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Project Summary 
 

The overall objective of this research is to determine early- (preveraison) and late-season 
(postveraison) vine water status targets to optimize irrigation scheduling in warm climate Pinot 
noir vineyards. Specific objectives were to:  
 

1.) Irrigate vines at various fractions of crop evapotranspiration (ETc) pre- and postveraison to 
create a range of water stress levels during both periods. 

2.) Determine crop yield and quality parameters at harvest. 
3.) Produce replicated wines for each treatment and subject them to sensory evaluation.  
4.) Correlate crop yield and quality, and wine sensory data with irrigation rates and associated 

water status values. 
 

While Pinot noir has traditionally been cultivated in cooler and wetter growing regions of 
Oregon, new plantings are occurring in warmer and dryer sites that may require supplemental 
irrigation. Consequently, many growers are uncertain about how to properly irrigate Pinot noir 
grapevines to achieve their desired production goals. Providing them with more information 
regarding the effects of water stress on vine performance is necessary for the optimization of 
irrigation management strategies that will simultaneously conserve freshwater resources and 
improve Oregon Pinot noir fruit and wine quality. 

The second year of this two-year field experiment was completed in 2018. Eight irrigation 
treatments at rates ranging from 25 to 100% ETc were imposed in both seasons to the same vines. 
As of this writing, analyses of 2018 fruit quality data are nearing completion, wines have been 
produced, and are awaiting sensory analyses. All fruit and wine analyses of 2017 data have been 
completed. 

Cluster number per vine was higher in vines that experienced water stress postveraison. 
Treatments did not consistently impact berries per cluster or cluster size between years. Berry size 
was negatively correlated with water deficits during both periods, though the response was not 
statistically significant. Given that total applied water amounts were similar across pre- and 
postveraison treatments, and yields were higher in treatments receiving less water postveraison, 
vineyard production and water use efficiency could be optimized by reducing total postveraison 
water application (relative to total estimated ETc) by up to 75%. 

Wine sensory analyses still remain for 2018 samples. Upon completion of analyses, 
phenology-specific water stress target values will be obtained for all horticultural and agronomic 
parameters as well as wine sensory characteristics. These will provide winemakers, vineyard 
managers, and irrigators more information upon which to base irrigation management decisions. 
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Cooperators:  
 
Andy Pearl, Proprietor, Pearl Family Vineyards, Murphy, OR 
 
Mr. Pearl owns and operates the vineyard where the trial is located. 
 
Dr. James Osborne, Associate Professor and Enology Extension Specialist, Department of Food 
Science and Technology, Oregon State University 
 
Dr. Osborne’s laboratory produced the experimental wines from the harvested fruit. 
 
Dr. Elisabeth Tomasino, Associate Professor, Department of Food Science and Technology, Oregon 
State University 
 
Dr. Tomasino’s laboratory will be conducting sensory analyses on the experimental wines. 
 
Objectives and Experiments Conducted to Meet Stated Objectives: 
 
Objectives 
 

The overall objective of this research is to determine early- (preveraison) and late-season 
(postveraison) vine water status targets to optimize irrigation scheduling for warm climate Pinot 
noir vineyards based on production goals. Vines will be irrigated at fractions of crop 
evapotranspiration (ETc) to impose four levels of pre- and postveraison water deficits. Vegetative 
and reproductive growth will be monitored throughout the season, with an emphasis on cluster 
microclimate and berry composition. Following harvest, wines will be made and analyzed for 
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chemical composition and subjected to sensory evaluation. Pre- and postveraison water status 
targets will be determined by correlating fruit yield, fruit quality, and wine quality parameters to 
measured vine water status levels. This study will focus on the differences between pre- and 
postveraison water deficits and will be conducted in a commercial Pinot noir vineyard in Southern 
Oregon. 
 
Experiments 
 

Location and plant materials. The study will be conducted in a small section of a 30 acre 
Vitis vinifera L. cv. Pinot noir (clone 777) vineyard located in the Rogue Valley AVA near 
Wilderville, Oregon (42°23'5.53"N, 123°27'27.90"W) planted in 2009. The vines are grafted on 
101-14 Mgt. (V. riparia x V. rupestris) rootstock. The rows are oriented north-south with a row 
spacing of 8 ft. and a vine spacing of 4 ft. for a vine density of approximately 1361 vines per acre. 
The vines are trained to bilateral cordons and spur-pruned.  

Experimental treatments and design. The irrigation treatments will be characterized by 
varying application rates either pre- or postveraison based on fractions of crop evapotranspiration 
(ETc). However, it should be noted that the ultimate goal of the treatments in this study will be to 
achieve a range of water status levels during each phenological period. Therefore, actual 
application rate for each treatment will be regulated accordingly (so as to avoid severe water 
stress), and may not ultimately reflect described fractions of ETc.  

Irrigation treatments will be initiated at anthesis, changed at veraison, and completed at 
harvest. All vines will be irrigated at the same rate prior to anthesis and following harvest. There 
will also be two control treatments (wet and dry) that receive a constant rate of irrigation from 
berry set until harvest. Treatment descriptions are as follows: 

  
• Wet control (WC) – 100% ETc from anthesis until harvest.  
• Dry control (DC) – 25% ETc from anthesis until harvest.  
• Early deficit 75% (ED75) – 75% ETc preveraison; 100% ETc postveraison.  
• Early deficit 50% (ED50) – 50% ETc preveraison; 100% ETc postveraison. 
• Early deficit 25% (ED25) – 25% ETc preveraison; 100% ETc postveraison. 
• Late deficit 75% (LD75) – 100% ETc preveraison; 75% ETc postveraison.  
• Late deficit 50% (LD50) – 100% ETc preveraison; 50% ETc postveraison. 
• Late deficit 25% (LD25) – 100% ETc preveraison; 25% ETc postveraison. 

 
Irrigation will commence once Ψstem reaches -0.8 MPa (-8 bars). The vineyard will be drip 

irrigated using four, 0.5 gal/hr. emitters per vine. Emitters will be plugged or unplugged to impose 
the irrigation treatments and regulate water application. Inline (in the drip line) water meters will 
be used to quantify applied water amounts. Anthesis and veraison will be defined as 50% capfall 
and 50% cluster coloration, respectively, and determined by visual ratings of tagged 
inflorescences/clusters. 

Vineyard ETc will be estimated using the following equation:  ETc = ETo * Kc, where ETo 
is reference ET and Kc is the crop coefficient. Reference ET will be obtained from the grower’s 
own weather station (Vantage Pro 2, Davis Instruments) located at the research site. Variables 
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measured and calculations used to determine daily ETo can be found in Snyder and Pruitt (1992). 
The crop coefficient will be calculated from accumulated growing degree-days (GDD) from 
budbreak (base 10°C) using the following VSP-specific equation developed by Williams (2014) 
and adjusted for 8 ft. row spacing: Kc = 0.65/(1+ e(-(GDD – 525)/301)). 

The experimental design will be a randomized complete block design with eight treatments 
and five replications. Each block will be 24 vines in length and eight rows across, for a total of 
192 vines per block. Blocks will be replicated down the rows. The treatment plots will be 
randomized within each block, and will be six vines in length and four rows across, for a total of 
24 vines per plot. Data will be collected from the center eight vines (four vines of two center rows) 
of each plot. Thus, each plot will be encircled by a ring of border vines. A total of 320 vines will 
be used for data collection (eight treatments x eight vines per treatment x five replications). 

Vine responses to water deficits. To quantify responses of vine water relations to 
irrigation treatments over time, plant-based measurements of vine water status and leaf gas 
exchange will be made at regular intervals throughout the season. Midday stem water potential 
(Ψstem) will be measured using a pressure chamber (Model 610, PMS Instruments, Corvallis, OR) 
as described by Williams and Araujo (2002), beginning prior to the imposition of the treatments 
through to harvest. Specifically, Ψstem measurements will be taken between 1230 and 1330 h 
Pacific Daylight Time (PDT). Leaves chosen at the time of measurement will be fully expanded, 
mature leaves exposed to direct solar radiation. Leaf blades will be covered with an opaque Mylar 
bag, quickly sealed, and allowed to equilibrate and petioles cut after 30 minutes. Time between 
leaf excision and pressurization will be between 10-15 seconds. A single leaf from each plot will 
be measured and used for data analysis.  

Berry growth and composition. To quantify responses of berry growth and composition 
to irrigation treatments over time, measurements of berry fresh weight, TSS, titratable acidity, pH, 
and skin/seed phenolics will be made at regular intervals throughout the season beginning at berry 
set. Berry samples of 100 berries will be collected from the morning side of the canopy to reduce 
the impact of direct sunlight and high temperature on fruit composition. Samples will be brought 
back to the lab and 10 berries will be subsampled and held at -80°C for phenolics analysis. The 
remaining berries will be weighed, then pressed in a small benchtop hand press, juice collected 
and centrifuged, and TSS determined using refractometry. Titratable acidity and pH will be 
determined using an auto-titrator (Model T50, Mettler Toledo, Columbus, OH). Skin and seed 
phenolics will be determined by Harbertson-Adams assay as described in (Casassa et al. 2015). At 
harvest, clusters will be counted and yield per vine determined. Other yield components (e.g. 
cluster weight and berries per cluster) will be estimated from measured variables. 

Winemaking and sensory analysis. Wines will be produced using microscale fermenters 
at the OSU research winery in Corvallis, OR under the supervision of Dr. James Osborne as 
described by Sampaio et al. (2007). In brief, grapes will be destemmed and 3 kg placed in one 
gallon microscale fermenters. Saccharomyces cerevisiae strain D254 will be added at 25 g/hL after 
rehydration per manufacturer recommendation. Fermentations will be conducted at 27°C with 
°Brix and temperature monitored daily. When all treatments complete alcoholic fermentation 
wines will be pressed, settled, racked, and sampled for analysis. 

The effects of irrigation on wine sensory characteristics will be determined using 
descriptive analysis in Dr. Elizabeth Tomasino’s laboratory. A preliminary study conducted with 
winemakers/expert tasters will be done to determine attributes important to the wines. Full 
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descriptive analysis will be conducted using a panel of red wine drinkers. Panelists will be trained 
on the attributes developed from the preliminary tasting. Standards used for training will be taken 
from previous research as well as sensory panels conducted by Dr. Tomasino’s research group. 
The full panel will be conducted at OSU and this study has human ethics approval (IRB #5832).  

Statistical analyses. The information generated in this study will be used to evaluate 
vegetative growth, reproductive development (yield components), fruit growth and ripening, and 
wine sensory responses to pre- and postveraison water deficits. Data will be analyzed via one-way 
analysis of variance for a randomized complete block design using R software for statistical 
computing (R Core Team 2015). Means will be separated using the Tukey-Kramer method and 
differences considered significant at P < 0.05. 
 
Summary of Major Research Accomplishments and Results by Objective: 
 
 Heat accumulation. In general, the beginning and end of the 2018 growing season were 
significantly warmer than the 2017 growing season, but the middle was slightly cooler (Table 1). 
Total growing degree day (GDD) accumulation from 1 April to 31 October at the study site was 
3154 and 3096 in 2017 and 2018, respectively. In 2018, monthly total GDDs were 49, 6, and 
33% higher in April, May, and October, respectively, compared to 2017. In contrast, 2018 
monthly total GDDs were 8, 2, 13, and 10% lower in June, July, August, and September, 
respectively, compared to 2017. 
 Precipitation. During the study, precipitation trends in were characterized by an 
extremely wet 2017 water year (October 2016 to September 2017) that was approximately 150% 
of normal, followed by an extremely dry 2018 water year (October 2017 to September 2018) that 
was approximately 66% of normal. Of course, most of these differences were established during 
the dormant season, but growing season precipitation (from 1 April to 31 October) was still 
lower 28% in 2018 compared to 2017 (Table 1). Precipitation totals were 8.78 and 6.36 in. in 
2017 and 2018, respectively. Every month had lower total precipitation during the growing 
season, except for July that received 0.01 in. in 2018 (0.00 in. in 2017).  

Evaporative demand. In contrast to water supplied by precipitation, evaporative demand 
(reference ET; ETo) at the study site was similar between 2017 and 2018 (Table 1). Although 
April 2017 data was not collected by the on-site weather station due to installation delays, nearby 
weather stations show ETo during that time was comparable to April 2018 (3.64 in.). Factoring 
this number into the 2017 total, seasonal ETo values totaled 34.0 and 33.9 in. in 2017 and 2018, 
respectively. Notably, July and August ETo totals in 2018 were lower compared to those months 
in 2017 due to early wildfire smoke that reduced solar radiation.  
 Estimated vine water use. Monthly estimated vine water use (crop evapotranspiration; 
ETc) was similar between the two study years (Table 1). Using an estimated monthly average 
crop coefficient (Kc) of 0.11 in April 2017 (calculated from April 2018 data: Kc = ETc/ETo), 
growing season ETc for 2017 and 2018 was 12.8 and 13.2 in. (255 and 263 gal/vine). As for ETo 
data, estimates of ETc were lower in July and August of 2018 compared to 2017 due to wildfire 
smoke during that time. 

Vine phenology. Timepoints of phenological events were similar between the two 
growing seasons of this study, with few notable differences (Table 2). Budbreak was later than 
normal in both years, with 50% budbreak observed in vines on 17 April in 2017 and 23 April in 
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2018. However, bloom was nearly two weeks earlier in 2018 compared to 2017 (31 May vs. 12 
April). Veraison was observed at the study site on almost the exact same day in each year (14 
and 13 August in 2017 and 2018, respectively. Harvest also occurred on almost the same day in 
each year (26 and 24 September in 2017 and 2018, respectively. Notably, harvest occurred 106 
days after bloom in 2017, but 116 days after bloom in 2018. 
 Applied water. Irrigation treatments were imposed when midday stem water potential 
reached -0.8 MPa (-8 bars) – averaged across experimental plots – in each year of the study. In 
general, applied water amounts among all treatments were similar between the two years, with 
slightly more water applied across all treatments in 2018 (Table 3). Applied water in the WC 
treatment (irrigated at 100% of estimated ETc) from the initiation of treatments through harvest 
was 178 and 201 gal/vine (8.9 and 10.1 in.) in 2017 and 2018, respectively. The balance between 
total estimated ETc and total applied water is assumed to have come from stored soil moisture.  
 In 2017 and 2018, treatments were imposed on 10 July and 16 July, respectively. Slightly 
less water was applied during the pre-veraison period in 2018 compared to 2017, whereas 
slightly more was applied during the post-veraison period (Table 3). Total pre-veraison applied 
water amounts for WC and all LD treatments were 95 and 84 gal/vine, in 2017 and 2018, 
respectively. Total post-veraison applied water amounts for all ED treatments were 83 and 117 
gal/vine in 2017 and 2018, respectively. 
 Vine water status. Vine water status (midday stem water potential; Ψstem) was 
significantly impacted by irrigation treatment in each year both pre- and post-veraison (Table 4). 
While there were significant differences between the two years for both pre- and post-veraison 
measurement dates, there were no interaction effects between year and treatment. This would 
indicate that Ψstem responded similarly to the irrigation treatments in each year (in each 
phenological period). Interestingly, pre-veraison Ψstem values were significantly lower in 2018 
compared to 2017, while post-veraison Ψstem values were significantly higher in 2018 compared 
to 2017. 

Pre-veraison, there were no significant differences in Ψstem among WC, ED75, and all LD 
treatments. Post-veraison, there were no significant differences in Ψstem among WC, LD75, and 
all ED treatments. This was notable considering that a 25% reduction in applied water did not 
significantly alter Ψstem during either period, and this was consistent between years. In both 
periods, Ψstem in DC vines was significantly lower compared to all treatments except for ED25 
and LD25 for pre- and post-veraison, respectively.  
 Vine productivity. In both years, there were no statistically significant treatment effects 
on yield, or on any other yield components (Table 5). An initial analysis resulted in significant 
treatment effects on yield and clusters per vine, but after factoring in the different shoot numbers 
per vine, those differences disappeared. However, some notable trends remained in some of the 
variables.  

When data were pooled, yields trended higher in LD vines compared to ED vines by 1.7-
fold, and this difference was only marginally non-significant (P = 0.059) in each year. This was 
likely due to a combination of more and larger clusters per vine. Cluster numbers per vine 
trended approximately 1.3-fold higher in LD vines compared to ED. Similar to yields, clusters 
were slightly larger in LD vines compared to ED vines in each year. This was a result of both 
slightly larger berries and more berries per cluster. Berries per cluster trended slightly larger in 
LD vines compared to ED vines, but this was only evident in 2018, after the initial year of 
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irrigation treatments. Berry size trended lower with lower applied water amounts in ED vines, 
but were not impacted by LD treatments. 

Fruit quality. There were a few more statistically significant differences among 
treatments in most primary fruit compositional variables relative to productivity data. Still, most 
differences were between years rather than treatments, which in turn led to some significant year 
* treatment interaction effects.  

There were no differences between ED and LD vines in total soluble solids (TSS) in 
2017, but TSS was significantly lower in ED vines compared to LD in 2018 (P = 0.012) (Table 
6). In contrast, berry pH was significantly higher in ED vines compared to LD in 2017 (P = 
0.006), but there were no differences in 2018 between treatment classes. There was a linear trend 
in berry titratable acidity (TA) with declining applied water amounts post-veraison (i.e. WC > 
LD75 > LD50 > LD25) in both years (P = 0.059 and 0.041 in 2017 and 2018, respectively). In 
2017, TA was significantly lower in ED vines relative to WC, but this result was not found in 
2018. Malate concentration was significantly lower in ED vines relative to WC in both years (P 
= 0.001 and 0.018 in 2017 and 2018 respectively). There was also a significant linear trend in LD 
vines in both years (P = 0.02 and 0.029 in 2017 and 2018, respectively). For tartrate 
concentration, values were significantly lower in 2018 compared to 2017 (nearly 2-fold). 
However, values in ED vines were consistently and significantly lower than in LD vines (P < 
0.001) in both years. 

Anthocyanin concentration was significantly increased regardless of the timing of the 
water deficit relative to WC (Table 7). Values were also significantly higher in LD vines relative 
to ED vines (P < 0.001) in both years. Finally, there was a significant linear trend in ED vines (P 
= 0.024), but a significant quadratic trend in LD vines (P = 0.006). Results were similar for skin 
tannins. However, seed tannin concentration results were less consistent between years. 
Nonetheless, seed tannin concentration was significantly higher in LD vines compared to ED 
vines in each year. 

Wine sensory. Sensory occurred over several days in spring/summer. In total 13 
winemakers from the Willamette Valley participated. Panelists participated in two different 
activities, both of which used napping paired with ultraflash profiling. One round was just for 
aroma and the other for mouthfeel. Round order was randomly assigned. Two wines, Treatment 
2 and 8 were replicated, however due to apparent spoilage the replicate of treatment 8 has been 
removed. All panelists received 10 wines in random order based on a balanced incomplete block 
design. Wines were coded to conceal their identity (Table 8). 

In napping, panelists are asked to evaluate whininess. This that are more similar are place 
closer together and those that are different are placed further apart. The locations of the wines are 
then translated into X,Y co-ordinates. These co-ordinates are then analyzed using multiple factor 
analysis (MFA).  

In the aroma MFA, 49.8% of all variance can be found in the first 2 dimensions (Fig. 1). 
The T2 replicates do not group together, which is common in these analysis. However due to the 
issues with the T8 replicates the bottles may be more different than normal. Three distinct 
groupings can be seen: Group 1 – T2, T5, T8; Group 2 – T1, T4, T6; Group 3 – T2, T3, T7.  

In the mouthfeel MFA, 45.9% of all variance is accounted for in the first 2 dimensions 
(Fig. 2). Unlike the aroma MFA the T2 replicates are at least similar along the F1 access. 3 clear 
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grouping can be found, although these groupings are different from the aroma groups: Group 1 – 
T2, T3; Group 2 – T2, T7, T8; Group 3 – T1, T4, T5, T6. 

Once panelists had placed wines for napping they were asked to enrich the data with 
terms that best described each wine. These terms were then tallied for each wine and 
correspondence analysis was used to determine which terms best described each wine. (terms 
that were used less than 15% of the total terms were removed from analysis as noise). 

In the aroma Ultraflash profile, 53% of all variance was found using the given terms (Fig. 
3). Groupings from MFA are not as clearly seen with this correspondence analysis, although the 
replicates group much better. A few general observations: T8 may have some spoilage, the T8 
replicate was heavily Leather and meat and this T8 also is characterized by Meat. T5 is 
characterized by ripe and dark fruit aromas. T2 & T3 are characterized by spice, green, pepper 
and solvent aromas. T4 & T6 are characterized by red fruit aromas. T7 and T2 are characterized 
by black fruit, bramble, earthy and medicinal aromas. 

In the mouthfeel ultraflash profile, 52.4% of the variance can be seen in the first 2 
dimensions (Fig. 4). As with MFA, 3 distinct groups can be seen, although the wines in each 
group are different from the MFA groupings. T1, T3 and T4 are characterized by sweet, warm, 
heavy, chewy and concentrated descriptors. T5, T7 and T8 are characterized by thin, lean, 
hollow, lack of tannin and high alcohol/acid descriptors. T8, T2 and T6. T8 is characterized by 
more tannins and full mouthfeel, while T6 and T2 as more drying tannin, plush, grippy, hot etc. 
 
Outside Presentations of Research: 
 

As of the date this report was written, a seminar was given in Corvallis on February 19th, 
2018 as a part of the Horticulture department’s winter term seminar series. Two posters featuring 
data from this study were presented at the 2018 at the OWRI Grape Day in Corvallis on April 3rd, 
2018. Finally, two abstracts were accepted to ASEV for poster presentations at the ASEV 2018 
National Conference in Monterey, CA in late June 2018. It is anticipated that given similar results 
in year three, main project outcomes will be written into another manuscript for publication. 
 
Research Success Statements: 
 

Despite a cold and wet winter followed by a cold and wet spring, the experimental plots 
were successfully laid out and treatments imposed. The irrigation system was successfully 
installed, despite the requirement of re-plumbing the eight experimental rows off of the grower’s 
main irrigation block. Applied water amounts were varied both pre- and postveraison, and these 
altered most aspects of vine physiology, including water relations, fruit growth, and fruit quality. 

Wines were made from research plots by Dr. James Osborne at the OSU Pilot Winery in 
Corvallis. As of this writing, they have gone through malo-lactic fermentation, and have been 
bottled. Dr. Elizabeth Tomasino is planning on running the second sensory panels at the end of 
June of 2019. 
 
Funds Status: 
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All of the funding has been fully committed as of the date of this report. A majority of the 
funds were used for technician salary and other payroll expenses (OPE), although a small portion 
was used to pay for supplies and expenses related to the project, such as equipment 
calibration/maintenance and land use fees charged by the grower. A small portion of the funds 
were used for conference registration and annual membership dues. Since the last report, a new 
technician has been hired to assist in continued laboratory analyses of field samples, which has in 
turn used a bulk of the project funds. It is anticipated that the technician will be employed through 
October 2019, which would take up the remaining balance of project funds.  
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Tables 
 
Table 1. Monthly totals for degree days, precipitation, measured reference evapotranspiration 
(ETo), and estimated crop evapotranspiration (ETc) during the growing season in each year of the 
study. 

 Degree days 
(base 50F) 

 Precipitation 
(inches) 

 Measured ETo 
(inches) 

 Estimated ETc 
(inches) 

Month 2017 2018  2017 2018  2017 2018  2017 2018 
Apr 119 177  4.19 3.95  --1 3.54  --1 0.39 
May 382 405  0.78 0.98  5.92 5.69  0.91 0.98 
Jun 522 478  0.95 0.31  6.31 6.69  1.71 1.94 
Jul 728 715  0.00 0.01  7.51 6.63  3.35 2.96 

Aug. 739 640  0.14 0.00  5.57 5.14  3.25 2.99 
Sept. 469 421  0.62 0.17  3.14 4.04  1.98 2.52 
Oct. 195 260  2.10 0.94  1.92 2.17  1.23 1.38 
Total 3154 3096  8.78 6.36  30.4 33.9  12.4 13.2 

1 Data not collected due to delays with weather station installation 
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Table 2. Phenology of vines in each year of the study.  

Phenological event 
2017  2018 

Date Days  Date Days 
Budbreak 17 April --  23 April -- 

Bloom 12 June 56  31 May 38 
Veraison 14 August 63  13 August 74 
Harvest 26 September 43  24 September 42 

      

Bloom to Harvest  106   116 
Budbreak to Harvest  162   154 
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Table 3. Applied water amounts during pre- and post-veraison periods in each year of the study. 
Pre-veraison period began at treatment imposition and ended at veraison. Treatments were 
imposed on 10 July and 16 July in 2017 and 2018, respectively, once midday stem water 
potential reached -0.8 MPa (-8 bars). Post-veraison period began at veraison (14 and 13 August 
in 2017 and 2018, respectively) and ended at harvest in each year. 

Year Treatment Pre-veraison Post-veraison Total 
  --------------------------- gallons vine-1 ---------------------------- 

2017 WC 95 83 178 

 DC 25 21 46 

 ED75 71 83 154 

 ED50 48 83 131 

 ED25 25 83 108 

 LD75 95 62 157 

 LD50 95 41 136 

 LD25 95 21 116 

     
2018 WC 84 117 201 

 DC 41 30 71 

 ED75 70 117 187 

 ED50 56 117 173 

 ED25 41 117 158 

 LD75 84 88 172 

 LD50 84 59 143 

 LD25 84 29 113 
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Table 4. Mean midday stem water potential (Ψstem) measured at two times in each year of the 
study. Pre-veraison measurement occurred just prior to veraison on 14 August in both 2017 and 
2018, respectively. Post-veraison measurement occurred just prior to harvest on 25 and 23 
September in 2017 and 2018, respectively. Values are means for each treatment ± one standard 
error (n = 3-5). Values are followed by the same letter within a year are not statistically different 
at P < 0.05. 
 

  Pre-veraison  Post-veraison 
Year Treatment Mean SE group  Mean SE group 
2017 WC -0.35 0.07 a  -0.49 0.05 a 

 ED75 -0.47 0.08 ab  -0.54 0.06 ab 
 ED50 -0.80 0.07 bc  -0.55 0.05 ab 
 ED25 -0.99 0.08 cd  -0.52 0.06 ab 
 LD75 -0.34 0.07 a  -0.59 0.05 ab 
 LD50 -0.41 0.07 a  -0.78 0.07 bc 
 LD25 -0.42 0.07 a  -0.97 0.09 c 
 DC -1.16 0.07 d  -1.12 0.11 c 
         

2018 WC -0.58 0.07 a  -0.43 0.04 a 
 ED75 -0.70 0.08 ab  -0.46 0.05 ab 
 ED50 -1.03 0.07 bc  -0.48 0.05 ab 
 ED25 -1.23 0.08 cd  -0.45 0.05 ab 
 LD75 -0.57 0.07 a  -0.51 0.05 ab 
 LD50 -0.64 0.07 a  -0.68 0.06 bc 
 LD25 -0.66 0.07 a  -0.84 0.07 c 
 DC -1.40 0.07 d  -0.97 0.09 c 
         

ANOVA Treatment  < 0.001    < 0.001  
 Year  < 0.001    0.0011  
 T * Y  0.829    0.205  
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Table 5. Yield and yield components from samples collected at harvest in each year of the study. Data are means ± one standard 
error (n = 3-5). Values are followed by the same letter within a year are not statistically different at P < 0.05. 
 

Year Treatment Yield 
(kg vine-1)a Clusters vine-1 Cluster FW 

(g) Berries cluster-1 Berry FW 
(g) 

2017 WC 3.5 ± 0.4 a 40 ± 3 a 89 ± 7 a 77 ± 6 a 1.15 ± 0.05 a 
 ED75 2.8 ± 0.4 a 35 ± 3 a 80 ± 8 a 74 ± 7 a 1.07 ± 0.06 a 
 ED50 3.2 ± 0.4 a 41 ± 3 a 77 ± 7 a 73 ± 6 a 1.05 ± 0.06 a 
 ED25 3.3 ± 0.4 a 39 ± 3 a 83 ± 8 a 83 ± 8 a 1.02 ± 0.06 a 
 LD75 4.0 ± 0.4 a 44 ± 3 a 92 ± 7 a 75 ± 6 a 1.10 ± 0.05 a 
 LD50 3.5 ± 0.4 a 39 ± 3 a 91 ± 7 a 75 ± 6 a 1.11 ± 0.05 a 
 LD25 3.5 ± 0.4 a 40 ± 3 a 89 ± 7 a 82 ± 6 a 1.11 ± 0.05 a 
 DC 2.6 ± 0.3 a 33 ± 2 a 80 ± 7 a 94 ± 8 a 0.98 ± 0.06 a 
            

2018 WC 3.8 ± 0.4 a 38 ± 3 a 102 ± 8 a 102 ± 8 a 0.99 ± 0.05 a 
 ED75 3.0 ± 0.4 a 32 ± 3 a 93 ± 9 a 98 ± 10 a 0.91 ± 0.06 a 
 ED50 3.4 ± 0.4 a 38 ± 3 a 90 ± 8 a 103 ± 9 a 0.89 ± 0.06 a 
 ED25 3.5 ± 0.5 a 36 ± 3 a 97 ± 9 a 102 ± 10 a 0.86 ± 0.06 a 
 LD75 4.3 ± 0.5 a 42 ± 3 a 106 ± 8 a 131 ± 10 a 0.93 ± 0.05 a 
 LD50 3.8 ± 0.4 a 36 ± 2 a 105 ± 8 a 121 ± 9 a 0.95 ± 0.05 a 
 LD25 3.8 ± 0.4 a 38 ± 3 a 103 ± 8 a 107 ± 8 a 0.95 ± 0.05 a 
 DC 2.9 ± 0.3 a 31 ± 2 a 93 ± 8 a 97 ± 8 a 0.81 ± 0.06 a 
            

ANOVA Shoots/vine 0.038  0.034  0.158  0.198  0.697  
 Treatment 0.222  0.177  0.691  0.802  0.163  
 Year 0.081  0.074  0.005  < 0.001  < 0.001  
 T * Y 0.348  0.800  0.611  0.028  0.425  

a multiply by 0.82 for kg per meter of row   
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Table 6. Primary fruit chemistry from samples collected at harvest in each year of the study. Data are means ± one standard error 
(n = 3-5). Values are followed by the same letter within a year are not statistically different at P < 0.05. 
 

Year Treatment TSS (Brix) pH TA (g/L) Malate (g/L) Tartrate (g/L) 
2017 WC 23.6 ± 0.8 a 3.64 ± 0.04 ab 4.5 ± 0.3 ab 1.3 ± 0.2 a 2.7 ± 0.2 a 

 ED75 22.8 ± 1.0 a 3.68 ± 0.05 ab 3.5 ± 0.3 bc 0.6 ± 0.2 ab 2.7 ± 0.2 a 
 ED50 22.5 ± 0.9 a 3.78 ± 0.04 a 3.1 ± 0.2 c 0.6 ± 0.2 ab 3.1 ± 0.2 a 
 ED25 22.7 ± 1.0 a 3.72 ± 0.05 ab 3.5 ± 0.3 bc 0.6 ± 0.2 ab 2.7 ± 0.2 a 
 LD75 22.4 ± 0.8 a 3.58 ± 0.04 b 4.5 ± 0.3 a 1.0 ± 0.2 a 2.9 ± 0.2 a 
 LD50 22.7 ± 0.8 a 3.66 ± 0.04 ab 4.2 ± 0.3 ab 0.6 ± 0.2 ab 2.6 ± 0.1 a 
 LD25 21.9 ± 0.8 a 3.64 ± 0.04 ab 4.0 ± 0.3 ab 0.9 ± 0.2 ab 2.6 ± 0.1 a 
 DC 21.4 ± 0.9 a 3.78 ± 0.04 a 3.1 ± 0.2 c 0.3 ± 0.1 b 2.7 ± 0.2 a 
            

2018 WC 20.9 ± 0.8 a 3.58 ± 0.04 a 4.5 ± 0.3 a 1.0 ± 0.2 a 1.4 ± 0.1 a 
 ED75 20.9 ± 1.0 a 3.62 ± 0.05 a 3.9 ± 0.3 a 0.6 ± 0.2 a 1.5 ± 0.1 a 
 ED50 19.7 ± 0.9 a 3.63 ± 0.04 a 4.2 ± 0.3 a 0.5 ± 0.1 a 1.7 ± 0.1 a 
 ED25 19.9 ± 1.0 a 3.68 ± 0.04 a 4.1 ± 0.3 a 0.5 ± 0.2 a 1.4 ± 0.1 a 
 LD75 21.6 ± 0.8 a 3.64 ± 0.04 a 4.4 ± 0.3 a 0.9 ± 0.2 a 1.5 ± 0.1 a 
 LD50 22.1 ± 0.8 a 3.64 ± 0.04 a 4.1 ± 0.3 a 0.6 ± 0.1 a 1.4 ± 0.1 a 
 LD25 21.5 ± 0.8 a 3.66 ± 0.04 a 4.0 ± 0.3 a 0.6 ± 0.1 a 1.4 ± 0.1 a 
 DC 22.5 ± 0.9 a 3.75 ± 0.04 a 3.7 ± 0.2 a 0.6 ± 0.2 a 1.4 ± 0.1 a 
            

ANOVA Treatment 0.790  0.057  < 0.001  0.031  0.410  
 Year < 0.001  0.023  < 0.001  0.138  < 0.001  
 T * Y 0.010  0.035  < 0.001  0.007  0.878  
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Table 7. Concentrations of polyphenolic compounds from samples collected at harvest in each year of the study. Anthocyanins 
are in malvidin-3-glucoside equivalents. Tannins and phenolics are in catechin equivalents. Data are means ± one standard 
error (n = 3-5). Values are followed by the same letter within a year are not statistically different at P < 0.05. 
 

Year Treatment Anthocyanins Tannins  Phenolics 
Skin Seed  Skin Seed 

  ------------------------------------------------ mg g-1 berry FW -----------------------------------------------    
2017 WC 0.61 ± 0.07 b 0.60 ± 0.06 c 1.23 ± 0.14 bc  0.97 ± 0.14 c 3.15 ± 0.36 bc 

 ED75 0.77 ± 0.09 ab 0.65 ± 0.07 bc 1.45 ± 0.18 abc  1.75 ± 0.18 ab 3.88 ± 0.46 abc 
 ED50 0.75 ± 0.08 ab 0.73 ± 0.06 abc 1.39 ± 0.16 abc  1.40 ± 0.16 bc 3.11 ± 0.40 bc 
 ED25 0.90 ± 0.09 ab 0.89 ± 0.07 ab 1.77 ± 0.18 abc  2.25 ± 0.18 a 4.32 ± 0.46 ab 
 LD75 0.92 ± 0.07 a 0.91 ± 0.06 a 1.81 ± 0.14 ab  1.78 ± 0.14 ab 4.20 ± 0.36 ab 
 LD50 0.86 ± 0.07 ab 0.85 ± 0.06 ab 2.00 ± 0.14 a  1.93 ± 0.14 ab 5.22 ± 0.36 a 
 LD25 0.78 ± 0.07 ab 0.65 ± 0.06 c 1.84 ± 0.14 ab  1.49 ± 0.14 bc 4.38 ± 0.36 ab 
 DC 1.03 ± 0.08 a 0.79 ± 0.06 abc 1.06 ± 0.16 c  1.74 ± 0.16 ab 2.30 ± 0.40 c 
             

2018 WC 0.80 ± 0.07 b 0.75 ± 0.06 c 1.48 ± 0.14 a  1.57 ± 0.14 a 3.30 ± 0.36 a 
 ED75 0.95 ± 0.09 ab 0.80 ± 0.07 bc 1.53 ± 0.18 a  1.48 ± 0.18 a 3.44 ± 0.46 a 
 ED50 0.93 ± 0.08 ab 0.88 ± 0.06 abc 1.72 ± 0.16 a  1.73 ± 0.16 a 3.70 ± 0.40 a 
 ED25 1.08 ± 0.09 ab 1.04 ± 0.07 ab 1.27 ± 0.18 a  1.82 ± 0.18 a 3.31 ± 0.46 a 
 LD75 1.10 ± 0.07 a 1.06 ± 0.06 a 1.78 ± 0.14 a  1.95 ± 0.14 a 4.36 ± 0.36 a 
 LD50 1.04 ± 0.07 ab 1.00 ± 0.06 ab 1.64 ± 0.14 a  1.76 ± 0.14 a 3.93 ± 0.36 a 
 LD25 0.96 ± 0.07 ab 0.80 ± 0.06 c 1.58 ± 0.14 a  1.43 ± 0.14 a 3.46 ± 0.36 a 
 DC 1.21 ± 0.08 a 0.94 ± 0.06 abc 1.63 ± 0.16 a  1.71 ± 0.16 a 4.25 ± 0.40 a 
             

ANOVA Treatment 0.013  < 0.001  0.041   < 0.001  0.013  
 Year < 0.001  < 0.001  0.862   0.814  0.598  
 T * Y 0.472  0.156  0.002   0.019  0.003  
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Table 8.  Treatment codes for sensory analyses. 
 

Irrigation Treatment Sensory Code 
WC T1 
DC T2 

LD75 T3 
LD50 T4 
LD25 T5 
ED75 T6 
ED50 T7 
ED25 T8 
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Figures 
 
Figure 1. Aroma MFA 
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Figure 2. Mouthfeel MFA 
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Figure 3. Aroma Ultraflash profiling 
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Figure 4. Mouthfeel Ultraflash profiling 
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Supplementary Figures 
 
Supplementary Figure 1. Daily total degree days (DDs) over the course of the 2017 and 2018 
growing seasons (1 April to 31 October). The dotted line represents daily values, whereas the 
solid line represents a weekly moving average. 
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Supplementary Figure 2. Daily precipitation events over the course of the 2017 and 2018 
growing seasons (1 April to 31 October). 
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Supplementary Figure 3. Daily total ETo over the course of the 2017 and 2018 growing seasons 
(1 April to 31 October). The dotted line represents daily values, whereas the solid line represents 
a weekly moving average. 
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Supplementary Figure 4. Daily total ETc over the course of the 2017 and 2018 growing seasons 
(1 April to 31 October). The dotted line represents daily totals, whereas the solid line represents a 
weekly moving average. 
 

 
 


