced. Supplemental irrigation did not have consistent 37 

effects on secondary metabolites, though an increase in anthocyanin concentration was observed 38 

in 2020 despite an increase in berry size. Irrespective of applied water amounts, maintaining a 39 

higher vine water status effectively increased photosynthesis and canopy size that resulted in 40 

greater sugar accumulation. Ultimately, these results suggest that maintaining a high vine water 41 

status (Ψstem > -0.8 MPa) may mitigate some of the negative effects of GRBV on vine physiology 42 

and fruit composition. 43 

Key words: fertilization, gas exchange, irrigation, physiology, ripening, virus, water status 44 

Introduction 45 

Grape production, which ranks first among both fruit crop production and value in the 46 

United States, faces considerable threats from a variety of pathogens and diseases (United States 47 

Department of Agriculture 2018). For example, Grapevine Leafroll Disease (GLRD) has caused 48 

substantial economic loss by reducing yield, fruit quality, and value of the crop (Maree et al. 49 

2013). Grapevine Red Blotch disease (GRBD) is a viral disease with symptoms resembling 50 

GLRD that has only recently come to the attention of the wine grape industry (Sudarshana et al. 51 

2015). GRBD was first observed in 2008 at the University of California Oakville Experimental 52 

Vineyard in grapevines marked by leaf reddening and incomplete berry ripening (Calvi 2011). 53 
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Subsequent early research related to GRBV has reported on virus detection methods (Krenz et al. 54 

2014, Al Rwahnih et al. 2015, Perry et al. 2016), and disease epidemiology and vector 55 

identification (Krenz et al. 2014, Cieniewicz et al. 2018, Dalton et al. 2019). Later, more recent 56 

efforts have documented impacts of GRBV on vine physiology (Blanco-Ulate et al. 2017, 57 

Martínez-Lüscher et al. 2019, Bowen et al. 2020, Levin and KC 2020), and reduced fruit and 58 

wine quality (Girardello et al. 2019). 59 

GRBD compromises grapevine health and berry ripening, resulting in reduced sugar 60 

accumulation and anthocyanin concentration that negatively impact wine quality (Girardello et 61 

al. 2020). Decreases in photosynthesis and carbon translocation during ripening have been 62 

hypothesized to cause the reduction in total soluble solids (Martínez-Lüscher et al. 2019). The 63 

economic cost of GRBD has been estimated to be from $2,213/ha up to $68,548/ha based on 64 

assumed price penalties for lower quality fruit from infected vines (Ricketts et al. 2017). 65 

However, further study into disease management is necessary to offer solutions for growers, on 66 

whom the financial burden disproportionately falls. To date, only deficit irrigation has been 67 

thoroughly evaluated as a cultural practice to manage the disease beyond replacement of infected 68 

vines, but it actually proved to exacerbate the negative impacts of the virus (Levin and KC 69 

2020). Vineyard floor management targeting insect vectors has recently been proposed, but is 70 

limited by the understanding of vectored transmission of GRBV (Bick et al. 2020).  71 

The impacts of GRBV on vine physiology may inform potential strategies for mitigating 72 

the impact of GRBV on vine health and fruit quality. A recent study reported that deficit 73 

irrigation, a common vineyard practice, may actually exacerbate the impact of the virus on vine 74 

physiology and fruit composition (Levin and KC 2020). Thus, avoiding vine water stress may 75 
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prove more appropriate for virus-infected vines. Supplemental irrigation positively influences 76 

potassium uptake both in the absence and presence of applied potassium fertilizer in healthy 77 

vines (Sipiora et al. 2005). Potassium is critical for proper berry ripening and—more 78 

specifically—phloem loading, the reduction of which is potentially related to low soluble solids 79 

in fruit from GRBV-infected vines (Rogiers et al. 2017). 80 

The present study evaluates the efficacy of cultural practices—namely irrigation and 81 

fertilizer—to mitigate the effects of GRBD on vine physiology and fruit composition and test the 82 

hypothesis that increasing water and fertilizer inputs may reduce vine stress and the impact of the 83 

disease. The results of this study have the potential to inform vineyard management of GRBD 84 

and provide a more economical alternative to removal of infected vines. 85 

Materials and Methods 86 

Vineyard site. This study was conducted in a commercial vineyard block of V. vinifera 87 

L. cv. Pinot noir (clone 777) located in the Rogue Valley AVA near Ashland, Oregon 88 

(42.1946°N, 122.7095°W; 640 m asl). The study plot (0.80 ha) was comprised predominantly of 89 

Carney series clay soil with 5 – 20% slopes facing southwest. Soils were a fine, smectitic, mesic 90 

Udic Haploxerert. Vines were grafted on 3309 Couderc (V. riparia × V. rupestris) rootstock and 91 

planted in 2015. Rows are oriented NNW-SSE with a row spacing of 2.75 m, vine spacing of 92 

1.22 m, and vine density of 2990 vines/ha. Vines were head trained and cane pruned to double 93 

Guyot with two 0.6 m canes of 6 to 8 buds each (12 to 16 buds per vine). Foliage was supported 94 

on a vertically shoot positioned (VSP) trellising system consisting of a fruiting wire at 0.9 m 95 

above the soil surface and three pairs of catch wires at approximately 1.2, 1.5, and 1.8 m above 96 
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the soil surface. Pest, disease, and canopy, and crop load management was conducted according 97 

to regional industry standards. 98 

Treatments and experimental design. Treatments consisted of factorial combination of 99 

grower control (CON) and supplemental (SUPP) irrigation and fertilizer (2 x 2). Supplemental 100 

treatments received twice the amount of irrigation or fertilizer as the grower control. The four 101 

experimental treatments were arranged in a randomized complete block design with four 102 

replications. Each replicate comprised one row and treatments were imposed down the entire 103 

row. Three vines per replicate were subsampled and the means of these subsamples were used 104 

for statistical analysis.  105 

Climate data. Maximum and minimum air temperature, daily precipitation, and solar 106 

radiation data for 2018 were accessed from the Medford, Oregon AgriMet Weather Station 107 

(42.3311°N, 122.9377°W). Data in 2019 and 2020 were obtained from the Oregon IPM Center’s 108 

Online Phenology and Degree-day Models tool (http://uspest.org/dd/model_app) using a weather 109 

station approximately 7 km from the study site. 110 

Irrigation and fertilizer. ETo was obtained from the Medford, Oregon AgriMet Weather 111 

Station (42.3311°N, 122.9377°W). Kc was calculated based on accumulated growing-degree 112 

days (GDD; base 10°C) from April 1 using the following VSP-specific equation developed by 113 

Williams (2014) and adjusted for 2.75 m row spacing: Kc = 0.58/(1 + e(-(GDD – 525)/301). Grower 114 

control irrigation treatments had two 2 L/hr. emitters per vine and supplemental irrigation 115 

treatments had four 2 L/hr. emitters per vine. Irrigation was scheduled by the grower and 116 

quantified using in-line water meters. Fertilizer was delivered via drip line on two dates 117 

http://uspest.org/dd/model_app
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preveraison and one postveraison each year. The preveraison applications utilized a 10-2-5 (N-P-118 

K) formula while the postveraison application utilized a 5-1.5-14 formula. 119 

GRBV status. Vines were surveyed for symptoms of GRBD in 2017 and were tested for 120 

GRBV infection in early 2018. The primer pairs CPfor/CPrev and Repfor/Reprev were used 121 

following the protocol of Krenz et al. (Krenz et al. 2014) for PCR-based diagnosis of GRBV 122 

with 16Sfor/16Srev used as an internal grapevine control. Originally, the treatments were 123 

intended to be replicated across GRBV-positive and GRBV-negative vines, but all data vines that 124 

tested negative for GRBV in spring 2018 re-tested positive in fall 2018 and were subsequently 125 

excluded from the study. The high incidence of GRBV symptoms (>97%) at the vineyard site 126 

along with prohibitive costs of additional testing precluded the identification and selection of 127 

replacement GRBV-negative data vines.   128 

Vine water and nutrient status. Stem water potential (Ψstem) was measured throughout 129 

the 2019 and 2020 seasons to determine the effect of irrigation treatments on vine water status. 130 

Fully expanded photosynthetically-mature leaves were covered with a foil bag for at least 30 min 131 

prior to determining Ψstem with a pressure chamber (Model 615, PMS Instruments, Albany, OR). 132 

Vine water status measurements were made on sunny days between 1300 and 1500 hr. Data are 133 

presented as means averaged across the treatment period—from treatment imposition to 134 

harvest—and reflect 3 sampling dates in 2019 and 4 sampling dates in 2020. 135 

Leaf samples were taken for tissue nutrient analysis at both fruit set and veraison in 2019, 136 

but only at veraison in 2020. Each sample consisted of one representative leaf from each data 137 

vine aggregated per replicate. Samples were collected, dried, and immediately sent to the Oregon 138 

State University Central Analytical Lab (Corvallis, OR) for analysis. 139 
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Disease severity. The severity of GRBD symptom expression was quantified at harvest 140 

each year. Severity was estimated as the percent of symptomatic (interveinal reddening) leaves 141 

per vine at harvest. The Horsfall-Barratt scale was used to convert percentages to midpoint 142 

percentage values, which were ultimately used for analysis (Horsfall and Barratt 1945). 143 

Canopy growth. Leaf area data were collected only in 2020 one week prior to veraison 144 

and then three weeks postveraison. Total vine leaf area was determined as in Williams et al. 145 

(2003) with minor modifications. The quantification consisted, briefly, of harvesting shoots from 146 

non-data vines, quantifying leaf area per unit shoot length per treatment group using a benchtop 147 

leaf area meter (LI-3100C, LI-COR Biosciences, Lincoln, NE), and then using shoot count and 148 

length measurements from data vines to estimate total vine leaf area in data vines. Pruning 149 

weights and number of canes were recorded for each vine at the time of pruning in all three 150 

years. 151 

Leaf gas exchange. Leaf gas exchange was measured with a portable photosynthesis 152 

system (LI-6400XT, LI-COR Biosciences, Lincoln, NE) on one leaf per replicate on several 153 

dates in both 2019 and 2020. Data were obtained between 1100 and 1400 hr. on leaves similar to 154 

those used for water status determination. Chamber relative humidity and temperature were set to 155 

match ambient conditions. Flow rate was set at 400 µmol/s, chamber CO2 concentration was set 156 

in the reference cell at 400 µmol/mol, and irradiance was set at 2000 µmol/m2/s. Analyzers were 157 

matched every 30 min. 158 

Yield and fruit composition. Total vine yield and cluster number per vine were recorded 159 

in the field at harvest each year and average berry mass was determined in the lab following 160 

harvest. Berries per cluster and cluster mass were calculated from the measured variables. 161 
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Primary and secondary fruit composition was determined at harvest each year. Samples 162 

comprised 60 berries per replicate (20 berries per data vine) and subsamples of 20 berries were 163 

stored at -20°C for later phenolic analysis. The remaining berries were juiced by hand and 164 

centrifuged at 15,000 × g for 5 min. Total soluble solids (TSS) was determined using a handheld 165 

digital refractometer (AR200, Reichert Analytical Instruments, Depew, NY). Sugar per berry 166 

was estimated as the product of TSS and berry mass as in Krasnow et al. (2009). Juice pH was 167 

measured using a benchtop pH meter (Orion 3-Star, Thermo Fisher Scientific, Waltham, MA). 168 

Titratable acidity (TA) was measured by titration with 0.1 N NaOH using an autotitrator (T50, 169 

Mettler Toledo, Columbus, OH).  170 

The 20-berry subsamples were thawed, peeled, sorted into skin and seed fractions, dried, 171 

and extracted in 70% acetone for 24 hr. on an orbital shaker (VWR, Radnor, PA) at 100 rpm. 172 

Acetone was removed from skin and seed extracts (Syncore Analyst Polyvap, BUCHI 173 

Corporation, New Castle, DE). Tannins, iron-reactive phenolics, and anthocyanins were then 174 

quantified from the skin and seed extracts using the Harbertson-Adams assay (Harbertson et al. 175 

2002, 2015, Heredia et al. 2006). Quantities of each phenolic class were either divided by berry 176 

mass or number of berries per sample to obtain values of concentration (mg/g) or content 177 

(mg/berry), respectively. 178 

Winemaking. In 2019 and 2020, fruit harvested from data vines was pooled per 179 

treatment and vinified using a modified protocol from Sampaio et al. (2007). Briefly, fruit was 180 

crushed, destemmed, sulfured to 30 ppm, and allowed to macerate at approximately 5 °C for 72 181 

hr. Must was then warmed to room temperature, divided into three fermentation replicates per 182 

treatment, inoculated with 1.5 g Lalvin RC212 yeast (Lallemand, Montreal, Canada), punched 183 



 
American Journal of Enology and Viticulture (AJEV). doi: 10.5344/ajev.2021.21007 

AJEV Papers in Press are peer-reviewed, accepted articles that have not yet been published in a print issue of the journal  
or edited or formatted, but may be cited by DOI. The final version may contain substantive or nonsubstantive changes. 

 
 

9 
 

down twice daily, and allowed to ferment until dry. Wines were then pressed with a Speidel 184 

bladder press (Speidel, Ofterdingen, Germany) for 5 min at 2 bars, inoculated with Lalvin MBR-185 

31 (Lallemand, Montreal, Canada) strain of Oenococcus oeni, stored at approximately 19 °C, and 186 

sulfured to 25 ppm free SO2 once malolactic conversion was complete. Samples were then drawn 187 

for analysis of tannins, iron-reactive phenolics, and anthocyanins following the same procedure 188 

as the berry extracts. 189 

Statistical analysis. All statistical analyses were conducted and figures generated using 190 

R statistical software (v. 4.0.3; www.R-project.org). Data associated with vine water status, gas 191 

exchange, disease severity, vegetative growth, yield, fruit composition, and wine composition 192 

were analyzed with a three-way Type III ANOVA for RCBD and split-plot factorial treatment 193 

structure using the lmerTest package (v. 3.1.3; Kuznetsova et al. 2020) with the Kenward-Roger 194 

approximation of degrees of freedom. The main plots consisted of the 2x2 factorial combination 195 

of experimental treatments and the split-plots were years. Means were generated and compared 196 

using the emmeans package (v. 1.5.2.1; Lenth et al. 2020) with the Tukey-Kramer adjustment 197 

method for multiple comparisons. Transformation of data due to heteroscedastic variance was 198 

conducted when required, and presented data are backtransformed. Non-linear regression 199 

analyses of sugar per berry on various predictors were conducted using the following asymptotic 200 

function: 201 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑝𝑝𝑝𝑝𝑆𝑆 𝑏𝑏𝑝𝑝𝑆𝑆𝑆𝑆𝑏𝑏 = 𝐴𝐴𝐴𝐴𝑏𝑏𝐴𝐴 + (𝑅𝑅0 − 𝐴𝐴𝐴𝐴𝑏𝑏𝐴𝐴)𝑝𝑝(−𝑒𝑒𝑙𝑙𝑙𝑙𝑙𝑙)∗𝑥𝑥) 202 

where Asym is the parameter representing the horizontal asymptote when sugar per berry was 203 

maximum, R0 is the parameter representing the predicted sugar per berry when x = 0, and lrc is 204 

the parameter representing the natural logarithm of the rate constant. Initial parameter estimates 205 

http://www.r-project.org/
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were obtained using SSasymp() and data were fit using nls(), both functions from the R base 206 

package stats. Because R2 is invalid for assessing nonlinear regression fit, absolute strength of 207 

each model fit was assessed using the model residual standard error. Relative strength of model 208 

fits across predictors were tested using Akaike’s Information Criterion (AIC; Akaike, 1974). 209 

Figures were generated using the ggplot2 package (v. 3.3.2; Wickham et al. 2020). 210 

Results 211 

Environmental conditions, vine phenology, and treatment imposition. Variability in 212 

environmental conditions at the study site among years was mainly due to differences in 213 

precipitation (Table S1). 2018 was characterized by less precipitation both during the growing 214 

season and the prior dormant period and higher GDD accumulation compared to 2019 and 2020. 215 

The latter two years were milder with respect to both higher dormant and growing season 216 

precipitation, and lower seasonal GDD accumulation.  217 

Phenological dates were largely similar in all three years of the study. Bud break was 218 

observed on 23, 16, and 16 April in 2018, 2019, and 2020, respectively. Bloom was determined 219 

on 3, 6, and 2 June in 2018, 2019, and 2020, respectively, and veraison was determined on 10, 7, 220 

and 7 August in 2018, 2019, and 2020, respectively. Harvest dates were slightly more variable 221 

than other phenological events – fruit was harvested on 1, 9, and 19 October in 2018, 2019, and 222 

2020, respectively, following direction from winery. Phenology by date and GDD accumulation 223 

may be referenced in Table S2.  224 

Total irrigation amounts were similar in 2018 and 2020, but approximately double in 225 

2019 (Table S1). Irrigation treatments commenced on 5 July, 12 June, and 2 June in 2018, 2019, 226 
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and 2020, respectively. Considering the combination of applied irrigation and growing season 227 

precipitation, the water supply in 2019 was likewise much greater than in 2018 or 2020. 228 

Fertilizer treatments were applied on June 27, August 2, and August 28 in 2018; July 9, August 229 

1, and September 12 in 2019; and June 30 and August 7 in 2020. Applied fertilizer quantities 230 

may be referenced in Table S3. Fertilizer had no impact on vine macronutrient status in 2019, 231 

and only a slight influence on petiole K concentration in 2020 (Table S4). Potassium was 232 

deficient (<0.7%) in leaf blades for all treatment groups in 2019 and 2020. Petiole potassium was 233 

slightly increased (+0.2-0.3%) with supplemental fertilizer and irrigation in 2020. Supplemental 234 

irrigation did slightly improve phosphorous status in both years, though phosphorous 235 

concentrations were within the healthy range for all treatment groups in both years (≥0.17% in 236 

blades and ≥0.12% in petioles). 237 

Vine water status and leaf gas exchange. Vine water status was on average higher in 238 

2019 than in 2020, though there was a significant effect of irrigation treatment on Ψstem in both 239 

years (Table 1). SUPP irrigation increased Ψstem by 0.40 MPa in 2019 and by 0.23 MPa in 2020 240 

(p < 0.001; Fig. S1). There was no influence of fertilizer treatment on vine water status. 241 

Anet and gs were significantly increased by SUPP irrigation relative to the CON irrigation 242 

treatment (Table 1). Though the SUPP irrigation effect was initially observed prior to veraison, it 243 

was generally greater postveraison. For example, Anet increased by 12 and 44% preveraison and 244 

48 and 63% postveraison in 2019 and 2020, respectively (Fig. 1). Similarly, gs increased by 43 245 

and 108% preveraison and 89 and 83% postveraison in 2019 and 2020, respectively. 246 

Independently, gas exchange was not significantly affected by fertilizer treatment.  247 
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Vegetative growth and disease severity. In general, pruning mass responded 248 

differentially to both SUPP irrigation and fertilizer treatments: SUPP irrigation slightly increased 249 

pruning mass, whereas SUPP fertilizer slightly reduced pruning mass (Table 2). However, the 250 

response of pruning mass to both irrigation and fertilizer depended on the year as indicated by 251 

the significant three-way interaction. Nevertheless, the responses of shoot mass and leaf area to 252 

irrigation level show that irrigation had a greater impact on vegetative growth compared to 253 

fertilizer.  254 

In all three years of the study, SUPP irrigation significantly reduced disease severity (p 255 

<0.001), while SUPP fertilizer had no effect (p = 0.464) (Fig. 2).  In 2020, when disease severity 256 

was multiplied by leaf area, the total area of symptomatic leaves comprised approximately 1.3 257 

and 1.6 m2/vine for the CON and SUPP irrigation treatments, respectively. Yet, the SUPP 258 

irrigation treatment also resulted in a greater area of asymptomatic leaves: approximately 1.1 and 259 

1.9 m2/vine of asymptomatic leaf area for the CON and SUPP irrigation treatments, respectively, 260 

in 2020. 261 

Yield and yield components. In general, SUPP irrigation significantly increased vine 262 

yield, cluster number, cluster mass, and berry mass (Table 3). SUPP irrigation generally 263 

increased yield and yield component values, but the effect was much greater in 2018 and 2020. 264 

Yield increased by 26 and 63% with increased irrigation in 2018 and 2020, respectively, while 265 

the increase in 2019 was marginal at 4% (Fig. S2). Additionally, vine yield averaged across all 266 

treatments declined by 50% between 2018 and 2020. Berry mass was between 9 and 22% greater 267 

for SUPP irrigation in all three years of the study (Fig. S3). Fertilizer did not have any impact on 268 

yield or yield components in all three years of the study. 269 
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Berry primary chemistry. At harvest, SUPP irrigation significantly increased TSS and 270 

sugar per berry in two out of three years, and TA in all three years, while SUPP fertilizer had no 271 

effect on any variable in any year (Table 4). TSS was slightly lower with SUPP irrigation in 272 

2018, but sugar per berry was nearly the same between irrigation treatments, which suggests that 273 

the impact of irrigation on TSS in 2018 was largely a consequence of increased berry FW. In 274 

2019 and 2020, however, TSS and sugar per berry were both higher with SUPP irrigation. In all 275 

three years of the study, there was no pH response to all treatments. SUPP irrigation resulted in 276 

higher TA in all three years, suggesting that, unlike sugar accumulation, the increased irrigation 277 

delayed the natural decline in acidity during ripening. 278 

The response of sugar per berry was modeled as a nonlinear function of other functional 279 

traits as predictors – Ψstem, Anet, pruning mass, and leaf area – that also increased with SUPP 280 

irrigation (Fig. 3). The nonlinear relationships were well-characterized by a four-parameter 281 

asymptotic regression function with predicted asymptotes of 0.263 to 0.270 g that corresponded 282 

to maximum sugar per berry. Of the three models with two years of data (Ψstem, Anet, and pruning 283 

mass; Figs. 3A-C), residual standard error (RSE) was lowest for Ψstem (RSE = 0.0195, df = 29), 284 

followed by Anet (RSE = 0.0228, df = 29), and lastly pruning mass (RSE = 0.0250, df = 29). 285 

Model residual standard error for that using leaf area as a predictor (Fig. 3D) was 0.0135 (df = 286 

13). Using AIC to compare all models, the best fit model was that using Ψstem as the predictor 287 

variable, followed by Anet, pruning mass, and leaf area. From the fitted functions, key threshold 288 

values of Ψstem, Anet, pruning mass, and leaf area that corresponded to 90% of maximum sugar 289 

per berry were extracted. For example, 90% of maximum sugar per berry (0.238 g) coincided 290 

with Ψstem, Anet, and pruning mass values of approximately -0.8 MPa, 12.5 μmol CO2/m2/s, and 291 
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0.8 kg/vine, respectively. For leaf area in 2020, significantly higher sugar per berry between 292 

irrigation treatments was observed at approximately 3.0 m2/vine. 293 

Berry secondary metabolites. Similar to primary fruit composition, the impact of the 294 

treatments on berry secondary metabolites was mostly limited to irrigation (Table 5). Except for 295 

the interaction effect of irrigation and fertilizer on skin tannins—in which SUPP fertilizer 296 

decreased tannins with CON irrigation and increased tannins with SUPP irrigation—fertilizer 297 

had no significant impact on secondary fruit composition on a fresh weight basis. Irrigation had a 298 

significant impact on the fresh weight concentration of all secondary metabolites except for iron-299 

reactive phenolics (IRP) in seeds. Secondary metabolite contents per berry may be referenced in 300 

Table S5. SUPP irrigation generally increased concentrations of skin IRPs, skin tannins, and seed 301 

tannins, though the effect varied by year.  302 

In 2018, the concentration (mg/g FW) and content (mg/berry) of anthocyanins were 303 

lower in fruit from the supplemental irrigation treatment. In 2019, both concentration and content 304 

of anthocyanins were not significantly different between irrigation treatments. In 2020, 305 

concentration was essentially the same but supplemental irrigation treatment increased 306 

anthocyanin content by 30%. This trend in anthocyanins correlates well with the response of 307 

sugar, demonstrated by the strong linear relationship between anthocyanin content and sugar per 308 

berry in 2019-2020 (R2 = 0.61, p <0.001).  309 

Wine chemistry. The concentration of secondary metabolites in the resulting wines 310 

yielded highly inconsistent results that did not significantly corroborate nor controvert the 311 

responses of secondary metabolites in berries (Table S6). Interpretation of wine composition is 312 

further complicated by assumed differences in fermentation kinetics and extraction due to 313 
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differing sugar and ethanol concentrations during fermentation. One noteworthy result was that 314 

supplemental irrigation did not significantly reduce wine anthocyanin concentration when 315 

averaged across fertilizer treatments. 316 

Discussion 317 

The present study was established to investigate whether reducing vine stress by 318 

increasing fertilizer and irrigation inputs could mitigate the impacts of GRBV on vine 319 

physiology and fruit composition. In the second and third year of the study, supplemental 320 

irrigation had positive impacts on gas exchange and canopy growth, which resulted in greater 321 

sugar accumulation at harvest. Elevated water status—the primary response to supplemental 322 

irrigation—improved the production and export of sugar, both of which have been hypothesized 323 

to be compromised by GRBV. The improvement in sugar accumulation in the third year was 324 

great enough to improve anthocyanin concentration despite a consistent increase in berry mass. 325 

The increase in yield is advantageous for growers, but also indicates that absolute yield of sugar 326 

per vine was significantly increased in infected vines. Supplemental fertilizer proved to be 327 

ineffective, though this lack of response may have been a consequence of vines already having 328 

adequate mineral nutrition. 329 

Irrigation improved carbon assimilation and translocation by elevating water status. 330 

Ultimately, the most significant result from this study was an improvement in TSS in fruit from 331 

vines that received supplemental irrigation. Studies of the impact of GRBV on vine physiology 332 

and fruit composition indicate that a reduction in TSS is the most consistent effect of the virus 333 

(Levin and KC 2020). Despite the fact that there were no non-infected vines in this study, there 334 

was nevertheless a significant increase in berry TSS of approximately 1 to 3 °Brix in the SUPP 335 
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irrigation vines. The °Brix improvement observed in this study is within the range or greater than 336 

some reported reductions in TSS as a result of GRBV (Martínez-Lüscher et al. 2019, Levin and 337 

KC 2020). While berry TSS is a useful technological marker for important production decisions 338 

such as harvest, the amount of sugar per berry is perhaps more indicative of vine carbon 339 

metabolism and more directly demonstrates the overall impact of supplemental irrigation on vine 340 

physiology. 341 

Several changes to vine physiology in response to supplemental irrigation likely 342 

contributed to an increase in sugar accumulation in the fruit: namely, increased rate of net carbon 343 

assimilation (Anet), and an increase in canopy size (pruning mass and leaf area). The impact of 344 

increased Anet directly counters the negative impact of GRBV on gas exchange, and results in a 345 

greater pool of photosynthate for export towards ripening fruit. A larger canopy—initially 346 

inferred from pruning mass in 2018 and 2019, but corroborated in 2020 with leaf area 347 

measurements—provides more surface area for light interception and photosynthesis. This 348 

canopy-level effect is multiplicative when combined with higher observed leaf-level Anet. While 349 

these two changes would necessarily have increased the carbon pool, they cannot explain the 350 

mechanism for increased sugar export.  351 

Reduced sugar export may actually drive the cascade of physiological changes in GRBV-352 

infected vines. These include reductions in gas exchange and synthesis of anthocyanins in the 353 

leaves due to end-product accumulation of sugar and subsequent feedback inhibition of 354 

photosynthesis. The latter phenomenon has been described extensively in other plant systems 355 

(Paul and Pellny 2003, Das et al. 2011) and alluded to in GRBV-infected vines (Martínez-356 

Lüscher et al. 2019). The coincidence of higher rates of carbon assimilation, reduced leaf 357 
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reddening, and greater sugar accumulation as a result of increased irrigation suggests that the 358 

impact of GRBV on carbon export was overcome to some extent by the elevated vine water 359 

status in the present study.  360 

The elevated water status may partially explain this increased export that cannot be 361 

accounted for by either Anet or increased canopy size. The pressure flow hypothesis introduced 362 

by Münch (1927) proposes that the rate of phloem sap movement is largely determined by the 363 

water potential gradient between the phloem sieve elements (lower Ψ) and the surrounding 364 

region (higher Ψ). Higher Ψstem may have increased this gradient, thus facilitating greater bulk 365 

flow of sugar towards the ripening fruit. Regardless of the mechanism by which elevated water 366 

status increased sugar export, it is likely the physiological linchpin for mitigating the impact of 367 

GRBV.  368 

The impact of higher Ψstem on Anet could have been direct—by maintaining open stomata 369 

and thus increasing gas exchange—or indirect, by facilitating the export of sugar and preventing 370 

feedback inhibition of photosynthesis due to increased foliar sugar accumulation. It is worth 371 

noting as well that the response of gas exchange varied by year in accordance with water supply. 372 

The difference in gas exchange between SUPP and CON irrigation treatments was generally 373 

greater in 2020—except for postveraison gs—which is the year when applied irrigation and Ψstem 374 

were both overall lower. This also suggests that the impact of increasing irrigation on leaf gas 375 

exchange is more pronounced when vine water deficits are greater. The mechanisms by which 376 

elevated water status improves ripening in GRBV-infected vines remain to be investigated. 377 

Improved sugar accumulation signals a concomitant increase in anthocyanin 378 

synthesis. One anticipated consequence of increased irrigation is increased berry size, which 379 
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ultimately could dilute skin-associated phenolic compounds in wine. Indeed, irrigation 380 

consistently increased berry mass in the present study, but other impacts on berry physiology 381 

complicate the dilution effect. Due to the incomplete understanding of the impact of GRBV on 382 

non-anthocyanin phenolics, and the fact that non-anthocyanin phenolic compounds are largely 383 

synthesized prior to veraison, the impact of the treatments on anthocyanins were of primary 384 

concern in this study.   385 

In ripening grape berries, sucrose has been established as both a signal and substrate for 386 

synthesis of anthocyanins (Pirie and Mullins 1976). Thus, the reduction in anthocyanins in 387 

GRBV-infected berries may be a direct consequence of reduced sugar accumulation. In 2018, 388 

supplemental irrigation did not improve sugar accumulation, and both sugar and anthocyanin 389 

levels were lower relative to the control irrigation treatment. There was a slight improvement to 390 

sugar accumulation in 2019 with supplemental irrigation, which ultimately increased 391 

anthocyanin content per berry slightly. Still, the concentration of anthocyanins per gram fresh 392 

weight was slightly lower in 2019 due to greater berry mass. However, the anthocyanin 393 

concentration of the wines made in 2019 were not significantly different between irrigation 394 

treatments. In 2020, the improvement in sugar accumulation as a result of supplemental 395 

irrigation was great enough to outpace the increase in berry mass with respect to anthocyanin 396 

concentration; both anthocyanin concentration (per gram fresh weight) and content (per berry) 397 

were greater in 2020 when irrigation was doubled.  398 

This result is significant from a practical winemaking perspective as well as for the 399 

understanding of GRBV on vine physiology. The correlation between berry anthocyanin content 400 

and sugar per berry suggests that 1) the relationship between berry sugar accumulation and 401 
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anthocyanin biosynthesis is largely conserved in GRBV-infected vines and 2) GRBV-induced 402 

anthocyanin reductions are likely caused directly by reductions to sugar accumulation. The 403 

hypothesis that sugar is central to many of the impacts of GRBV on vine physiology and fruit 404 

composition as described here is somewhat in conflict with the early work of Blanco-Ulate et al. 405 

(2017) that suggested the impacts of GRBV are instead direct responses to altered transcription 406 

in the phenylpropanoid pathway. Future work integrating physiology with genomics may 407 

disentangle the true etiology of GRBV and associated symptoms. 408 

Physiological measurements aid targeted irrigation of GRBV-infected vines. 409 

Absolute irrigation quantity did not appear to reliably predict or correlate with the irrigation 410 

treatment effect on sugar accumulation. The effect of irrigation on sugar accumulation was 411 

greater in 2020 than in 2019, though the irrigation quantity and total water supply was nearly 412 

double in 2019. Temporal distribution of irrigation may have influenced this as well, as 71 and 413 

59% of irrigation was supplied preveraison and 29 and 41% supplied postveraison in 2019 and 414 

2020, respectively. That is, a greater proportion of total irrigation was supplied during the 415 

ripening period in 2020. Although the data from the present study are unable to disentangle the 416 

effect of temporal distribution of irrigation any further, they raise the question about whether or 417 

not supplemental irrigation of—or rather maintenance of high vine water status in—GRBV-418 

infected grapevines should be focused during the ripening period alone or season-long. 419 

The relationships between sugar per berry and functional traits revealed physiological 420 

thresholds above which there was marginal improvement in sugar accumulation. These 421 

thresholds may assist growers in supplying enough water to support carbon assimilation and 422 

export without wasting water. In the years when a significant improvement of TSS was observed 423 
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(2019-2020), the strongest relationship was observed between sugar per berry and Ψstem, which is 424 

consequently a routine measurement for many growers. Sugar per berry saturated at Ψstem > -0.8 425 

MPa, suggesting that maintaining vine water status above this threshold may maximize sugar 426 

accumulation in fruit from GRBV-infected vines. Vines with Ψstem values at or above -0.8 MPa 427 

are considered under weak to no water deficit (van Leeuwen et al. 2009). This corroborates 428 

recent work showing that water deficits do not improve fruit quality in GRBV-infected vines and 429 

also suggests that reducing vine water deficits may actually improve fruit quality (Levin and KC 430 

2020). Anet, though correlating better with sugar per berry than pruning mass, is impractical to 431 

measure without expensive equipment. Still, the data presented suggest that sugar per berry 432 

saturated at average postveraison Anet values of 12.5 μmol CO2/m2/s. Sugar per berry saturated 433 

pruning mass values of 0.8 kg/vine, though the strong dependance of pruning mass on 434 

training/trellising system may preclude the utility of this threshold in vineyards of different 435 

design than that used in this study. Further, sugar per berry was better correlated to leaf area than 436 

pruning mass. As noted previously, significant differences in sugar per berry were observed 437 

when total vine leaf area was above approximately 3.0 m2 that corresponded to LAI values 438 

approaching 1.0. Finally, there was no relationship between sugar per berry and Ravaz index 439 

values. 440 

Yield response to irrigation has implications for both production and physiology. 441 

The increase in yield was achieved with supplemental irrigation in all three years without a 442 

concomitant penalty on TSS, which is an obvious benefit to growers. The increase in fruit yield 443 

was multiplicative in all three years for the absolute yield of sugar per vine because there was a 444 

greater mass of fruit at the same or higher concentration of sugar. This demonstrates that 445 
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supplemental irrigation has the potential to promote greater sugar accumulation in GRBV-446 

infected vines even at higher yields relative to control irrigation. For production this implies a 447 

greater quantity of fruit with greater TSS, while physiologically the irrigation provides a benefit 448 

to sugar accumulation that supersedes source:sink limitations. 449 

Fertilizer application influenced neither vine nutrient status nor fruit composition. 450 

The application of supplemental fertilizer in the present study was largely ineffective at 451 

mitigating the impacts of GRBV. The majority of plant nutrient values were sufficient, but K+ 452 

values reflected blade deficiencies for all treatment groups irrespective of fertilizer or irrigation 453 

treatment. It was hypothesized that increasing the supply of K+—which is critical for phloem 454 

loading of sugar—to the ripening fruit in GRBV-infected vines would enhance sugar loading and 455 

export, thereby mitigating the impact of GRBV on sugar translocation and accumulation in the 456 

fruit (Rogiers et al. 2017). The increase in petiole K+ status in 2020 with both supplemental 457 

fertilizer and irrigation corroborates reports that additional fertilizer and irrigation are critical to 458 

supplying K+ on clay soils (Sipiora et al. 2005). Despite these improvements to K+ status, values 459 

reflected a K+ deficiency for all treatment groups, largely explaining why the slight improvement 460 

to K+ status did not impact vine physiology or fruit composition. 461 

The impact of water availability on GRBV-infected vines is likely exacerbated by soils 462 

like the smectitic clay in the present study, which have a low plant available water and whose 463 

minerology tends to strongly adsorb cations like K+, particularly at low moisture levels. The 464 

effectiveness of fertilizer and irrigation in improving K+ supply may have been improved by 465 

even greater amounts of fertilizer and water, but foliar K+ applications may potentially bypass 466 
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problems with K+ uptake on dry, clay-heavy soils. Thus, postveraison foliar application of K+ to 467 

GRBV-infected vines may prove more efficacious than soil-applied fertilizer. 468 

Conclusion 469 

In addition to marked improvements in sugar accumulation, the effect of supplemental 470 

irrigation on infected vines provides new evidence that the impacts of GRBV on vine physiology 471 

and fruit composition comprise a cascade of responses to foliar sugar accumulation. The 472 

promising results of this study provide an alternative to vine replacement for growers who may 473 

wish to continue farming GRBV-infected vines and produce fruit of adequate quality. Contrary 474 

to the common practice of deficit irrigation in red wine grape production, it appears that 475 

increasing irrigation in order to maintain vines at low-to-no water deficit (Ψstem > -0.8 MPa) may 476 

have a more positive impact on vine physiology and fruit composition in GRBV-infected vines 477 

with the added benefit of increased yield. 478 
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Table 1  Response of water status, photosynthetic rate, and stomatal conductance to treatments and year. Water status data are means 
± one standard error (n = 4) from 3 and 4 sampling dates in 2019 and 2020, respectively, during the treatment period. Gas exchange 
data are means ± standard error (n = 4) for 1 and 2 sampling dates in 2019 and 2020, respectively. CON = Control (grower standard); 
SUPP = Supplemental (2x grower standard). 

Year Irrigation Fertilizer Ψstem 
(MPa) 

Anet (μmol CO2/m2/s) gs (mol/m2/s) 
Preveraison Postveraison Preveraison Postveraison 

2019 
CON CON -0.99 ± 0.04 21.5 ± 1.1 10.3 ± 1.3 0.243 ± 0.029 0.075 ± 0.019 

SUPP -0.94 ± 0.04 19.7 ± 1.1 10.2 ± 1.3 0.225 ± 0.029 0.082 ± 0.019 

SUPP CON -0.56 ± 0.04 23.0 ± 1.1 18.1 ± 1.3 0.297 ± 0.029 0.180 ± 0.019 
SUPP -0.58 ± 0.04 23.2 ± 1.1 12.2 ± 1.3 0.374 ± 0.029 0.116 ± 0.019         

2020 
CON CON -1.08 ± 0.04 15.0 ± 1.1 7.3 ± 1.3 0.191 ± 0.029 0.074 ± 0.019 

SUPP -1.08 ± 0.04 15.1 ± 1.1 6.9 ± 1.3 0.161 ± 0.029 0.061 ± 0.019 

SUPP CON -0.86 ± 0.04 21.3 ± 1.1 10.7 ± 1.3 0.357 ± 0.029 0.112 ± 0.019 
SUPP -0.85 ± 0.04 22.1 ± 1.1 12.4 ± 1.3 0.374 ± 0.029 0.135 ± 0.019         

     
  ANOVA   

   ------------------------------------------------ P-values ------------------------------------------------ 
  Irrigation <0.001 <0.001 <0.001 <0.001 <0.001 
  Fertilizer 0.691 0.764 0.214 0.859 0.397 
  Year <0.001 <0.001 0.003 0.985 0.208 
  I * F 0.662 0.291 0.352 0.244 0.507 
  I * Y 0.007 0.004 0.802 0.005 0.618 
  F * Y 0.849 0.293 0.067 0.826 0.225 
  I * F * Y 0.440 0.606 0.050 0.891 0.065 
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Table 2  Response of vegetative growth to treatments and year. Data are means ± one standard error (n = 4). CON = Control (grower 
standard); SUPP = Supplemental (2x grower standard). 

Year Irrigation Fertilizer Pruning mass 
(kg/vine) 

Shoot 
number 

Average shoot 
mass (g) 

Leaf area 
(m2/vine) 

2018 
CON CON 0.64 ± 0.08 13 ± 1 48 ± 6 --- 

SUPP 0.61 ± 0.08 13 ± 1 46 ± 5 --- 

SUPP CON 0.76 ± 0.08 14 ± 1 58 ± 7 --- 
SUPP 0.73 ± 0.08 14 ± 1 55 ± 6 ---        

2019 
CON CON 0.67 ± 0.08 17 ± 1 41 ± 5 --- 

SUPP 0.50 ± 0.08 14 ± 1 35 ± 4 --- 

SUPP CON 0.88 ± 0.08 15 ± 1 58 ± 7 --- 
SUPP 0.84 ± 0.08 17 ± 1 48 ± 5 ---        

2020 
CON CON 0.50 ± 0.08 15 ± 1 32 ± 4 2.3 ± 0.2 

SUPP 0.44 ± 0.08 14 ± 1 32 ± 4 2.4 ± 0.2 

SUPP CON 0.88 ± 0.08 14 ± 1 62 ± 7 3.4 ± 0.2 
SUPP 0.79 ± 0.08 13 ± 1 60 ± 7 3.6 ± 0.2        

     
  ANOVA   

   ------------------------------------ P-values ------------------------------------ 
  Irrigation 0.065 0.706 <0.001 <0.001 
  Fertilizer 0.069 0.384 0.295 0.335 
  Year 0.671 <0.001 0.055 --- 
  I * F 0.779 0.139 0.901 0.983 
  I * Y 0.271 0.169 0.007 --- 
  F * Y 0.725 0.254 0.501 --- 
  I * F * Y 0.018 0.074 0.974 --- 
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Table 3  Response of yield and yield components at harvest to treatments and year. Data are means ± one standard error ( n= 4).  
CON = Control (grower standard); SUPP = Supplemental (2x grower standard). 

Year Irrigation Fertilizer Yield 
(kg/vine) 

Cluster 
number 

Cluster 
mass (g) 

Berry 
mass (g) 

2018 
CON CON 3.23 ± 0.21 23 ± 1 142 ± 9 1.14 ± 0.04 

SUPP 2.81 ± 0.21 21 ± 1 133 ± 8 1.17 ± 0.04 

SUPP CON 3.90 ± 0.21 26 ± 1 153 ± 9 1.28 ± 0.04 
SUPP 3.73 ± 0.21 25 ± 1 150 ± 9 1.24 ± 0.04        

2019 
CON CON 2.13 ± 0.21 19 ± 1 203 ± 12 1.05 ± 0.03 

SUPP 1.76 ± 0.21 16 ± 1 211 ± 13 1.00 ± 0.03 

SUPP CON 1.88 ± 0.21 17 ± 1 201 ± 12 1.15 ± 0.04 
SUPP 2.17 ± 0.21 17 ± 1 223 ± 14 1.10 ± 0.04        

2020 
CON CON 1.34 ± 0.21 26 ± 1 51 ± 3 0.79 ± 0.03 

SUPP 1.26 ± 0.21 24 ± 1 53 ± 3 0.85 ± 0.03 

SUPP CON 2.06 ± 0.21 28 ± 1 72 ± 4 0.98 ± 0.03 
SUPP 2.18 ± 0.21 29 ± 1 75 ± 5 1.02 ± 0.03        

    
  ANOVA  

   --------------------------------------- P-values --------------------------------------- 
  Irrigation 0.002 0.010 0.002 <0.001 
  Fertilizer 0.445 0.138 0.596 0.894 
  Year <0.001 <0.001 <0.001 <0.001 
  I * F 0.189 0.176 0.589 0.573 
  I * Y 0.019 0.069 0.002 0.009 
  F * Y 0.494 0.771 0.437 0.065 
  I * F * Y 0.655 0.798 0.941 0.668 
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Table 4  Response of primary berry chemistry at harvest to treatments and year. Data are means ± one standard error (n = 4).  
CON = Control (grower standard); SUPP = Supplemental (2x grower standard). 

Year Irrigation Fertilizer TSS 
(°Brix) 

Sugar per berry 
(g) pH TA 

(g/L) 

2018 
CON CON 21.0 ± 0.6 0.24 ± 0.01 3.53 ± 0.03 3.56 ± 0.18 

SUPP 21.2 ± 0.6 0.25 ± 0.01 3.61 ± 0.03 3.57 ± 0.18 

SUPP CON 20.3 ± 0.6 0.26 ± 0.01 3.49 ± 0.03 3.87 ± 0.18 
SUPP 20.4 ± 0.6 0.25 ± 0.01 3.56 ± 0.03 4.02 ± 0.18        

2019 
CON CON 21.8 ± 0.6 0.23 ± 0.01 3.38 ± 0.03 6.22 ± 0.18 

SUPP 21.8 ± 0.6 0.22 ± 0.01 3.37 ± 0.03 6.20 ± 0.18 

SUPP CON 23.1 ± 0.6 0.27 ± 0.01 3.37 ± 0.03 6.75 ± 0.18 
SUPP 22.4 ± 0.6 0.25 ± 0.01 3.38 ± 0.03 6.56 ± 0.18        

2020 
CON CON 20.5 ± 0.6 0.16 ± 0.01 3.38 ± 0.03 6.10 ± 0.18 

SUPP 20.8 ± 0.6 0.18 ± 0.01 3.39 ± 0.03 6.10 ± 0.18 

SUPP CON 23.5 ± 0.6 0.23 ± 0.01 3.38 ± 0.03 6.52 ± 0.18 
SUPP 23.6 ± 0.6 0.24 ± 0.01 3.36 ± 0.03 6.64 ± 0.18 

              
  ANOVA  

   --------------------------------------- P-values --------------------------------------- 
  Irrigation 0.002 0.001 0.205 0.003 
  Fertilizer 0.445 0.914 0.158 0.908 
  Year <0.001 <0.001 <0.001 <0.001 
  I * F 0.189 0.587 0.740 0.910 
  I * Y 0.019 0.004 0.381 0.914 
  F * Y 0.494 0.240 0.073 0.713 
  I * F * Y 0.655 0.913 0.816 0.783 
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Table 5  Response of secondary fruit composition per unit fresh weight at harvest to treatments and year. Data are means ± one 
standard error (n = 4). CON = Control (grower standard); SUPP = Supplemental (2x grower standard). 

Year Irrigation Fertilizer Anthocyanins 
(mg/g FW) 

Skin IRP 
(mg/g FW) 

Skin tannins 
(mg/g FW) 

Seed IRP 
(mg/g FW) 

Seed tannins 
(mg/g FW) 

2018 
CON CON 0.68 ± 0.04 1.74 ± 0.18 1.07 ± 0.10 2.81 ± 0.19 1.31 ± 0.06 

SUPP 0.62 ± 0.04 1.55 ± 0.18 1.00 ± 0.10 2.29 ± 0.19 1.22 ± 0.06 

SUPP CON 0.43 ± 0.04 1.45 ± 0.18 1.19 ± 0.10 2.89 ± 0.19 1.42 ± 0.06 
SUPP 0.53 ± 0.04 2.00 ± 0.18 1.38 ± 0.10 2.51 ± 0.19 1.21 ± 0.06         

2019 
CON CON 1.00 ± 0.04 2.34 ± 0.18 0.52 ± 0.10 1.34 ± 0.19 0.60 ± 0.06 

SUPP 1.00 ± 0.04 2.12 ± 0.18 0.47 ± 0.10 1.31 ± 0.19 0.57 ± 0.06 

SUPP CON 0.93 ± 0.04 2.14 ± 0.18 0.50 ± 0.10 1.67 ± 0.19 0.67 ± 0.06 
SUPP 0.95 ± 0.04 2.52 ± 0.18 0.65 ± 0.10 1.70 ± 0.19 0.70 ± 0.06         

2020 
CON CON 0.84 ± 0.04 2.80 ± 0.18 1.21 ± 0.10 2.26 ± 0.19 1.29 ± 0.06 

SUPP 0.83 ± 0.04 2.87 ± 0.18 1.04 ± 0.10 2.21 ± 0.19 1.33 ± 0.06 

SUPP CON 0.87 ± 0.04 3.72 ± 0.18 1.07 ± 0.10 2.12 ± 0.19 1.60 ± 0.06 
SUPP 0.86 ± 0.04 3.54 ± 0.18 1.33 ± 0.10 2.32 ± 0.19 1.57 ± 0.06 

                
  ANOVA   

   ------------------------------------------------ P-values ------------------------------------------------ 
  Irrigation 0.028 0.022 0.039 0.164 0.004 
  Fertilizer 0.815 0.586 0.380 0.278 0.237 
  Year <0.001 <0.001 <0.001 <0.001 <0.001 
  I * F 0.264 0.164 0.026 0.510 0.545 
  I * Y 0.006 0.006 0.358 0.378 0.049 
  F * Y 0.829 0.592 0.997 0.130 0.168 
  I * F * Y 0.309 0.080 0.719 0.949 0.585 
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Figure 1  Response of photosynthesis to irrigation treatments preveraison (A) and postveraison (B). Data are 
means ± one standard error averaged across fertilizer treatments (n = 8). The p values in the figure reflect the 
contrasts between irrigation treatments within a given year. CON = Control (grower standard); SUPP = 
Supplemental (2x grower standard). 
 
 

 
 
Figure 2  Response of disease severity to irrigation treatments at harvest, estimated as percent symptomatic 
leaves per vine. Data are means ± one standard error averaged across fertilizer treatments (n = 8). The p values in 
the figure reflect the contrasts between irrigation treatments within a given year. CON = Control (grower 
standard); SUPP = Supplemental (2x grower standard). 
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Figure 3  Response of sugar per berry as a function of Ψstem (A), Anet (B), pruning mass (C), and vine leaf area 
(D). Data are pooled from 2019-2020 and correspond to means averaged across fertilizer treatments. Ψstem data are 
averaged across the treatment period, from the commencement of irrigation to harvest. Anet and leaf area data are 
postveraison means. Leaf area data is only available for 2020 as plotted here using data from three weeks 
postveraison. Sugar per berry values as a function of Ψstem, Anet, pruning mass, and vine leaf area, respectively, 
were fitted to the following asymptotic equations using non-linear least squares: 𝑏𝑏 = 0.269− 0.00173𝑝𝑝−𝑒𝑒1.27𝑥𝑥 ; 
𝑏𝑏 = 0.263− 0.342𝑝𝑝−𝑒𝑒−1.53𝑥𝑥; 𝑏𝑏 = 0.264− 0.289𝑝𝑝−𝑒𝑒1.11𝑥𝑥; and 𝑏𝑏 = 0.271− 0.691𝑝𝑝−𝑒𝑒−0.174𝑥𝑥. AIC values were -
156, -146, -141, and -88 for Ψstem, Anet, pruning mass, and vine leaf area, respectively. CON = Control (grower 
standard); SUPP = Supplemental (2x grower standard). 
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Supplemental Table 1  Evaporative demand and water supply. Growing degree days (GDD), reference ET (ETo), and growing season 
precipitation are accumulated from April 1 to September 30. Dormant season precipitation is accumulated from October 1 of the prior 
year to March 31. Applied irrigation quantities are shown for the control (CON) irrigation treatment and are accumulated from 
irrigation onset to harvest. 

Year GDD 
(base 10°C) 

ETo 
(mm) 

Precipitation (mm) Irrigation (mm) 
Dormant 

season 
Growing 
season Preveraison Postveraison Total 

2018 1608 808 98 56 --- --- 77 
2019 1424 826 204 136 99 41 140 
2020 1536 856 127 86 43 29 72 
Mean 1523 830 143 93 --- --- 96 

 
 
 
Supplemental Table 2  Phenology by date and accumulation growing degree days (GDD). GDD are accumulated from 1 April. 

 Year Bud break Bloom Veraison Harvest 

Date 
2018 April 23 June 3 August 10 October 1 
2019 April 16 June 6 August 7 October 9 
2020 April 16 June 2 August 7 October 19 

GDD 
(base 10°C) 

2018 50 319 1143 1608 
2019 21 297 936 1447 
2020 40 291 945 1647 

 

 



 
American Journal of Enology and Viticulture (AJEV). doi: 10.5344/ajev.2021.21007 

AJEV Papers in Press are peer-reviewed, accepted articles that have not yet been published in a print issue of the journal  
or edited or formatted, but may be cited by DOI. The final version may contain substantive or nonsubstantive changes. 

 
 

34 
 

Supplemental Table 3  Total applied nutrients per fertilizer treatment for each year. Quantities are 
expressed as total elemental mass. CON = Control (grower standard); SUPP = Supplemental (2x grower 
standard). 

Year Fertilizer Nitrogen Phosphorus Potassium 
  ------------------ kg/ha ------------------ 

2018 CON 12.9 1.2 11.1 
SUPP 25.8 2.5 22.2 

2019 CON 7.0 0.7 5.8 
SUPP 14.0 1.4 11.7 

2020 CON 5.5 0.5 2.3 
SUPP 11.0 1.0 4.6 

 
 
 
 
Supplemental Table 4  Nutrient status at veraison per treatment and tissue type. CON = Control 
(grower standard); SUPP = Supplemental (2x grower standard). 

Year Irrigation Fertilizer Petiole Blade 
N (%) P (%) K (%) N (%) P (%) K (%) 

2019 
CON CON --- --- --- 2.10 0.14 0.34 

SUPP --- --- --- 2.27 0.14 0.37 

SUPP CON --- --- --- 2.13 0.17 0.40 
SUPP --- --- --- 2.00 0.18 0.29 

         

2020 
CON CON 0.88 0.12 0.53 2.99 0.17 0.50 

SUPP 0.82 0.14 0.70 2.93 0.17 0.43 

SUPP CON 0.72 0.18 0.85 2.82 0.19 0.57 
SUPP 0.69 0.21 0.71 2.87 0.20 0.51 
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Supplemental Table 5  Response of secondary fruit composition per berry at harvest to treatments and year. Data are means ± one 
standard error (n=4). CON = Control (grower standard); SUPP = Supplemental (2x grower standard). 

Year Irrigation Fertilizer Anthocyanins 
(mg/berry) 

Skin IRP 
(mg/berry) 

Skin tannins 
(mg/berry) 

Seed IRP 
(mg/berry) 

Seed tannins 
(mg/berry) 

2018 
CON CON 0.80 ± 0.05 2.05 ± 0.15 1.26 ± 0.10 3.32 ± 0.19 1.55 ± 0.07 

SUPP 0.73 ± 0.05 1.82 ± 0.15 1.17 ± 0.10 2.70 ± 0.19 1.44 ± 0.07 

SUPP CON 0.58 ± 0.05 1.95 ± 0.15 1.60 ± 0.10 3.92 ± 0.19 1.93 ± 0.07 
SUPP 0.67 ± 0.05 2.48 ± 0.15 1.75 ± 0.10 3.12 ± 0.19 1.51 ± 0.07         

2019 
CON CON 0.98 ± 0.05 2.28 ± 0.15 0.51 ± 0.10 1.31 ± 0.19 0.58 ± 0.07 

SUPP 1.02 ± 0.05 2.16 ± 0.15 0.47 ± 0.10 1.32 ± 0.19 0.58 ± 0.07 

SUPP CON 1.01 ± 0.05 2.35 ± 0.15 0.55 ± 0.10 1.84 ± 0.19 0.73 ± 0.07 
SUPP 1.03 ± 0.05 2.72 ± 0.15 0.71 ± 0.10 1.86 ± 0.19 0.77 ± 0.07         

2020 
CON CON 0.65 ± 0.05 2.18 ± 0.15 0.94 ± 0.10 1.75 ± 0.19 1.01 ± 0.07 

SUPP 0.69 ± 0.05 2.40 ± 0.15 0.86 ± 0.10 1.83 ± 0.19 1.12 ± 0.07 

SUPP CON 0.87 ± 0.05 3.70 ± 0.15 1.07 ± 0.10 2.13 ± 0.19 1.59 ± 0.07 
SUPP 0.87 ± 0.05 3.57 ± 0.15 1.34 ± 0.10 2.34 ± 0.19 1.59 ± 0.07 

                
  ANOVA   

   ------------------------------------------------ P-values ------------------------------------------------ 
  Irrigation 0.417 <0.001 <0.001 0.001 <0.001 
  Fertilizer 0.541 0.295 0.307 0.125 0.128 
  Year <0.001 <0.001 <0.001 <0.001 <0.001 
  I * F 0.611 0.154 0.055 0.945 0.128 
  I * Y <0.001 <0.001 0.110 0.932 0.002 
  F * Y 0.953 0.841 0.907 0.007 0.004 
  I * F * Y 0.214 0.020 0.862 0.832 0.203 
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Supplemental Table 6  Response of wine composition to treatments and year. Data are means ± one 
standard error (n=4). CON = Control (grower standard); SUPP = Supplemental (2x grower standard). 

Year Irrigation Fertilizer Anthocyanins 
(mg/L) 

IRP 
(mg/L) 

Tannins 
(mg/L) 

2019 
CON CON 416 ± 16 406 ± 17 50 ± 5 

SUPP 411 ± 16 359 ± 17 38 ± 5 

SUPP CON 430 ± 16 415 ± 17 43 ± 5 
SUPP 365 ±16 459 ± 17 46 ± 5       

2020 
CON CON 215 ± 16 872 ± 17 85 ± 5 

SUPP 185 ± 16 919 ± 17 131 ± 5 

SUPP CON 166 ± 16 954 ± 17 123 ± 5 
SUPP 218 ± 16 992 ± 17 97 ± 5 

            
  ANOVA  

   -------------------------- P-values -------------------------- 
  Irrigation 0.305 0.001 0.755 
  Fertilizer 0.294 0.135 0.440 
  Year <0.001 <0.001 <0.001 
  I * F 0.619 0.136 0.006 
  I * Y 0.713 0.356 0.874 
  F * Y 0.061 0.102 0.076 
  I * F * Y 0.010 0.070 <0.001 
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Supplemental Figure 1  Response of Ψstem to irrigation treatments. Data are means ± one standard error 
averaged across fertilizer treatments (n=8). The p-values in the figure reflect the contrasts between 
irrigation treatments. CON = Control (grower standard); SUPP = Supplemental (2x grower standard). 

 

Supplemental Figure 2  Response of yield to irrigation treatments at harvest. Data are means ± one 
standard error averaged across fertilizer treatments (n=8). The p-values in the figure reflect the contrasts 
between irrigation treatments. CON = Control (grower standard); SUPP = Supplemental (2x grower 
standard). 
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Supplemental Figure 3  Response of berry mass to irrigation treatments at harvest. Data are means ± 
one standard error averaged across fertilizer treatments (n=8). The p-values in the figure reflect the 
contrasts between irrigation treatments. CON = Control (grower standard); SUPP = Supplemental (2x 
grower standard). 

 

 


