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Abstract: Irrigation efficiency is a priority for sustainable orchard management. 
Regulated deficit irrigation (RDI) is a management strategy that has been shown to 
conserve water, reduce vegetative growth and pruning costs, reduce leaching of 
agrochemicals into groundwater, and improve fruit quality attributes. In apple 
specifically, fruit quality effects of RDI have included reduced fruit size and 
weight loss during storage, and increased fruit firmness, dry matter content, total 
soluble solids, and aromatics. In this study, water stress as indicated by stem WP 
did not occur either year, thus irrigation was never applied to the RDI treatment 
plots, indicating that irrigation may not be necessary for a young cider apple 
orchard at this site. The differences in juice quality attributes of the three cultivars 
in this study were similar to their historic measures and not due to irrigation 
treatment. RDI also did not impact vegetative growth, fruit yield, juice yield, or 
any juice quality attributes, but did slightly decrease fruit weight and size both 
years (although the latter was not significant) and increased fruit firmness in 2020. 
Differences in juice quality due to RDI were not observed in this study likely 
because trees did not reach the threshold to induce physiological stress. 
 
Project Description: Irrigation management is an increasing area of focus for 
cider apple growers as population growth, environmental conservation, and climate 
change reduce water availability to agriculture. In Western states, 80% of total 
water withdrawals are for agricultural use (Washington State University, 2020a). 
Maximizing the efficiency of irrigation can improve profitability for agricultural 
producers and reduce water usage. The decreased demand for water can also 
increase in-stream flows for aquatic habitat.  
 
Regulated deficit irrigation (RDI), which is providing less water than the 
prevailing evapotranspiration demand, is a promising irrigation conservation 
measure if practiced prudently (Chalmers et al., 1986). RDI application in fruit 
trees was first evaluated in peach and pear for the purpose of reducing shoot 



growth and subsequent pruning costs (Chalmers et al., 1981; Mitchell et al., 1984). 
In apple production, RDI has also been shown to affect fruit quality attributes. 
Mpelasoka (2001) demonstrated a decrease in fruit size and an increase in the dry 
matter concentration, firmness, and total soluble solids (TSS) of ‘Braeburn’ in 
response to RDI. While a reduction in fruit size is not desirable for table apples, it 
could be a positive effect for cider apples as the skin has the highest concentration 
of polyphenols, which provide for the highly desired cider sensory attributes of 
astringency and bitterness. A smaller fruit has a greater skin to flesh ratio than a 
larger fruit; thus, juice extracted from smaller cider apples may have a greater 
polyphenol concentration than juice extracted from larger fruit. Greater firmness is 
desirable for cider apples because when firmer fruit are milled, they produce 
particles with a greater surface area to volume ratio, which provides for a more 
efficient pressing (Root and Barrett, 2005). Achieving a higher polyphenol 
concentration with less apple tissue could also provide for reduced waste 
generation in the milling and pressing of fruit. Further, a greater TSS content is 
favorable for cider apples as more sugar equates to a higher potential alcohol by 
volume percentage in the final fermented product, since sugar is the substrate 
converted by yeast to chemical energy and ethanol.  
 
Cider apples are categorized based on their tannin and acid content, and bittersweet 
(>0.20% tannin, <0.45 % acid) and bittersharp (>0.20% tannin, >0.45 % acid) 
cultivars are preferred for cider. Dabinett, Golden Russet, and Porter’s Perfection 
were chosen for this study because they are popular among growers and have 
different fruit acid and tannin contents from each other: Dabinett is high in tannin 
and low in acid, Porter’s Perfection is high in acid and tannin, and Golden Russet 
is low in tannin and high in acid (Miles et al., 2017). Additionally, these cultivars 
have been observed to vary from each other in physiological response to water 
deficit (e.g., the fruit of Golden Russet tend to split and deteriorate).  
 
Total precipitation during the summer months at WSU NWREC has historically 
averaged 141 mm, and total crop water need has averaged 455 mm (Washington 
State University, 2020b). Commercial cider apple growers generally irrigate the 
orchard to maintain soil-water content close to field capacity, with irrigation 
applied twice a week from June to September. Thus there is an opportunity to test 
if RDI can be used effectively to reduce water usage in the region for cider apple 
production and increase fruit quality for cider. 
 
Outputs 

• Overview of Work Completed and in Progress: 



1) Irrigation treatments were carried out for 2 years (2019, 2020), total 
applied water per treatment was calculated, emitter flow rates were verified, 
and water use efficiency was calculated for both years. 
2) Vegetative growth was measured on a shoot length in 2019 and canopy 
area basis in 2020. 
3) Fruit were harvested and yield was calculated, fruit quality data collected, 
fruit were pressed and juice collected, and juice samples were frozen for 
juice quality data collection both years. All 2019 and 2020 data analysis is 
complete and presented in this report. However, relationships between 
primary variables and weather data are yet to be investigated and will be 
presented in the journal article resulting from this project. 
 

• Methods, Results, and Discussion:  
 
Methods 
The study was carried out in the cider apple research orchard planted in 2016 at 
WSU Mount Vernon NWREC and included 3 cultivars (Dabinett, Golden Russet, 
and Porters Perfection) and 2 irrigation treatments (regulated deficit and 
commercial standard) with 4 replicates. Main plots consisted of 18 to 24 trees, and 
split plots consisted of 8-12 trees. Plots differed in number of trees due to wind and 
disease damage, and difference in number of trees per plot was taken into account 
when calculating yield. 
 
Irrigation was applied via a surface drip irrigation system (1.8 cm diameter, 0.61 
m emitter spacing, drip rate of 0.56 mL/s) both years. Both years for the RDI 
treatment, the preset irrigation threshold was when the mid-day stem potential 
dropped to -1.5 MPa. In 2019 the control irrigation (CI) treatment was determined 
through a survey of regional grower practices and CI plots were irrigated twice a 
week for 4 hours per application from 3 June to 16 October, with adjustments 
made for any significant rain events within a 24-hour period of a scheduled 
irrigation. In 2020, CI was based on Irrigation Scheduler Mobile (ISM), developed 
by Washington State University (Ag Weather Net, 2020). Modifications to default 
ISM values were made, using precipitation and reference evapotranspiration data 
from an onsite weather station, site specific soil characteristic data from Web Soil 
Survey, and custom crop coefficients based on two studies of similar orchards 
(Volschenk, 2017; Zanotelli et al., 2017), adjusted for tree age using a multiyear 
study that also observed evapotranspiration (Marsal et al., 2013). ISM incorporates 
changing crop coefficients throughout the season as plant water use changes 
(emergence, fruit expansion, leaf fall, etc.), which were found for each cultivar 
using average historical data (Miles et al., 2019).  



 
Total applied water per treatment was measured both years with a FM150B water 
meter (Rain Bird Corporation, Azusa, CA) and verified by calculating water 
application based on the total duration subplots were irrigated throughout the 
season and the drip emitter flow rate. Emitter flow rates and distribution uniformity 
were verified by collecting the output in catch pans over a fixed time interval in 
2019 and the same rate and distribution uniformity were used in 2020. Water use 
efficiency was calculated as the total fruit fresh weight per subplot divided by the 
total applied water per subplot. Soil water content was measured with capacitance 
sensors (TEROS 10, METER Group, Inc.) placed in one replicate, and electrical 
resistance sensors (Watermark, Irrometer Company, Inc.) placed in three replicates 
in 2019 and all four replicates in 2020. 

 
Stem water potential was measured weekly on two randomly selected trees from 
the center of each subplot with a pressure chamber (PMS Instrument Company, 
Albany, OR) following the guidelines in Shackel (2011) and Fulton et al. (2014). 
For each tree, a foil bag was placed around two shaded leaves, leaves left enclosed 
for 15 minutes, and then one leaf at a time removed from the tree for stem water 
potential reading. Leaves were removed such that maximum petiole remained 
attached for full insertion into the pressure chamber.  

 
Vegetative growth in 2019 was measured by selecting three random shoots on each 
side (west and east) of two randomly selected representative trees in each subplot 
(six shoots per tree, 12 shoots per subplot). Shoots were tagged and their length 
measured every two weeks from 26 June to 8 August. In 2020, vegetative growth 
was measured for three randomly selected trees in each subplot using digital 
photographs and the Canopeo application (Canopeo, Stillwater, OK). 
Measurements began when all three cultivars had leafed out on 8 May, pictures 
were taken biweekly until 8 Sept. (12 weeks), and the percent canopy cover of 
each cultivar was calculated. Winter pruning will be done by our cider apple crew 
in Feb. 2021, amount of time will be recorded, and pruned fresh biomass will be 
weighed for each subplot.  

 
Apples were harvested in 2019 based on an average historical harvest date at WSU 
NWREC in combination with minimum Brix and Cornell starch iodine index value 
thresholds of 15 and 5, respectively. Each cultivar had all 4 replicates harvested on 
one day and the fruit were pressed on the same date as harvest. In 2020, apples 
were harvested when a random sample from representative trees in each subplot 
reached the target TSS levels indicative of full maturity based on historical cultivar 
information at WSU NWREC, and when each cultivar had a rating 7–8 on the 8-



point Cornell starch iodine index. Harvest in 2019 was based on harvest practices 
for table apples, whereas in 2020, fruit were picked when they reached full 
maturity, which is more desirable for cider. First, all apples were harvested from 
the buffer trees. Second, 40 representative apples were selected and picked from 
the center trees in each plot: 1 apple per quadrant (upper east, upper west, lower 
east, lower west) was harvested per tree. Third, the remaining apples in each 
subplot were harvested and weight was recorded. In 2020, fruit weight was 
recorded separately for the trees that received stem WP measurements to compare 
yield with stem WP values. The 40 selected apples were weighed and size was 
recorded. One of the three cultivars, Golden Russet, was randomly chosen for 
evaluation of firmness in 2019. Five representative apples were selected from the 
40 fruit per subplot, a spot on the widest part of the apple was peeled, and firmness 
(Newtons) measured with a fruit hardness tester, using the settings Peak H and 
Fast. In 2020, firmness was measured for all cultivars.  

 
Both years, the 40 select apples of each subplot were washed, milled (MuliMax 30, 
Zambelli Enotech, Camisano Vicentino, Italy), and pressed (bladder press, 
Enotechnica Pillan, Camisano Vicentino, Italy). Amount of time to juice the apples 
and juice volume (mL/kg) were measured in 2020. Both years, 250 mL of juice 
was collected from each subplot and frozen for later analysis.  
 
Results 
The RDI plots were not irrigated in either year because trees never reached the 
predetermined stem WP threshold.  
 
Total applied water. The control treatment received 90,455 gallons per acre (3.3 
inches) in irrigation between 11 June and 13 September 2019. The control 
treatment received 49,377 gallons per acre (1.8 inches) in irrigation between 14 
July and 11 September 2020. Fig. 1 summarizes precipitation experienced during 
the 2019  and 2020 growing seasons. The difference in the amount of irrigation 
between years was primarily due to the difference in the irrigation scheduling 
methodology. In 2019, irrigation was applied twice a week, whereas in 2020 
irrigation was applied at a calculated soil water content threshold, a change made 
based on preliminary data from 2019 that showed irrigation in the control 
treatment (based on an informal grower survey) was in excess of plant 
requirements. However, early-season precipitation was also greater in 2020 than in 
2019.  
 
 



 
Figure 1. Cumulative precipitation (in) at WSU Mount Vernon NWREC 
during the 2019 and 2020 growing seasons, and the 25-year average (Ag 
WeatherNet, 2020).  
 

Soil moisture. No difference in soil-water potential between irrigation treatments 
was observed in either year prior to the start of irrigation in the CI subplots (Fig. 
2). However, differences were observed within a week of the onset of irrigation, 
and differences persisted until the last irrigation event, when fall rains began. 

Figure 2. Soil-water potential (kPa) of control and regulated deficit irrigation 
treatments from 3 June to 16 Oct. 2019, and 1 June to 30 Sept. 2020. 
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Stem WP. Stem WP in 2019 did not show any meaningful differences due to 
cultivar (Fig. 3) or irrigation treatment (Fig. 4) over time in 2019 (Table 1). While 
there were differences between the two irrigation treatments on some dates, both 
treatments were far from the threshold value to trigger irrigation in the RDI 
treatment (-1.5 MPa). In 2019, stem WP averaged 0.66 MPa on 15 May and 0.46 
MPa on 18 Sept., with a max of 0.98 MPa on 26 July, 2019. In 2020 stem WP did 
not differ due to irrigation treatment (Fig. 4), but differed by cultivar for the 
majority of the year (Fig. 3) (Table 1). While this relationship was significant, the 
values were still far from the threshold value. Stem WP averaged 0.55 MPa on 15 
May and 0.33 MPa on 15 Oct., with a max of 0.73 MPa on 29 July, 2020. The 
cultivar ‘Dabinett’ experienced the greatest stem WP of 0.98 MPa on 29 July, 2020 
and ‘Porter’s Perfection’ experienced the least stem WP of 0.19 MPa on 7 Oct., 
2020. 
 

 

 
Figure 3. Stem-water potential of cvs. Dabinett, Golden Russet, and Porter’s 
Perfection from 15 May to 18 Sept., 2019, and from 15 May to 15 Oct., 
2020. 
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Figure 4. Stem-water potential of CI and RDI treatments from 15 May to 18 
Sept., 2019, and from 15 May to 15 Oct., 2020. 

 
Vegetative growth. Total vegetative growth as measured by the difference in 
starting shoot length and end of season shoot length in 2019 showed no difference 
due to irrigation treatment. There was a difference between cultivar, with 
‘Dabinett’ having a larger increase in shoot length (approx. 5 in.) from the 
beginning to the end of the growing season than ‘Golden Russet’ and ‘Porter’s 
Perfection’ (approx. 1 in.) (Table 1). However, it is possible that early season vigor 
in ‘Golden Russet’ and ‘Porter’s Perfection’ was not captured in our sampling 
window, 27 June to 8 Aug. Total vegetative growth as measured by end of season 
percent canopy cover in 2020 also showed no difference due to irrigation treatment 
but differed due to cultivar. ‘Dabinett’ had the largest percent canopy cover 
(54.5%) compared to ‘Golden Russet’ (31%) and ‘Porter’s Perfection’ (22%) 
(Table 2). Future studies should start repeated measurements mid-May to capture 
growth for the whole season. 
 
Fruit quantity and quality. Both years fruit yield and size, and juice yield (mL/kg) 
did not differ due to irrigation treatment but there was a difference in fruit weight 
(Table 3), with the CI treatment apples weighing more than RDI treatment apples 
(Table 5). Fruit yield differed due to year and was greater in 2019 than 2020. Fruit 
yield and size also differed due to cultivar and both were greatest for ‘Dabinett’, 
intermediate for ‘Golden Russet’ and lowest for ‘Porter’s Perfection’ (Table 4). 
Fruit weight also differed due to cultivar and year, and there was an interaction 

 

2019 2020 



between cultivar and year. Fruit weight was greater for ‘Porter’s Perfection’ and 
‘Dabinett’ in 2019, while ‘Golden Russet’ fruit weight was similar both years 
(Table 3). Juice yield differed due to cultivar, with ‘Dabinett’ having the lowest 
yield (478 mL/kg) compared to ‘Golden Russet’ and ‘Porter’s Perfection’ (558 
mL/kg for both) (Table 4). In 2019 fruit firmness was only measured on ‘Golden 
Russet’ and there was no difference due to irrigation treatment (32.1 N). In 2020, 
firmness differed due to irrigation and cultivar, but there was no significant 
interaction between irrigation and cultivar (Table 3). Apples treated with deficit 
irrigation were firmer (38.2 N) than the control treatment (36.2 N) (Table 5).  
 
Juice quality. Both years, no juice quality parameter (TA, SSC, % Tannin, pH, 
specific gravity) differed due to irrigation, while all parameters differed due to 
cultivar (Tables 6 & 7).  
  
Table 1. End of season vegetative growth by increase in shoot length (in.) from 27 June to 8 
Aug. 2019 and canopy area (%) in 2020 for three cultivars grown with control and regulated 
deficit irrigation treatments. 
Cultivar Shoot Growth (in.) Canopy Cover (%) 
Dabinett 5.2 a            54.5 a 
Golden Russet 0.9 b            31.0 b 
Porter’s Perfection 1.1 b            22.0 c 
P-Value <0.0001 <0.0001 

 
Table 2. Fruit yield (lbs. per tree), weight (lbs. per fruit), diameter (in.) and juice yield (mL/kg) 
for three cultivars grown with control and regulated deficit irrigation treatments. 
 
Cultivar Yield 

2019 
Yield 
2020 

Fruit 
Weight 
2019 

Fruit 
Weight 
2020 

Fruit 
Diameter 

Juice 
Yield 

Firmness 

Porter’s 
Perfection 

5.9 a 1.5 a 0.15 a 0.12 a 1.98 a 558.0 b 43.5 a 

Golden 
Russet 

9.4 a 8.6 b 0.29 b 0.29 b 2.59 b 558.0 b 37.6 b 

Dabinett 27.8 14.0 c 0.31 b 0.27 b 2.74 c 478.0 a 30.5 c 
P-Value <0.0001 <0.0001 <0.0001 <0.001 <0.0001 <0.0001 <0.0001 

 
Table 3. Fruit yield (lbs. per tree), weight (lbs. per fruit), size (in.) and juice yield (mL/kg) for 
control and regulated deficit irrigation treatments. 
 
Treatment Yield Fruit 

Weight 
Fruit 
Size 

Juice Firmness 

Control 11.4 0.244 a 2.46 522.0 36.2 a 
Deficit 10.7 0.228 b 2.42 537.0 38.2 b 
P-Value 0.70 0.02 0.13 0.17 0.04 



 
Table 4. Juice quality attributes (% Tannin, Titratable Acidity, Specific Gravity, Soluble Solid 
Content, and pH) for three cultivars grown with control and regulated deficit irrigation 
treatments. 
 

Cultivar % Tannin 
2019 

% Tannin 
2020 

TA 
2019 

TA 
2020 SG SSC pH 

Dabinett 0.33 ab 0.33 b 0.13 a 0.15 a 1.057 a 13.1 a 4.47 a 
Golden 
Russet 0.24 a 0.16 a 0.50 b 0.46 b 1.077 b 16.4 b 3.43 b 

Porter’s 
Perfection 0.35 b 0.66 c 0.67 c 0.83 c 1.054 a 12.1 a 3.17 c 

P-Value <0.0001 <0.0001 <0.0001 <0.001 <0.0001 <0.0001 <0.0001 
 
 
Table 5. Juice quality attributes (% Tannin, Titratable Acidity, Specific Gravity, Soluble Solid 
Content, and pH) for control and regulated deficit irrigation treatments. 
 
Treatment % Tannin  TA SG SSC pH 
Control 0.34 0.49 1.063 14.1 3.69 
Deficit 0.35 0.43 1.063 13.6 3.70 
P-Value 0.71 0.05 0.82 0.32 0.39 

 
 
 
Discussion 
Water stress as indicated by stem WP did not occur either year in this study, and 
thus irrigation was never applied to the RDI treatment plots. This result indicates 
that irrigation may not be necessary for a cider apple orchard at the 3rd and 4th leaf 
stage in these climate conditions and this soil type. A decrease in yield of all three 
cultivars in 2020 compared to 2019 regardless of treatment was likely due to 
natural biennial bearing habit of the cultivars. While the three cultivars in this 
study differed from each other in fruit and juice quality attributes, these differences 
were similar to their historic measures and not due to irrigation treatment. RDI also 
did not impact vegetative growth (shoot length in 2019, canopy area in 2020), fruit 
yield, juice yield, or any juice quality attributes. RDI did decrease fruit weight and 
size both years, however the latter was not significant. RDI did increase fruit 
firmness in 2020, and in 2019 there was insufficient data to make any conclusions. 
Differences in juice quality were not observed in this study likely because trees did 
not reach the threshold to induce physiological stress. 
 
 
 



• Publications, Handouts, Other Text & Web Products: 
A BIOAg blog posting was made in March of 2019. 
A summary report was posted on our website January 2021: 
cider.wsu.edu/rdi/ 

• Outreach & Education Activities: 
An overview of our study was presented at the annual winter Field Day of the 

Western Washington Fruit Research Foundation on 2 March, 2019  
Orchard tour was provided for students in the Foundational Cider Making 

class on 14 March and 24 October 2019 
Washington State legislators received an overview of our study on 13 August 

2019 
Poster and oral presentations highlighting the project and results to-date were 

presented at CiderCon in January 2020 in Oakland, CA.  
 
 

 
Impacts 
Short-term: results of this preliminary work have provided new data that will lead 
to a better understanding of the impact of irrigation on cider apple fruit yield and 
quality. In this study we found that irrigation was not necessary to achieve 
equivalent yield and fruit quality to the control treatment in both years. Protocols 
that we have developed along with data collected provide a foundation for 
publications as well as methods and justification for grant applications. A 2021 
WSDA Specialty Crop Block Grant concept proposal has been submitted to build 
on this project. Timeframe: 1-2 years. 
Intermediate-term: researchers and cider apple growers will learn if there is an 
overall difference in vegetative growth and fruit yield and quality due to irrigation 
treatment. Lack of access to irrigation water is a constraint to expanding and 
sustaining agricultural production in western Washington. Irrigation of the cider 
apple research orchards at WSU NWREC has been adjusted in response to results 
of this project. Cider apple growers gained familiarity with preliminary study 
results and several irrigation scheduling strategies, and may also revise their 
orchard irrigation schedules based on our study results. Timeframe: 2-3 years.  
Long-term: cider apple growers will utilize knowledge gained from this research to 
optimize their irrigation practices. Timeframe: 4-6 years. 
 
Additional funding applied for/secured: A WSU Internal Cider Grant and a WSDA 
Specialty Crop Block Grant were submitted to fund this project in 2020 but neither 
was successful. However, WSDA reviewers gave our proposal high marks and 

https://cider.wsu.edu/rdi/


asked for more results to justify our project, thus we have resubmitted our proposal 
in 2021. 
 
Graduate students funded: Yes, in 2020. 
 
Recommendations for future research: new vegetative growth measurements 
should be explored to look at whole canopy rather than individual branch 
differences or one side of the canopy; tree physiology should be assessed to 
determine if consecutive years of RDI has an impact on bud initiation and growth; 
juice should be analyzed more thoroughly for polyphenol constituents with more 
comprehensive methods like spectrophotometry; additional locations should be 
included to contrast effect of RDI in environments where water is limiting tree 
productivity; potential collaboration with grower collaborator in eastern 
Washington pending approval of proposal submission.  
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