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Abstract: The effect of four years of deficit irrigation on water savings, yield, crop load, plant growth, and juice
composition was determined on Cabernet Sauvignon grapes grown on the Central Coast of California. The grow-
ing season was divided into three periods. The first was from budburst to fruit set, during which there was no
irrigation. The second was from fruit set to three weeks post-fruit set, during which 75% of calculated crop water
use (ET,) was applied for all treatments. The third began three weeks post-fruit set and continued to harvest, dur-
ing which irrigation resumed whenever the leaf water potential (LWP) reached -1.2 MPa in one of three sustained
deficit irrigation treatments equal to 25/35% (LOW), 50% (MED), and 75/65% (HIGH) of ET,. The sum of rainfall
and irrigation applied during the growing season ranged from 91 to 196 mm, from 145 to 234 mm, and from 198 to
273 mm for the LOW, MED, and HIGH treatments, respectively. Total water use, including soil water during the
growing season, ranged from 250 to 359 mm, 288 to 418 mm, and 313 to 378 mm for the LOW, MED, and HIGH
treatments, respectively. Yield was linearly related to the sum of irrigation and rain and to the total available water
(rain, irrigation, and stored soil water) during the growing season. Yield was consistently lower in the LOW treat-
ment across all years than in the MED and HIGH treatments; while yields in the MED and HIGH treatments were
not different. Average pruning weight and cane weight declined in all treatments over the four years of the study,
as did average berry size. Berry and wine composition was not affected by irrigation treatment within a given year,
but were different across years due to climate, irrigation schedules, and harvest dates. Our results illustrate potential
applied water savings during the growing season with moderate deficit irrigation (i.e., MED), with minimal or no
significant effect on fruit yield and juice composition, while severe reduction of applied water (i.e., LOW) led to loss

of yield without changing juice composition and would not be considered economically sustainable.
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An industry-sponsored economic survey estimated that
United States grape products are valued at $162 billion annu-
ally (MKF Research 2007), making them the highest-valued
perennial specialty crop in the U.S. The semiarid regions of
California, Oregon, and Washington account for >90% of
U.S. grape production and >9% of global grape production
(fourth after France, Italy, and Spain). There are currently
319,000 ha of grapes under production in California, of which
~194,000 ha are winegrapes, 33,200 ha are table grapes, and
91,900 ha are raisin grapes. Conservative estimates of the
water applied for grape production in California are in the
range of 1.56 billion cubic meters per year (Cooley 2015).

In 2015, California was in the fourth year of a severe
drought that resulted in agriculture receiving severely re-
duced surface water allocations and extensive fallowing of
agricultural land. Thus, irrigators needed to respond by devel-
oping water management practices that contribute to achiev-
ing sustainable levels of future use. For perennial crops, im-
proved water management may include refining crop water
requirements, improving irrigation scheduling, and adopting
deficit irrigation strategies.

Deficit irrigation is routinely practiced in winegrape pro-
duction for limited time periods to reduce plant vigor and
improve grape composition (Edwards and Clingeleffer 2013).
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A variety of deficit irrigation strategies, including sustained
deficit irrigation (SDI), regulated deficit irrigation (RDI), and
partial root-zone drying (PRD), have been implemented in
winegrape production with minimal effects on yield, depend-
ing on the severity of the deficit strategies used (Roby et al.
2004, Lopez et al. 2009, Santesteban et al. 2011, Romero and
Martinez-Cutillas 2012, Shellie 2014). RDI has been imple-
mented by researchers to control plant vigor to improve color
intensity, sugar, total anthocyanins, and flavonols (Santeste-
ban et al. 2011, Romero et al. 2013), but it has generally not
been used as a water-saving measure.

Most deficit irrigation strategies are not applied across
an entire growing season, but instead target specific growth
stages from budburst to fruit set, fruit set to veraison, and ve-
raison to harvest. These strategies may include changing the
volume of water applied within phenological stages, manag-
ing the stem water potential (V) during specific phenological
stages, or combinations of applied water and managed stem ¥
(Acevedo-Opazo et al. 2010). Maximum yields of Thompson
Seedless grapes were achieved with an SDI application equal
to 80% of the crop water requirement (ET,; Williams et al.
2003), and it was demonstrated that watering grapevines to
full ET, reduced wine quality (Williams and Matthews 1990).

The objectives of this research were: (1) to develop alterna-
tive deficit irrigation management strategies for winegrapes
in California and, (2) to determine the impact of alternative
deficit irrigation management strategies on crop yield, fruit
composition, and plant response in a commercial vineyard.

Materials and Methods

This research was conducted for four years (2011 to 2014)
on a 14-year-old Vitis vinifera L. (cv. Cabernet Sauvignon
clone 7) on rootstock 5C vineyard located at J. Lohr Vine-
yards in Paso Robles, CA (35.687'N; -120.662"W; Figure 1).
The 31-ha experimental area contained 12 contiguous individ-
ual fields divided into two blocks, with each block containing
two replications of three irrigation treatments (LOW, MED,
and HIGH). The statistical design was a randomized complete
block. Ten contiguous vines in the center of each plot were
selected based on uniformity of size and lack of disease, and
were used each year for data collection. The experiment was
located on well-drained sandy loam over clay (San Ysidro se-
ries) and sandy loam over gravelly silty clay (Arbuckle series).

The crop was planted in 1997 in a north-south orientation
with a 3-m row spacing and a 1.8-m within-row vine spac-
ing. A three-wire vertical shoot-position (VSP) trellis was
used and the vines were head-trained, cane-pruned to three
canes with 10 to 12 buds/cane, and two to three, two-bud
renewal spurs with two canes going in one direction and the
third cane going in the opposite direction. The training used
in this block is characterized as a modified sprawl. On the
east-facing side were two lift wires and the canopy was ver-
tical in the fruit zone. On the west facing side, only one lift
wire was used and the canopy was allowed to hang over the
fruit zone to provide protection from the afternoon sun. The
crop load was thinned in 2011, but not in any year thereafter,
by design. The vines were pruned in January each year and
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the pruning weights were determined. The total number of
canes on the 10 vines in each 10-vine plot was counted, and
all canes were removed except for three canes saved for the
coming year. The canes from each 10-vine plot were bundled
and weighed in the field.

A 2-m wide, no-till cover crop of Blando Brome and Zorro
fescue was planted between rows prior to the beginning of the
experiment. The vine row was sprayed with a pre-emergent
herbicide postharvest, and again in late winter. The cover
crop was not irrigated, thus rainfall was the only water sup-
ply. After pruning, the canes were mulched and the cover crop
was mown, with a second mowing occurring in late April
after the cover crop had gone to seed. The last fertilization
on this field was in 2012, when a banded application of a
compost/sulfur/gypsum blend (1.7 T/ha popcorn sulfur, 1.7
T/ha gypsum, 13.3 T/ha treated compost) was applied.

The irrigation treatments were designed to provide differ-
ent volumes during three periods of the growing season. The
first period was from budburst to fruit set, when no irrigation
was applied. The second period was from fruit set to three
weeks post-fruit set, during which 75% of calculated crop
water use (ET,) was applied to all treatments. The third period
began three weeks post-fruit set and irrigation was resumed
when the leaf water potential (LWP) reached -1.2 MPa in
one of the three SDI treatments. At this time, SDI treatments
were implemented that were equal to 25/35% (LOW), 50%
(MED), or 75/65% (HIGH) ET, accumulated following the
previous week’s irrigation. In 2012, the volume of applied
water in the LOW treatment was increased from 25 to 35%
ET,, and the volume of applied water in the HIGH treatment
was decreased from 75 to 65% ET, in consultation with the
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Figure 1 Layout of field plots in the J. Lohr Cabernet Sauvignon vineyard
located in Paso Robles, CA. LOW is 25/35% of calculated crop water use
(ET.) applied as sustained deficit postveraison to harvest. MED is 50%
of ET, applied as sustained deficit postveraison to harvest. High is 75%
of ET, applied as sustained deficit postveraison to harvest.

Am. J. Enol. Vitic. 68:4 (2017)



460 — Ayars et al.

grower cooperator. The different volumes of application were
achieved by adjusting the run time of the irrigation system.

The ET, since the previous week’s irrigation was calculated
using daily reference evapotranspiration (ET,) obtained from
the Western Weather Group (WWG) (www.westernweather-
group.com) weather station (35.64'N; -120.63"W) located at
the Paso Robles municipal airport, ~3.3 km southeast of the
vineyard, multiplied by a crop coefficient (K.). The K, was
determined from a table based on growing degree day (GDD)
base 10°C for multiple-row spacing. The cooperator managed
the irrigation and used the GDD-K, for a VSP vineyard with
a row spacing of 3 m to compute daily ET,. The K, begins at
0.11, increases to 0.49 at a total of 1500 GDD, and remains
constant thereafter. The GDD data were taken from the same
WWG station as the ET,.

The crop was drip-irrigated each Tuesday using a single
lateral attached to the trellis and positioned ~0.3 m above the
ground with 2 L/hr emitters spaced at ~1 m intervals along
the drip line. The system was operated manually to apply the
previous week’s ET, based on the LOW, MED, and HIGH ir-
rigation treatments. Each treatment had a Signet paddlewheel
electronic water meter (Ryan Herco) installed, and the applied
water was recorded on a CR 1000 data logger (Campbell Sci-
entific Instruments).

A Puresense irrigation management system (JAIN Irri-
gation) installed in June 2012 measured soil water content
continuously in 30-cm increments to a depth of 1.5 m in one
replication of each treatment using capacitance probes. The
soil water content was assumed representative of the entire
field at that depth. The Puresense system also monitored the
irrigation system runtime and collected weather data over
the grapevine canopy. The soil water contribution to total
ET, was calculated between budburst and harvest as the sum
of the percent change in soil water content for each 30-cm
depth increment.

LWP was measured weekly on Monday between 1200 and
1400 hr using a PMS Instrument model 600 pressure chamber
(Scholander et al. 1964). One fully expanded, fully sunlit leaf
from each of the 10 experimental vines was covered with a
plastic bag prior to removal from the vine. The petiole was
broken from the vine, cut with a razor, then inserted into the
pressure chamber. LWP measurements were begun in May
just prior to fruit set and continued through harvest.

Harvest was scheduled when Brix reached ~25. Fruit from
the 10 measurement vines in each plot were harvested indi-
vidually into a single bin per vine. The number of clusters
was counted and the bin was weighed in the field. The average
cluster weight was determined by dividing the total weight by
the number of clusters. The fruit from each plot was subsam-
pled into three separate containers for further analysis. A total
of 1.4 kg of fruit from each of the 10 vines (14 kg total) was
put into one of the containers and sent to the E&J Gallo Re-
search winery in Modesto, CA, for small-batch winemaking.
Two clusters from each vine (20 clusters total) were put into
each of the remaining two containers. One of the containers
was sent to E&J Gallo for fruit analysis and the other was sent
to the J. Lohr laboratory to determine berry weight and color

density. Ten berries were removed from each cluster and sent
to the J. Lohr laboratory, where three 50-berry samples were
selected and weighed to obtain an average weight for each
replication. At E&J Gallo, a subsample of berries from each
plot was collected, then juice was expressed and analyzed for
soluble solids (Brix), pH, titratable acidity (TA), and potassium
using standard methods (Iland et al. 2004).

Wines were produced from grape samples from each 10-
vine plot at the research winery of E&J Gallo. The grapes
were crushed using a destemmer-crusher (Miller Company).
Sulfur dioxide (40 mg/L) was added to the grapes at crushing,
and must TA was adjusted to between 0.6 to 0.7 g/100 mL,
without dropping the pH below 3.5. Commercial yeast strain
ICV D254 (Lallemand) was used to inoculate the juice at a
pitch rate of 0.18 g/L. The crushed grapes (must) were placed
in temperature-controlled stainless-steel fermentation tanks
and maintained at 30°C until fermentation was complete.
Grape skins rising to the top of the tank during fermentation
were punched down twice per day until the must was pressed
at 0 Brix using a membrane press (Miller Company). The
wines were cold-settled, filtered, then stored in nitrogen-blan-
keted stainless-steel tanks at 12°C until bottled. Free sulfate
concentrations were adjusted to 30 mg/L prior to bottling.

At bottling, the wine lots were analyzed for alcohol per-
centage (by gas chromatography), TA, malic acid, total phe-
nols, and anthocyanins (using standard analytical methods)
(Chapman et. al 2004), and aroma (IBMP, B-damascenone,
geraniol, linalool, nerol), color (anthocyanins), and mouthfeel
(total C6 compounds, polymeric tannins, quercetin glyco-
sides) compounds.

Analysis of variance was performed and the Tukey test
was used to determine significant differences among treat-
ments at p < 0.05. Both procedures were performed using
SigmaPlot (Systat Software, Inc.).

Results

The phenological stages, average temperature, and accu-
mulated GDDs for the period from budburst to harvest at
the Paso Robles site were calculated (Table 1). There was a
14% increase in average annual temperature from budburst
to harvest over the project that resulted in a 16% increase in
GDDs, and was associated with a 25% increase in annual
ET, (Table 2). Budburst was generally the first two weeks of
April except for in 2012, when it occurred in the third week
(Table 1). Bloom occurred nearly a month earlier in 2014 than
in 2011 (Table 1). After 2011, the coolest year in the project
(Table 1), fruit set occurred earlier each year, shifting from
the third week in June to the second week in May, nearly a
month earlier. As a result, veraison moved from the middle
of August to the last week in July, and harvest was in the
first one to two weeks of October. The time from fruit set to
harvest increased from 107 days in 2011 to 144 days in 2014
(Table 1).

The applied irrigation, rainfall, ET,, and ET, data accumu-
lated during the growing season are summarized, along with
the rainfall and irrigation from the previous year’s harvest to
budburst (Table 2). Previous grower practice indicated that
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~300 mm was sufficient to fill the soil water in the crop root
zone and meet the consumption of water from budburst to
fruit set. Thus, the goal was to have at least 300 mm of water
from rainfall and irrigation applied prior to budburst. The
volume of supplemental irrigation applied prior to budburst
was based on the rainfall that occurred post-harvest from the
previous year. The change in soil water content (ASW) during
the growing season was also measured (Table 2).

The ET, for the growing season varied from a low of 898
mm in 2011 to a high of 1193 mm in 2014. The calculated
water consumption (ET,) ranged from 286 mm in 2011 to 405
mm in 2014. The small ET, in 2011 reflects that it was the
coolest year of the study.

The applied water data by treatment are given for each year
along with the sum of the rainfall during the growing season
(Table 2). The total applied water (irrigation + precipitation;
[+P) summaries ranged from 91 mm (LOW treatment in 2011)
to 273 mm (HIGH treatment in 2012). Starting in 2012, the
ASW was available and was added to the applied water calcu-
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lation (total). In general, soil water use decreased as applied
water increased from the LOW to HIGH water treatments. As
a result, the average total available water across all treatments
(from LOW to HIGH) increased from an average of 227 to
364 mm in 2012 to an average of 233 to 379 mm in 2013, and
from 182 to 283 mm in 2014. This emphasizes the importance
of stored soil water as a component of total vineyard water
use. The total soil water in the 1.5-m root zone at budburst
returned to approximately the same levels (375 to 450 mm)
for each treatment during winter in 2013 and 2014, indicating
that the soil water profile was filled and there was adequate
water to meet crop demands. The data in Figure 2 give the
variation in total soil water content to a depth of 1.5 m for
each of the treatments from 2012 to 2014.

The applied water savings during the growing season were
calculated based on meeting the full calculated ET,. For the
HIGH treatment, the water savings ranged from 75 mm in
2012 to 181 mm in 2014, the year with the highest ET,. The
savings in the MED treatment ranged from 121 mm in 2012

Table 1 Summary of crop phenology dates, average temperature, and accumulated growing degree days (GDD) for the period from bud-
burst to harvest for a Cabernet Sauvignon vineyard located on the J. Lohr Ranch, Paso Robles, CA.

Year Budburst 50% Bloom Fruit Set 50% Veraison Harvest Avg temp (°C) GDD Base 10°C
2011 8 April 10 June 21 June 10 Aug 6 Oct 17.9 1484
2012 22 April 26 May 5 June 3 Aug 9 Oct 20.0 1722
2013 13 April 18 May 30 May 27 July 2 Oct 19.7 1710
2014 9 April 14 May 10 May 28 July 1 Oct 19.8 1749

Table 2 Water balance summary from 2011 to 2014 for an irrigation study on a Cabernet Sauvignon vineyard located on
the J. Lohr Ranch, Paso Robles, CA, for the growing season defined as budburst to harvest. LOW is 25/35% of ET, applied as
sustained deficit postveraison to harvest. MED is 50% of ET, applied as sustained deficit postveraison to harvest.

HIGH is 75% of ET, applied as sustained deficit postveraison to harvest.

Growing season (mm)

Total (I+P)? ET,° (mm) ET.(mm)
Harvest to Growing Growing Irrigation Water Total Water
Year budburst® season season treatment P 1 I+P Savings? ASWe  (I+P+SW) Savings'
2011 325 898 286 LOW 39 52 91 195 ND - -
MED 39 106 145 141 ND - -
HIGH 39 159 198 88 ND - -
2012 168 998 348 LOW 4 177 181 167 178 359 0
MED 4 223 227 121 148 375 0
HIGH 4 269 273 75 85 358 0
2013 208 1091 363 LOW 0 196 196 167 145 341 22
MED 0 234 234 129 184 418 0
HIGH 0 269 269 84 109 378 0
2014 298 1193 405 LOW 0 138 138 267 112 250 155
MED 0 180 180 225 108 288 117
HIGH 0 224 224 181 89 313 92

al: applied irrigation water; P: precipitation.

PHarvest to budburst means from harvest of the previous year to budburst of the current year.

¢ ET,: reference evapotranspiration.

dWater savings based on meeting the full crop water requirement (ET,), with only irrigation and rainfall applied during the growing season.

®ASW: change in soil water content.

'Water savings based on meeting the full crop water requirement (ET,), with irrigation and rainfall applied during the growing season and stored

soil water.
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to 225 mm in 2014, while the savings in the LOW treatment
ranged from 167 mm in 2012 and 2013 to 267 mm in 2014.
When the savings are averaged by treatment across the four
years of the project, there was a savings of 199 mm in the
LOW treatment, 154 mm in the MED treatment, and 109 mm
in the HIGH treatment. Compared to the average ET, during
this period of 350 mm, there was 56, 44, and 30% savings in
the LOW, MED, and HIGH treatments, respectively (Table
2). However, when the ASW during the growing season is
added to irrigation and precipitation, ET, was fully met in
2012, but not in the LOW treatment in 2013, and not in any
treatment in 2014. This emphasizes the importance of rainfall
and supplemental irrigation in replenishing the soil water in
the crop root zone during fallow periods.

In each year, the LWP was ~ -1.0 MPa in early June prior to
fruit set, indicating that the vines were not under stress (Fig-
ure 3). There was a gradual increase in stress in 2011, reaching
a max in September after crop development was completed,
with a LWP at veraison of ~ -1.2 MPa. By the end of the
growing season (2011), the difference in LWP between the
LOW treatment and the remaining treatments was sufficient
to justify a change in the irrigation treatment strategy. The
percentage ET, in the LOW treatment was increased and that
of the HIGH treatment decreased (Figure 3). In 2012, the LWP
decreased from -1.0 MPa in mid-June to -1.7 MPa by August at
veraison, after which there was some recovery to ~ -1.5 MPa.
In 2013, the LWP decreased from -1.2 MPa at the start of the
irrigation treatments to -1.4 MPa at veraison and ~ -1.5 MPa
until mid-September, when it decreased to -1.7 MPa at harvest
(Figure 3). The LWP response in 2014 differed from the previ-
ous years. The irrigation treatments began at -0.8 MPa and
reduced to -1.2 MPa. There was brief recovery in stress fol-
lowed by a gradual decrease to ~ -1.4 MPa at veraison, which
remained at that level until harvest (Figure 3). There was very
little separation in the stress values among treatments except
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Figure 2 Total soil water content to a depth of 1.5 m for LOW, MED,
and HIGH deficit irrigation treatments in a J. Lohr Cabernet Sauvignon
vineyard located in Paso Robles, CA. LOW is 25/35% of calculated crop
water use (ET,) applied as sustained deficit postveraison to harvest.
MED is 50% of ET, applied as sustained deficit postveraison to harvest.
HIGH is 75% of ET, applied as sustained deficit postveraison to harvest.
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Figure 3 Leaf water potential from 2011 to 2014 for LOW, MED, and HIGH
deficit irrigation treatments in a J. Lohr Cabernet Sauvignon vineyard
located in Paso Robles, CA. LOW is 25/35% of calculated crop water use
(ET.) applied as sustained deficit postveraison to harvest. MED is 50%
of ET, applied as sustained deficit postveraison to harvest. HIGH is 75%
of ET, applied as sustained deficit postveraison to harvest.
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in 2014, when the LOW treatment was separated from the
other treatments throughout the growing season.

The fruit yields, berry weight, fruit per vine, clusters per
vine, and cluster weight were compared by treatment within
each year of the study (Table 3). In 2011 and 2014, the LOW
treatment had lower berry weights than the MED and HIGH
treatments, while no difference was observed between the
MED and HIGH treatments. There were differences in berry
weight between all treatments in 2012 and no difference in
berry weight across treatments in 2013 (Table 3). Except in
2011, the weight of the fruit per vine was different between
the LOW treatment and the other two treatments, with no dif-
ferences between the MED and HIGH treatments. The clus-
ters per vine differed between the LOW to HIGH treatments
in 2012 and 2013. There were no differences in the number
of clusters per vine in 2014. Within a year, the cluster weight
increased with increased water consumption, with differences
between the LOW and MED and HIGH treatments, but not
the MED and HIGH treatments. The net effect is that yields
were higher in the MED and HIGH treatments than in the
LOW treatment, but with no difference between the MED and
HIGH treatments. The exception was in 2011, where the MED
was different from the HIGH and LOW treatments (Table 3).
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The berry weight, clusters per vine, fruit per vine, cluster
weight, and yield were also studied across years within an
irrigation treatment (Table 3). With the exception of the fruit
per vine in the LOW treatment, there were differences in the
variables across the years for each irrigation treatment. There
is no distinct pattern of response for these variables across
the years. Thus, the responses are fully independent of the
irrigation management.

The pruning weight per vine, canes per vine, weight per
cane, and yield to pruning ratio (Ravaz index) are given for
each irrigation treatment within a year and for each irriga-
tion treatment across years (Table 4). There were differences
in pruning weight per vine, with weights increasing as the
applied water increased, except in 2013 (Table 4). While
there were differences between the LOW treatments and
other treatments, there were none between the MED and
HIGH treatments. In 2011 and 2014, there were no differ-
ences across treatments in the canes per vine. In 2012, there
were differences in the canes per vine between the LOW
and other treatments, but not between the MED and HIGH
treatments. In 2013, the difference was between the LOW
and MED treatments and the HIGH treatment, with HIGH
having the lowest number of canes.

Table 3 Summary of berry weight and yield per vine, clusters
per vine, cluster weight, and total yield for four years and three
irrigation strategies on a Cabernet Sauvignon vineyard located on
the J. Lohr Ranch, Paso Robles, CA. Data are compared across
treatments within a year and across years by treatment. LOW is
25/35% of calculated crop water use (ET,) applied as sustained
deficit postveraison to harvest. MED is 50% of ET, applied as
sustained deficit postveraison to harvest. HIGH is 75% of ET,
applied as sustained deficit postveraison to harvest.

Table 4 Summary of yield, pruning weight per vine, and ratio
of yield to pruning weight (Ravaz index) and canes per vine
as a function of irrigation treatments in a Cabernet Sauvignon
vineyard located on the J. Lohr Ranch, Paso Robles, CA. Data
were compared across treatments within a year and across years
by treatment. LOW is 25/35% of calculated crop water use (ET,)
applied as sustained deficit postveraison to harvest. MED is 50%
of ET, applied as sustained deficit postveraison to harvest. HIGH
is 75% of ET, applied as sustained deficit postveraison to harvest.

Irrigation  Berry wt Clusters/ Fruit/vine Cluster wt  Yield Irrigation Pruning Ravaz index Canes/ Wt/cane
treatment (9) vine (kg) (kg) (T/ha) treatment wt/vine (kg) (kg/kg) vine (9)
2011 2011

LOW 0.98 a%e® 37ae 43 a 0.12ae 76ae LOW 1.1 a%e® 42ae 279e 392e
MED 1.05be 47 b ef 6.4be 014be 115bef MED 1.3abe 6.4be 30.7 e 422 e
HIGH 1.12be 41ae 51ae 0.12abe 92ae HIGH 14be 41ae 29.7 e 489e
2012 2012

LOW 0.78 af 57 af 5.2a 0.09af 94ae LOW 08af 71ae 21.2af 294 af
MED 0.87 b f 64abeg 78bf 0.12bf 13.9beg MED 09abe 10.2b f 289be 33.1 afg
HIGH 1.00c f 68be 89bf 0.13be 159bf HIGH 11bf 8.5abf 28.8be 39.2bf
2013 2013

LOW 0.80 f 77 ae 6.8 a 0.09afg 122af LOW 0.6 fg 13.1 f 25.0abef 234af
MED 0.79¢g 87abg 86bg 010bg 147bg MED 0.6f 15.8 g 256 af 25.7ag
HIGH 0.79 f 88bg 8.8bf 0.10bf 153bf HIGH 0.7 f 13.2¢g 22.7bf 315bg
2014 2014

LOW 0.63ag 64f 4.8 a 0.08ag 87ae LOW 05ag 12.4 f 21.3f 234 af
MED 071bh 62f 64bg 0.10bg 114bf MED 0.7bg 10.9 f 21.8¢ 30.6 b fg
HIGH 0.75bg 67g 72bg 011bf 129bf HIGH 06bg 13.0g 20.8 f 319bg

@Analysis of variance (ANOVA) was performed and the Tukey test
was used to determine significant differences among treatments at
p < 0.05. Means within years not followed by the same letter differ
statistically by the Tukey test.

SANOVA was performed and the Tukey test was used to determine
significant differences among treatments at p < 0.05. Means across
years within a treatment not followed by the same letter differ statisti-
cally by the Tukey test.

@Analysis of variance (ANOVA) was performed and the Tukey test
was used to determine significant differences among treatments at
p < 0.05. Means within years not followed by the same letter differ
statistically by the Tukey test.

®ANOVA was performed and the Tukey test was used to determine
significant differences among treatments at p < 0.05. Means across
years within a treatment not followed by the same letter differ statisti-
cally by the Tukey test.
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There were no differences across treatments in weight
per cane in 2011. In the remaining years, weight per cane
increased as the applied water increased. In 2012 and 2013,
there were differences between the HIGH and other treat-
ments, with no differences between the LOW and MED treat-
ments. In 2014, the difference was between the LOW and
other treatments, with no difference between the MED and
HIGH treatments.

The Ravaz index was calculated for each year. There were
no differences across treatments in 2013 and 2014, but there
were differences across treatments in 2011 and 2012, where
the MED treatment was greater than the LOW and HIGH
treatments. The comparison across years within an irrigation
treatment (Table 4) demonstrated a general trend toward re-
duction in the number of canes per vine, pruning weight per
vine, and weight per cane across the years. The result was
an increase in the Ravaz index within an irrigation treatment
across the years.

A regression analysis of the yield and applied water data
from budburst to harvest determined that there was a linear
response for the yield relative to the applied water. The result-
ing equation for the yield and applied water is

Y = 0.056 x + 0.66 (Eq. 1)

where yield is Y and x is the sum of the applied irrigation
and rainfall during the growing season (R?= 0.92). When the
stored soil water is added to the applied irrigation and rainfall
and used in the yield regression, the resulting equation is

Y =0.034 x + 1.05 (Eq. 2)

where Y is yield and x is the total water (R? = 0.47; Figure 4).

As water becomes limiting, there is increased interest in
quantifying the yield as a function of the applied water, in-
cluding irrigation and rainfall. Water productivity (WP) is a
measure used to characterize yield as a function of applied
water and can be extended to include ASW. An alternative
characterization is the crop water footprint (CWFP), which
is the water used per mass of yield; this formulation includes
blue, green, and grey water. Green water is rainfall stored
as soil water, blue water is irrigation, and grey water is that
required for pollution amelioration associated with final pro-
cessing of the commodity. We did not consider grey water
in the calculation of the CWFP. The WP and the CWFP are
based on the applied irrigation water and total water use,
including irrigation, rainfall, and ASW (Total) (Table 5). The
WP was calculated as the ratio of yield to mega-liters of water
used, and the CWFP is the ratio of cubic meters of water used
per ton of yield. The CWFP calculation included blue and
green water (Mekonnen and Hoekstra 2011).

Since WP is a ratio of yield to applied water from bud-
break to harvest, the value typically decreases as applied
water increases without increasing yield, which is the case
in 2011 (i.e., WP I+P only). However, in 2013 and 2014, the
WP values for the LOW and MED treatments were equal,
and both were greater than the HIGH treatment. This pattern
changed when the contribution of soil water was included in
the calculation. When stored soil water makes a significant

contribution to yield, it can be misleading to consider only the
applied water and rainfall when calculating WP and CWFP.
The LOW treatment had poorer water productivity than the
MED and HIGH treatments, with HIGH treatments having
the highest water productivity value in 2012 to 2014. When
considering the CWFP values using only the applied water,
more water was required per unit of yield as the treatments
went from LOW to HIGH (Table 5). When the CWFP cal-
culation included the ASW, that trend reversed and less total
water was required per unit of yield as treatments went from
LOW to MED to HIGH (Table 5).

Juice composition variables were analyzed across treat-
ments within a year and across years within an irrigation
treatment (Table 6). There were no irrigation treatment dif-
ferences in Brix, TA, yeast assimilable nitrogen (YAN), or
anthocyanins within any year; however, there were year-to-
year differences for several of these variables (Table 6). There
was a difference in the potassium concentrations between the
LOW and MED and the HIGH treatments in only 2011, and
there were year-to-year differences in the potassium concen-
trations in each of the treatments (Table 6). There were differ-
ences in malic acid concentrations across treatments in 2012
and 2014, but not in 2011 or 2013. There were differences in
malic acid concentrations across the years within the LOW
and MED treatments, but not the HIGH treatment (Table 6).
There were differences in pH across the years within an ir-
rigation treatment (Table 6), and differences between treat-
ments in 2011 and 2014. Within treatments, there were year-
to-year differences in TA in the LOW and MED treatments.
The only differences in anthocyanin concentrations occurred
across years in the MED treatment (Table 6). There were no
differences in the remaining comparisons across years and

17 — — lrrigation + Rain

-6—6—6- Regression

— — — lrrigation + Rain + Soil Water
16— —o—0—o- Regression

Yield (T/ha)
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120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420

Available water (mm)

Figure 4 Total yield of Cabernet Sauvignon grapes grown in a J. Lohr
vineyard located in Paso Robles, CA, plotted as a function of sum of
irrigation and rainfall during the growing season and a function of sum
of irrigation, rainfall, and change in stored soil water during the growing
season (budburst to harvest).

Am. J. Enol. Vitic. 68:4 (2017)



Irrigated Cabernet Sauvignon Grapevines — 465

treatments, except for increased values of f-damascenone in Discussion

the HIGH treatment. The total C6 compound values were dif- By incorporating components of various irrigation strate-
ferent from year-to-year within a treatment, but did not vary gies into our experimental management scheme, we identi-
across treatments within a year, and the same pattern existed fied potential avenues for water savings (MED) that resulted
for polymeric tannins and quercetin glycosides (Table 6). in moderate stress with limited effects on grape yield and

Table 5 Water productivity (WP) and crop water footprint (CWFP) summary as a function of irrigation treatments in a Cabernet Sauvignon
vineyard located on the J. Lohr Ranch, Paso Robles, CA. LOW is 25/35% of calculated crop water use (ET.) applied as sustained deficit
postveraison to harvest. MED is 50% of ET, applied as sustained deficit postveraison to harvest. HIGH is 75% of ET, applied as sustained
deficit postveraison to harvest.

Growing Season WP (T/ML?) CWFP (m3/T)
Year/Irrigation Yield 1+PP Total (1+P+SW)P
Treatment (T/ha) (mm) (mm) 1+P Total 1+P Total
2011
LOW 7.6 b° 91 - 8.4 - 119.7 -
MED 11.5 ab 145 - 7.9 - 126.0 -
HIGH 9.2a 198 - 4.6 - 215.0 -
2012
LOW 9.4 a 177 359 5.3 2.6 188.3 381.9
MED 139b 227 375 6.2 3.7 160.4 269.8
HIGH 159b 273 358 5.9 4.4 169.2 225.2
2013
LOW 122 a 196 341 6.2 3.6 160.7 279.5
MED 14.7b 234 418 6.3 3.5 159.2 284.4
HIGH 15.3b 269 378 5.7 4.0 175.8 2471
2014
LOW 8.7 a 138 250 6.3 3.5 158.6 287.4
MED 114D 180 288 6.3 4.0 157.9 252.6
HIGH 129b 224 313 5.8 4.1 173.6 242.6

aML: megaliters.

b]: irrigation during the growing season; P: rainfall during the growing season; SW: change in soil water.

°Analysis of variance was performed and the Tukey test was used to determine significant differences among treatments at p < 0.05. Means
within the irrigation treatment within years not followed by the same letter differ statistically by the Tukey test.

Table 6 Summary of juice composition parameters within an irrigation treatment across years in a Cabernet Sauvignon vineyard located on the
J. Lohr Ranch, Paso Robles, CA. LOW is 25/35% of calculated crop water use (ET,) applied as sustained deficit postveraison to harvest. MED
is 50% of ET, applied as sustained deficit postveraison to harvest. HIGH is 75% of ET, applied as sustained deficit postveraison to harvest.

LOwW MED HIGH

2011 2012 2013 2014 2011 2012 2013 2014 2011 2012 2013 2014
Soluble solids 25.88ab? 24.85b 26.50ab 26.60a 24.1ab 23.925a 26.3b  25.45ab  23.58 23.43 26.13 25.33
Potassium (mg/L) 1616.75a 1593.5a 1324.75b NA 1469a 1555.75a 1302b NA 1412.3ab 1570.0b 1346.5a NA
Malic acid (mg/L) 1636a 1118b  1186ab  1653a 1914a 1512ab  1178b 1949a  2050.00 1807.00 1326.00 2081.00
pH 3.72ab 3.77a 3.68b 3.59¢c 3.60a 3.73b 3.67ab  3.68ab 3.57a 3.75b 3.70b 3.69ab
TAP (g/100mL) 0.36a 0.38ab 0.41b 0.46¢ 0.40ab 0.37a 0.40ab 0.43b 0.43 0.39 0.41 0.43
YANP (mg/L) 133.75 151.75 149.00 123.00 124.50 152.50 144.25 110.25 128.50 154.00 135.00 101.25
Anthocyanins 1.18 1.12 1.24 1.14 1.06 ab 091a 1.19b 0.99ab 0.98 0.85 1.1 1.05
(mg/g berry)
Total C6 4464.0ac 3783.5a 2561.3b 5566.1c 4946.8a 4562.0a 2618.0b 5240.0a 4272.25a 4420.50a 2383.86b 5223.92a
compound (ug/L)
B-damascenone NA NA 51.69 48.57 NA NA 49.76 49.18 NA NA 4459a  48.60b
(Hg/L)
Linalool (pg/L) NA NA 0.52a 2.18b NA NA 0.64a 2.00b NA NA 0.54a 2.17b
Polymeric 2964 a 1957b  3325ac  3654c  2472ab  2127a  2987bc  3065c 2433 2295 2923 3033
tannins (mg/L)
Quercetin 63.00 93.00 73.00 89.75 62.75a 95.25b  62.25a 86.25b  70.00a 106.75b 65.50a  81.00a

glycosides (mg/L)

aAnalysis of variance was performed and the Tukey test was used to determine significant differences among treatments at p < 0.05. Treatment
means within the same year not followed by same letter differ statistically by the Tukey test.
TA: titratable acidity, YAN: yeast assimilable nitrogen.
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composition. Severe stress consistently resulted in reduc-
tions in yield across the experiment without increasing fruit
composition variables and would not be recommended as the
optimal irrigation strategy for this commercial setting, given
the production goals for this vineyard. Our results were prom-
ising enough that the grower cooperator reduced irrigation
amounts in the HIGH treatment (from 75 to 65% ET,) during
the course of the study.

There was no irrigation from budburst to fruit set. In-
stead, rainfall and supplemental irrigation were used to fill
the soil profile prior to budburst. This supply was adequate
to support crop growth until fruit set, at which time irriga-
tion was initiated at 75% ET,. At fruit set, irrigation was
applied for three weeks to ensure fruit development and main-
tain soil water supply. Berry growth during Stage I (during
cell division and cell elongation) is more sensitive to water
deficits than during Stage III (after veraison), when only cell
elongation takes place (Matthews and Anderson 1989, Wil-
liams and Matthews 1990). After three weeks, irrigation was
suspended and LWP was monitored until a level of ~ -1.2
MPa was attained, and irrigation was initiated without regard
to phenological stage. At this time, a sustained deficit was
maintained without regard to the LWP, where other studies
irrigated to control the max stress to -1.4 MPa (Santalucia et
al. 2007, Acevedo-Opazo et al. 2010, Intrigliolo et al. 2012).
In 2013, the stress in all treatments ranged from ~ -1.2 MPa
to -1.5 MPa, and ultimately to ~ -1.7 MPa. This stress had no
greater effect on yield than in other project years with lower
sustained stress levels.

The Ravaz index is used as a measure of vine balance
or crop load and is typically in the range of five to 10 for
winegrapes (Bravdo et al. 1985, Hepner et al. 1985). That
goal was met in 2011 and 2012, and was exceeded in all treat-
ments in 2013 and 2014 as a result of the reduced pruning
weight per vine, which increased the value of the ratio. Fruit
composition of winegrape is generally not adversely affected
until the Ravaz index reaches 10 (Bravdo et al. 1985). Ravaz
index values that consistently exceeded 10 had limited effect
on raisin grape quality, suggesting that these values may not
apply across all grape commodities (Williams et al. 2010).
Other researchers noted that grape yields are linearly related
to total applied water (Fereres and Soriano 2007, Williams
et al. 2010, Shellie 2014). In this study, the cluster weights
reduced with time as a result of reduced berry size, as noted
in other studies (Williams et al. 2010, Junquera et al. 2012,
Shellie 2014). The number of clusters per vine was lower in
2011 than in any other year of the experiment as a result of
thinning, which was true for the yield as well. With the lower
yields, the Ravaz index ranged from 4.1 to 6.4 kg/kg. The
lack of thinning after 2011 resulted in larger crop loads and
higher Ravaz index than might otherwise have occurred. We
opted not to include thinning in our experimental design. As
a consequence, there may be reduced growth in subsequent
seasons as indicated by the declining pruning weights.

The cooperator typically uses ~170 to 400 mm irrigation
during the growing season for all the Cabernet Sauvignon
vineyards on this ranch. The average applied water across

the ranch for 2011 to 2014 was ~280 mm, which corresponds
to the 15-year average for the ranch (Perry, personal commu-
nication, 2015). The experimental plots used less water than
that ranch average in all the years of the experiment (Table
3). The average applied irrigation across the treatments for
the four years were 230 mm for HIGH, 185 mm for MED,
and 140 mm for LOW. This represents an average reduction
in applied irrigation water of 50 to 140 mm compared to the
ranch average. The MED treatment had 95 mm less water
applied than the ranch average.

Even though there was a reduction in total yield, the result-
ing yields were in the range of the grower yield goal of ~12.3
T/ha. The experimental plots were in the range of those pro-
duction goals, using ~35% less water than the grower would
typically use. As noted above, deficit irrigation is often used
in winegrape production to improve fruit composition. The
irrigation treatments did not result in differences in fruit and
juice composition within a given year, but there was year-to-
year variation not associated with the irrigation treatments.
The fruit composition variables can be subdivided and cat-
egorized as basic, aromas (good and bad), color, and mouth-
feel. These variables are affected by region, climate, soil,
harvest date, irrigation, and crop load, so comparison with
other research is problematic. There are also the owner man-
agement objectives related to yield and irrigation strategies
that will affect these variables. The Brix, potassium, malic
acid, pH, TA, and YAN will fall into the basic variables cat-
egory and will be affected by the harvest date. The harvest
date was determined by the cooperator when the Brix was
in the range of 25°. This level of Brix was met in 2013 and
2014 in all treatments. The average across treatments was
24.5,24.0, 26.3, and 25.7 in 2011, 2012, 2013, and 2014, re-
spectively. The aroma chemistry included the C6 compounds,
B-damasceone, and linalool. These variables are affected by
region and treatment. Year-to-year variation in these data
are evident within an irrigation treatment, but not between
treatments within a year. It appears that the deficit strategies
did not impact the aroma composition within a year and the
variation was year-to-year. It is important to note that there
was an increase in the average temperature over the course
of this experiment. The color and mouthfeel variables include
anthocyanins, polymeric tannins, and querctin glyscosides.
There were no differences in the values of these variables
between irrigation treatments within a given year, but there
were year-to-year differences within irrigation treatments in
some of the variables.

Conclusion

The MED and HIGH deficit irrigation strategies resulted in
water savings relative to the study ranch’s standard practices,
while maintaining the grower’s yield goals. We confirmed
results from other studies that the yield was linearly related
to total applied water from budburst to harvest. These strate-
gies relied on full soil water content in the root zone at bud-
burst. The reduced individual cane weight led to a decrease
in the total pruning weight per vine. The general trend toward
lower cane weight and yield with time suggests that these
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approaches to deficit irrigation as a component of a drought
water management strategy are potentially not sustainable.
The consistent values of water productivity captured over
several years in this study suggest that the MED and HIGH
strategies should be sustainable. The irrigation treatments did
not affect within-year fruit composition variables.
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