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Abstract: Precision irrigation of wine grape is hindered by the lack of an automated method for
monitoring vine water status. The objectives of this study were to: Validate an automated model
for remote calculation of a daily crop water stress index (CWSI) for the wine grape (Vitis vinifera L.)
cultivar Malbec and evaluate its suitability for use in irrigation scheduling. Vines were supplied
weekly with different percentages of evapotranspiration-based estimated water demand (ETc) over
four growing seasons. In the fifth growing season, different daily CWSI threshold values were
used to trigger an irrigation event that supplied 28 mm of water. All three indicators of vine water
status (CWSI, midday leaf water potential (Ψlmd), and juice carbon isotope ratio (δ13C)) detected an
increase in stress severity as the irrigation amount decreased. When the irrigation amount decreased
from 100% to 50% ETc, 70% to 35% ETc, or the daily CWSI threshold value increased from 0.4 to
0.6, berry fresh weight and juice titratable acidity decreased, juice δ13C increased, the weekly CWSI
increased, and Ψlmd decreased. Under the semi-arid conditions of this study, utilizing a daily CWSI
threshold for irrigation scheduling reduced the irrigation amount without compromising the yield
or changes in berry composition and remotely provided automated decision support for managing
water stress severity in grapevine.

Keywords: deficit irrigation; vine water status; water potential; water stress; berry composition;
carbon isotope ratio

1. Introduction

Many New and Old World wine grape (Vitis vinifera L.) production regions are in climate zones that
have a limited amount of available soil moisture during the growing season and irrigation can be used
as a management tool to maintain vine balance [1], induce beneficial changes in berry composition [2],
and increase water productivity [3–5]. Decisions about when to irrigate and how much water to
supply during an irrigation event ultimately influence input costs, yield, and fruit quality. Currently
available tools for irrigation decision-making such as soil moisture or water potential and estimated
vine water demand (ETc) [6], are either not amenable to automation or have a low spatial and/or
temporal resolution that limits their practical use on a commercial scale. Since a mild amount of
water stress is usually desirable in wine grape production, the amount of water supplied during an
irrigation event is usually a fraction of ETc. The lack of a rapid, automated method for monitoring vine
water status between irrigation events limits the ability of vineyard managers to maintain a desired,
consistent level of water stress severity in the grapevine during berry development.

Infrared thermometry has been used successfully to monitor vine canopy temperature under
field conditions and has been found to be responsive to irrigation events [7–11]. However,
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a canopy-surface-temperature-based empirical crop water stress index (CWSI) for quantifying plant
water status, developed by [12], has had limited use in grapevine due to the difficulty of determining
upper and lower temperature threshold values for non-transpiring and fully transpiring vines.
The objectives of this study were to: Validate an automated model for remote calculation of a daily
CWSI for the wine grape (Vitis vinifera L.) cultivar Malbec and evaluate its suitability for use in
irrigation scheduling.

The CWSI is defined as:
CWSI =

Tc − TLL

TUL − TLL
(1)

where Tc (◦C) is the measured temperature of fully sunlit canopy leaves. The temperatures TUL (◦C) and
TLL (◦C) are the maximum and minimum temperature of fully sunlit canopy leaves when transpiration
is severely restricted (non-transpiring) and unrestricted (fully transpiring), respectively. The values of
TUL and TLL need to reflect the environmental conditions (air temperature (Ta), relative humidity (RH),
radiation (Rs), wind speed (WS), etc.) present at the time of Tc measurement because, in addition to soil
moisture, leaf temperature is affected by WS, Rs, and vapor pressure deficit (VPD) [9]. The TUL and TLL
temperatures are the lower and upper baselines used to normalize the CWSI for effects of environmental
conditions on Tc. When TUL and TLL are accurate for the crop and the environment, the CWSI value
ranges from 0 under a well-watered condition to 1 under a non-transpiring, water-stressed condition.

Since the direct measurement of TLL and TUL are not practical in production agriculture due to the
inconvenience of maintaining unrestricted transpiration (well-watered) plots and inability to maintain
a canopy in non-transpiring condition, numerous methods of estimation have been investigated.
The physical models developed to estimate TLL and TUL [13,14] used ancillary measurements to reliably
estimate equation parameters. Artificial wet and dry reference surfaces have been used [7,15–20];
however, their required routine maintenance limits their practical use in commercial crop production.

Various empirical methods have also been used to estimate TLL and TUL. Payero and Irmak [21]
used multiple linear regression (MLR) with independent variables Ta, Rs, crop height, WS, and VPD or
RH to predict the Tc − TLL of well-watered corn and soybean and obtained correlation coefficients of
0.69–0.84 between the predicted and measured canopy temperature. However, King and Shellie [22]
found that an artificial neural network (ANN) obtained a more accurate estimate of TLL for wine grape
than MLR.

Measurements of TUL are difficult to obtain because of the challenge of maintaining a crop canopy
in a non-transpiring condition. In research studies, non-transpiring leaves have been simulated by
coating them with Vaseline to block transpiration [16,23,24], which is not practical in production
agriculture. Most studies have either used severely deficit-irrigated plants to estimate TUL as a constant
by measuring the maximum Tc − Ta [19,22,25] or have developed an empirical model to estimate
TUL − Ta [10,11]. A TUL constant of 4.6–5.1 ◦C above Ta has been used for water-stressed corn [25],
and 5.0 ◦C above Ta has been used for other crops [7,15,26]. A TUL constant of 5.0 ◦C above daily
maximum Ta has been used for soybean and cotton [19].

Using a constant value for TUL − Ta introduces an error into the calculation of the CWSI when
actual Rs is less than when TUL − Ta was determined, as may occur under cloudy, overcast conditions
or at northern latitudes, where Rs decreases as the growing season progresses. Under these situations,
the calculated CWSI values would be underestimated due to a too large denominator in Equation
(1). To account for this influence of Rs and eliminate a need for deficit-irrigated plots to estimate
TUL − Ta, O’Toole and Real [27] modified the canopy energy balance equation of [13] for Tc − Ta as a
linear function of vapor pressure deficit (VPD) to allow an estimate of average aerodynamic resistance
(ra). Measured well-watered canopy temperatures for measured climatic conditions (net radiation, Ta,
RH, WS) under full transpiration were used to estimate ra. The non-transpiring canopy temperature
equation of Jackson et al. [13] was used to estimate TUL − Ta as:

TUL − Ta =
raRn

ρCp
(2)
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where Rn (W m−2) is the average net radiation, ρ is the average density of air (kg m−3), and Cp is the
average heat capacity of air (J kg−1 ◦C−1) for the time of day CWSI is desired. Han et al. [28] used this
equation to estimate TUL for the calculation of a CWSI adjusted soil water balance for water-stressed
maize with good results. This approach of O’Toole and Real [27] has not been used to calculate a CWSI
for wine grape. Additionally, the relationship between CWSI values, other indicators of grapevine
water status, yield components, and berry composition at maturity has not been evaluated. In this
study, we remotely measured field environmental conditions and vine canopy temperature to estimate
TUL using the approach of O’Toole and Real [27] and TLL using the approach of King and Shellie [22]
in real-time and used these values to calculate a daily CWSI for the wine grape cultivar Malbec.
We evaluated the suitability of its use in irrigation scheduling by relating daily CWSI values to the
available soil moisture, leaf water potential, yield, and berry composition.

2. Materials and Methods

2.1. Trial Site and Experimental Design

The study was conducted during the 2014, 2015, 2016, 2018, and 2019 growing seasons at a field
trial site located at the University of Idaho Parma Research and Extension Center in Parma, ID (lat. 43◦

37′ 7.9716áN, long. 116◦ 12′ 54.1áW, 750 m asl). The soil (sandy loam, available water-holding
capacity of 0.14 cm/cm soil), climatic conditions (semi-arid, dry steppe with warmest monthly average
temperature of 32 ◦C), and irrigation water supply (well water with sand media filter) at the location
were well-suited for conducting deficit irrigation field research. The wine grape cultivar Malbec was
planted as un-grafted, dormant-rooted cuttings in 2007. The row by vine spacing (2.4 × 1.8 m), training
and trellis system (double-trunked, bilateral cordon, spur-pruned annually to 16 buds/m of cordon,
vertical shoot positioned on a two-wire trellis with moveable wind wires), disease and pest control
followed local commercial practices. Alley and vine rows were maintained free of vegetation.

The irrigation system provided an independent irrigation scheduling for each irrigation treatment
amount in a randomized block design with six replicate blocks and independent irrigation water
supply to border vines located in the trial perimeter. Each water supply manifold was equipped
with a programmable solenoid, a flow meter (to measure the delivered irrigation amount), a pressure
regulator and a pressure gauge (to monitor delivery uniformity). Above ground drip tubing with
an emitter spacing of 90 cm and delivery rate of 60 mL/min was used to supply irrigation water to
the vines.

Treatment plots contained three adjacent vine rows with six vines per row (18 vines per plot).
The vines located in the outer rows of each plot were considered buffers and data were collected
on interior vines in the center row. In the first four study years, irrigation treatment amounts were
evapotranspiration-based and applied weekly from fruit set until harvest with 70% or 35% of ETc in
2014, 2015, and 2016 and with 50% or 100% ETc in 2018. In 2014, 2015, and 2016, each replicate block
was applied the same irrigation treatment in each subsequent year and border vines located on the trial
perimeter were maintained under well-watered conditions by supplying >100% ETc. Weekly ETc was
calculated by multiplying the value for alfalfa reference ETr, acquired from a weather station located
within 3 km of the study site (http://www.usbr.gov/pn/agrimet/wxdata.html), by Kc that increased
during the growing season from 0.3 to 0.7 [6,29]. In 2019, different daily CWSI threshold values (0.3, 0.4,
0.5, or 0.6) were used to trigger an irrigation event of 28 mm. Each year, all plots were irrigated to field
capacity prior to bud break and there were no subsequent irrigations until the irrigation treatments
were initiated after fruit set, when berries were ~7 mm in diameter and vines were at growth stage 31
of the modified E-L grapevine growth stage system [30].

2.2. Canopy and Environmental Measurements

Canopy temperature was measured using infrared radiometers (SI-121, Apogee Instruments,
Logan, UT, USA) with a 36◦ field of view. One radiometer was used in each of two replicates of each

http://www.usbr.gov/pn/agrimet/wxdata.html
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irrigation treatment in 2014, 2015, 2016, and 2018 and one radiometer was used in four replicates
of the irrigation treatments in 2019. The radiometers were positioned approximately 15 to 30 cm
above the fully expanded leaves located at the top of the vine canopy and pointed northeasterly at
approximately 45◦ from nadir with the sensor view aimed at the center of solar noon sunlit leaves.
The measured canopy area received full sunlight exposure during midday. The temperature sensing
area was approximately 10 to 20 cm in diameter. The possibility of bare soil visibility in the background
was limited by leaf layers within the canopy below the measured canopy location. The infrared
radiometer sensor view was periodically checked and adjusted as necessary to ensure that the field
of view concentrated on sunlit leaves near the top of the canopy. Climatic parameters Rs (SP-110
pyranometer, Apogee Instruments, Logan, UT, USA), Ta, RH (HMP50 temperature and humidity
probe, Campbell Scientific, Logan, UT, USA), and WS (05305 anemometer, R. M. Young, Traverse City,
MI, USA) were measured within the study vineyard at a height of 2 m. Net radiation was measured
using net radiometers (Q-7.1, Radiation and Energy Balance System, Inc., Bellevue, WA, USA) at
3 m height and directly below the canopy centered in the vine row in two irrigation treatment plots
in 2018 and 2019. Canopy temperature and climatic parameters were measured every minute by a
data logger (CR1000 or CR6, Campbell Scientific, Logan, UT, USA) and recorded as 15-min averages.
The equipment was installed after fruit set, usually mid to late June and removed prior to harvest,
usually mid to late September.

2.3. CWSI Calculation

Daily CWSI was calculated as the average of 15-min CWSI values between 13:00 and 15:00 MST,
which corresponds to ±90 min of solar noon at the experimental site. The well-watered canopy
temperature (TLL) was calculated using a neural network model and cultivar-specific database as
described by King and Shellie [22,31]. The method of O’Toole and Real [27] was used to estimate
average ra (Equation (2)) based on the well-watered data set for Malbec used by King and Shellie [31].
Equation (2) was used to estimate TLL based on the measured 15-min average environmental conditions.
A linear relationship between the measured Rn and Sr was Rn = 0.9*Sr − 60 with an R2 = 0.95 between
13:00 and 15:00 MDT and was used to estimate the 15-min Rn needed in Equation (2). Using the
method of O’Toole and Real [27], ra was 14.5 s m−1 between the hours of 13:00 and 15:00 MDT when
averaged over the irrigation seasons of 2014, 2015, 2016. Canopy temperature and environmental
conditions were collected in real-time using a wireless network between data loggers and a master
data logger with a cellular modem for remote data collection (CR1000, CR6, RF401A and Raven XT
modem, Campbell Scientific, Inc. Logan, UT, USA). The wireless data network was used in 2019 to
remotely daily measure field conditions and daily calculate a CWSI for irrigation scheduling.

2.4. Soil Water Measurement

In 2018, the soil water content was monitored in 10 cm depth increments to a total depth of 120 cm
using a capacitance-based soil moisture sensor (Drill and Drop, Sentek Inc., Stepney, Australia) in
two replicates of each irrigation treatment. The sensors were installed within 8 to 12 cm of a drip
irrigation system emitter located within 45 cm of a vine. The field capacity (FC) of each 10 cm depth
increment was estimated based on the maximum soil water content measured over the season and the
soil texture observed during probe installation. The permanent wilting point (PWP) of each 10 cm
depth increment was estimated primarily based on soil texture and secondarily on minimum soil water
content measured during the season. The depth of available soil water (ASW) was computed as the
difference between the measured soil water content and PWP multiplied by the 10 cm depth increment
summed over the 120 cm measurement depth. The fraction of available soil water was calculated as
the depth of ASW divided by the depth of ASW for the 120 cm soil profile at FC.
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2.5. Vine Water Status

Weekly vine water status was monitored by measuring leaf water potential at midday (Ψlmd) on
the sixth day after a weekly irrigation event using a pressure chamber (model 610; PMS Instruments;
Corvallis, OR, USA) as described by Shellie [5]. Seasonal vine water stress was measured by determining
the photosynthetic carbon isotope composition (δ13C) of the juice at harvest using isotope-ratio mass
spectrometry at the Stable Isotope Facility (UC Davis, University of California Davis, CA, USA)
following the method of Herrero-Langreo et al. [32].

2.6. Yield Components and Berry Composition

Fruits were harvested when a composite sample of randomly collected clusters had a target
soluble solid concentration (SS) of ~24% and a juice titratable acidity (TA) of 4 to 6 g/L. All plots were
harvested on the same day. On the day of harvest, a basal cluster was removed from either side of
two main shoots from two data vines located in the center of each plot. The sampled clusters were
immediately placed into a cooler and transported to the lab. The remaining clusters on each data
vine were counted as they were removed from the vine and their weight was added to the weight of
sampled clusters to determine the yield per vine. Sampled clusters were individually weighed and
then subsampled to obtain 100 berries for determining average berry weight. The 100 berry subsamples
were stored at −80 ◦C for analysis of total berry anthocyanins following the method of Iland et al. [33],
and for δ13C analysis. The remaining berries from the eight-cluster sample were used to measure the
juice SS, pH, and TA following the methods of Iland et al. [33] using equipment previously described
by Shellie [34]. The same vines harvested for yield and berry measurements were pruned to two bud
spurs during dormancy and pruned canes from each vine were weighed. The ratio of yield to pruning
weight (Ravaz index) was calculated as an indicator of vine balance. Seasonal cumulative growing
degree days (GDD) were calculated from daily maximum (no upper limit) and minimum temperatures
from 1 April to 31 October using a base threshold of 10 ◦C. Temperature data were obtained from the
same weather station used for obtaining ETr.

2.7. Statistical Analysis

An average weekly CWSI was calculated from daily CWSI values. Seasonal average weekly CWSI
and Ψlmd values and other measured attributes at harvest were analyzed using a mixed model analysis
of variance (SAS version 8.02; SAS Institute, Cary, NC, USA). Year and irrigation amount were the
main effects in 2014, 2015, and 2016 with years treated as a repeated measure. The main effect in 2018
was irrigation amount and in 2019 was the daily CWSI threshold value. The probability of a significant
difference (p ≤ 0.05) among treatment levels for a significant main effect was determined using the
Tukey-Kramer adjusted t-test. The significance of interaction effects was determined using LSMEANS
at p ≤ 0.05. Graphs presented in figures were generated using Sigmaplot 13.0 (Systat Software, San Jose,
CA, USA).

3. Results

3.1. Environmental Conditions and Irrigation Amounts

In each year of the 5-year study, the daily average total direct solar radiation and the number of
days when the maximum air temperature was greater than 35 ◦C were within one standard deviation
of the 20-year site average (Table 1). Precipitation was similar to the site average in 2014, 2015, and 2016,
below the site average in 2018, and above the site average in 2019. The above normal precipitation
in 2019 occurred prior to 15 June and the start of the irrigation treatments. The growing degree day
accumulation was similar to the site average in all years except in 2015, when it was higher than the
site average. Alfalfa-based reference evapotranspiration (ETr) exceeded the 20-year average in 2014,
2016, and 2018 and was similar to the site average in 2015 and 2019.
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Table 1. Weather and climate data from 1 Apr through 31 Oct for the field trial site in Parma, ID, and
average irrigation amount supplied between fruit set and harvest to each treatment in each study year.
Weather data were collected at the Parma (PMAI) weather station located 3 km from the field trial site
((www.usbr.gov/pn/agrimet/), latitude 43◦ 48′ 00”, longitude 116◦ 56′ 00”, elevation 702 m).

Parameters 2014 2015 2016 2018 2019 1994–2012
Average ± Std Dev

Precipitation (mm) 88 113 120 66 175 99.6 ± 35
Solar radiation (MJ m−2 d−1) 22.3 21.9 22.6 22.5 22.0 22.1 ± 0.9
Days air temperature > 35 ◦C 27 25 26 33 27 28 ± 12
Growing degree days (◦C) a 1759 1865 1688 1762 1608 1708 ± 115

Alfalfa-based reference
evapotranspiration (ETr) (mm) 1314 1265 1329 1334 1243 1212 ± 55

Treatment b Irrigation amount (mm)

Well-Watered 521 514 669
100% ETc 304
70% ETc 306 284 174
50% ETc 107
35% ETc 190 123 117

CWSI = 0.3 233
CWSI = 0.4 172
CWSI = 0.5 148
CWSI = 0.6 68

a Growing degree days were calculated from the daily maximum and minimum temperature with no upper limit
and a base temperature of 10 ◦C. b ETc is the estimated vine water demand.

Well-watered vines in the trial perimeter were provided ~45% of ETr in 2014 and 2015 and ~87%
of ETr in 2016 (Table 1). In 2014, 2015, and 2016, vines irrigated at 70% and 35% ETc were supplied,
respectively, with ~20% and 10% of ETr. In 2018, vines irrigated at 100% and 50% ETc were supplied
23% and 8% of ETr. Water supplied to the CWSI driven irrigation treatments in 2019 ranged from 18%
to 5% of ETr. The three-year average amount of water supplied to vines under 35% ETc was ~44% less
than vines that were under 70% ETc. In 2018, vines under 50% ETc were supplied ~65% less water
than vines under 100% ETc. In 2019, as the maximum CWSI threshold increased by 0.1 from 0.3 to 0.6,
the amount of water supplied to vines decreased ~26%, 14%, and 54%, respectively.

3.2. Indicators of Water Stress

In each study year, the daily CWSI decreased after an irrigation event and increased daily during
the period between irrigation events (Figures 1–3). The amount of decrease and rate of increase in the
CWSI corresponded inversely with the irrigation amount. In each study year, the irrigation treatment
that supplied the least amount of water had the highest daily CWSI. The CWSI of well-watered
vines (Figure 1) and vines under 100% ETc (Figure 2) was close to zero much of the season. In 2018,
the fraction of ASW was inversely related to the CWSI throughout the season and, for the 100% ETc

treatment remained above 0.8 for most of the season (Figure 2). When irrigation ceased after day of
year 248, the CWSI of the 100% ETc treatment steadily increased while the fraction of ASW rapidly
decreased. The daily CWSI of the 50% ETc treatment ranged between 0.1 and 0.7 in response to
irrigation. The fraction of ASW of the 50% ETc treatment ranged from 0.85 to 0.55 in response to
irrigation events and varied inversely with the daily CWSI. After irrigation ceased on day of year 248,
the fraction of ASW of the 50% ETc treatment rapidly decreased and the daily CWSI remained above
0.7. In 2019, irrigation frequency decreased as the CWSI level to trigger irrigation increased (Figure 3).
Maximum daily CWSI values for the 0.3 and 0.4 threshold treatments were often similar because the
change in CWSI between consecutive days was generally greater than 0.1 and increased well beyond
the irrigation threshold. Despite this outcome, the irrigation application differed by 51 mm (Table 1),
or effectively two irrigations less for the 0.4 threshold treatment. The timing of the first irrigation was
increasingly delayed as the CWSI threshold value increased.

www.usbr.gov/pn/agrimet/
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The values of all three indicators (CWSI, Ψlmd, and δ13C) showed that water stress severity
corresponded inversely with the irrigation amount (Table 2). In 2014, 2015, and 2016, a decrease in
the irrigation amount from 70% to 35% ETc was associated with an average increase in the average
weekly CWSI from 0.09 to 0.31, decrease in Ψlmd from −1.20 to −1.29 MPa, increase in δ13C from −25.78
to −24.09, and an ~10% decrease in berry fresh weight. In 2018, a decrease in the irrigation amount
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from 100% to 50% ETc was associated with an average increase in the average weekly CWSI from
0.08 to 0.42, decrease in Ψlmd from −0.80 to −1.29 MPa, increase in δ13C from −26.98 to −24.61, and an
~21% decrease in berry fresh weight. In 2019, increasing the maximum daily CWSI threshold from
0.3 to 0.4 had no detectable influence on the average weekly CWSI or berry fresh weight, but was
associated with a decrease in Ψlmd from −1.00 to −1.18 MPa and an increase in δ13C from −26.32 to
−25.56. Each sequential increase in the maximum daily CWSI threshold from 0.4 to 0.6 was associated
with an increase in average weekly CWSI, decrease in Ψlmd, and decrease in berry fresh weight.

Table 2. Malbec grapevines grown in southern Idaho under semi-arid conditions and drip-irrigated
weekly (2014, 2015, 2016, 2018) to supply differing fractions of estimated water demand (ETc) or
irrigated to supply 28 mm of water at different maximum daily Crop Water Stress Index (CWSI)
threshold values (2019). Weekly average daily CWSI and midday leaf water potential (Ψlmd) measured
one day prior to irrigation. Juice 13C/12C ratio (δ13C) and berry weight at harvest.

Main Effect a
Weekly
CWSI
(0–1)

Ψlmd
(MPa)

Juice
δ13C

Berry Weight
(g)

% ETc: 35 0.31a −1.29a −24.09a 1.35a
70 0.09b −1.20b −25.78b 1.51b

Year: 2014 0.29a −1.29a −25.22b 1.42b
2015 0.14b −1.20b −25.08b 1.34b
2016 0.17b −1.23ab −24.50a 1.52a

p values
Irrigation (I) ** * ** **

Year ** * ** **
I × Year ** ns ns ns

Year: 2018
% ETc: 50 0.42a −1.29a −24.61a 1.44a

100 0.08b −0.80b −26.98b 1.82b
p values

Irrigation ** ** ** **
Year: 2019
CWSIb: 0.3 0.24a −1.00a −26.32a 1.79a

0.4 0.27a −1.18b −25.56b 1.79a
0.5 0.34b −1.31c −25.20b 1.48b
0.6 0.43c −1.48d −24.18c 1.30c

p values
CWSI ** ** ** **

a For main effect treatment level rows, least square mean values followed by a different letter within a column are
significantly different (p≤ 0.05) determined by Tukey-Kramer adjusted t-test. *, p≤ 0.05; **, p≤ 0.01; ns, not significant.
b Daily maximum CWSI to trigger irrigation application of 28 mm water per vine.

3.3. Relationship among Water Stress Indicators

Over the 5-year study, a significant linear relationship (p < 0.001) was observed between
Ψlmd and the daily CWSI (Figure 4), ASW and Ψlmd (Figure 5), and ASW and the daily CWSI
(Figure 6). A significant logarithmic relationship (p < 0.001) was observed between the amount
of irrigation/precipitation supplied between the fruit set and harvest and the average daily CWSI
(Figure 7). The seasonal average daily CWSI increased as irrigation/precipitation between the fruit set
and harvest decreased.
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Figure 7. Relationship between the seasonal irrigation applied and seasonal average daily crop water
stress index (CWSI) for Malbec over the 5-year study at the experimental site.

3.4. Yield Components and Berry Composition

Decreasing the irrigation amount significantly decreased the average cluster weight in each year
of the study (Table 3). Decreasing the irrigation amount from 70% to 35% ETc reduced the cluster
weight by ~30% and from 100% to 50% ETc, by ~18%. Increasing the daily maximum CWSI from
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0.3 or 0.4 to 0.5 or 0.6 decreased the average cluster weight by ~22%. A corresponding decrease in
yield per vine was observed in the first three study years; however, the decrease was not of statistical
significance in 2018 or 2019. The significant interaction between year and irrigation amount in the
first three study years for cluster number was due to a cold event during winter or spring of 2014–15
that reduced the number of clusters per vine in 2015. A detectable influence on the Ravaz index was
observed only in 2018 when irrigation was reduced from 100% to 50% ETc.

Table 3. Yield components for Malbec (MB) grapevines grown under semi-arid conditions in southern
Idaho that were drip-irrigated at weekly intervals with differing fractions of estimated water demand
(ETc) (2014, 2015, 2016, 2018) or irrigated with the same amount of water at differing irrigation intervals
(2019) based upon threshold daily crop water stress index (CWSI) values.

Main Effect a Cluster Weight
(g)

Yield
(kg) Cluster Number per Vine Ravaz Index

% ETc 35 104.97a 4.06a 39.47a 4.05
70 150.51b 6.90b 53.54b 4.95

Year: 2014 157.01a 5.81a 48.92b 4.35
2015 103.42b 4.00b 21.72a 4.59
2016 122.79b 6.63a 68.88a 4.56

p-values
Irrigation (I) ** ** ** ns

Year ** ** ** ns
I × Year ns ns ** ns

Year: 2018
% ETc 50 193.42a 6.00a 32.03a 5.19a

100 235.69b 7.47a 28.93b 3.94b
p-values

Irrigation ** ns * *
Year: 2019
CWSI b 0.3 197.71a 8.39 49.0 5.72

0.4 176.76ab 7.28 46.8 5.16
0.5 145.02b 7.09 51.6 6.22
0.6 147.39b 7.19 50.9 5.43

p-values
CWSI * ns ns ns

a For the main effect treatment level rows, the least square mean values followed by a different letter within a
column are significantly different (p ≤ 0.05) determined by the Tukey-Kramer adjusted t-test. *, p ≤ 0.05; **, p ≤ 0.01;
ns: Not significant. b Daily maximum CWSI to trigger the irrigation application of 28 mm of water.

Decreasing the irrigation amount decreased juice TA and increased the concentration of total
anthocyanins in each year of the study (Table 4). When the irrigation amount was decreased from
70% to 35% ETc, TA decreased ~11% and the anthocyanin concentration increased ~13%. When the
irrigation amount was decreased from 100% to 50% ETc, TA decreased by ~18% and the anthocyanin
concentration increased by ~31%. Increasing the daily maximum CWSI from 0.3 or 0.4 to 0.5 or 0.6
decreased TA by ~20% without a statistical increase in anthocyanin concentration. The increase in
anthocyanin concentration was offset by a corresponding decrease in berry fresh weight, resulting in
similar amounts of total anthocyanins per berry in four out of the five study years. Increasing the daily
maximum CWSI threshold to 0.5 or 0.6 reduced the total amount of anthocyanins per berry. In the
first four study years, decreasing the fraction of ET-based irrigation increased SS by ~3%; however,
increasing the daily maximum CWSI threshold value had no detectable influence on SS.
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Table 4. Berry attributes of Malbec grapevines grown under semi-arid conditions in southern Idaho
that were drip-irrigated at weekly intervals with differing fractions of estimated water demand (ETc)
(2014, 2015, 2016, 2018) or irrigated with the same amount of water at differing irrigation intervals
(2019) based upon threshold daily crop water stress index (CWSI) values.

Main Effect a Titratable Acidity (g/mL) Soluble Solids (%) Anthocyanins (mg/g) Anthocyanins (mg/berry)

% ETc 35 4.490a 23.7a 2.071a 2.799a
70 5.052b 23.0b 1.827b 2.756a

Year: 2014 5.289 23.1ab 1.997ab 2.839b
2015 4.768 23.0b 1.776b 2.358c
2016 4.256 24.0a 2.034a 3.136a

p-values
Irrigation (I) ** * * ns

Year ** * * **
I × Year * ns ns ns

Year: 2018
% ETc 50 4.174a 24.5a 1.839a 2.639a

100 5.085b 23.5b 1.408b 2.566b
p-values

Irrigation ** ** ** ns
Year: 2019
CWSI b 0.3 4.793a 22.8 1.532a 2.760a

0.4 4.475a 22.9 1.577a 2.831a
0.5 3.679b 22.5 1.453b 2.148b
0.6 3.628b 22.4 1.745a 2.265b

p-values
CWSI ** ns * *

a For the main effect treatment level rows, the least square mean values followed by a different letter within a
column are significantly different (p ≤ 0.05) determined by the Tukey-Kramer adjusted t-test. *, p ≤ 0.05; **, p ≤ 0.01;
ns: Not significant. b Daily maximum CWSI to trigger the irrigation application of 28 mm of water. c TA: I × Year
interaction was due to 2014 when 70% tmt had TA of 6.0. 2015 and 2016 were 4.8 and 4.3.

4. Discussion

There are a number of published studies on wine grape grown under arid conditions where the
CWSI and other measurements of vine water status have been measured at periodic intervals during
the growing season [11,17,26,35]. To the best of our knowledge, this is the first study to relate seasonal
daily CWSI values with irrigation events, irrigation amounts, other indicators of vine water status,
yield components, and berry composition. Despite the difference among the studies in the methods
used to calculate a CWSI and to acquire canopy temperature data, results consistently supported a
strong relationship between CWSI values and leaf-level measurements of vine water status.

The neural network model used in this study to calculate the lower temperature threshold
of the CWSI was unique relative to other published studies [22]. The lower and upper threshold
temperatures were estimated in other studies using wet and dry reference leaves [17], actually measured
in fully-irrigated and non-irrigated plots of grapevines [35], estimated using a wet reference and
a constant [26], or by relating vapor pressure deficit with the temperature difference between air
and the canopy of a fully-transpiring vine [11]. As in this study, most other studies also measured
sunlit leaves [11,26,35]. Jones et al. [17] reported that the sensitivity of leaf temperature to stomatal
conductance was greater in sunlit relative to shaded leaves. Canopy temperature was measured in some
studies from above the top of the canopy similar to this study [11,26] or from the side perpendicular to
the vine row [17,35]. Similar to this study, most other studies used measurements acquired around
solar noon to calculate the CWSI [11,17,26].

In this study, the CWSI values increased with the decreasing irrigation amounts and an inverse
relationship was observed between the CWSI and Ψlmd. All three indicators of vine water status detected
an increase in stress severity as the irrigation amount decreased. A similar inverse relationship between
the CWSI and leaf or stem water potential was observed in Moscatel and Periquita [17], Castelão and
Aragonês [35], Merlot [26], Chardonnay, Pinot-noir, and Tempranillo [11]. Jones et al. [17] concluded
that the CWSI provided a more effective replication than would be practical using labor-intensive,
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leaf-level measurements. Grant et al. [35] used a CWSI to evaluate the relative stress severity among
different deficit irrigation delivery methods (partial rootzone drying (PRD), sustained deficit (SDI),
and regulated deficit (RDI)), and reported similar CWSI values for PRD and SDI and a higher CWSI
value for RDI. The large amount of variability in the relationship between the CWSI and Ψlmd observed
in this study, suggests that the daily CWSI is not a suitable direct surrogate for Ψlmd. However,
the strong relationships between ASW and both the CWSI and Ψlmd suggest that either measurement of
water status is suitable for assisting routine irrigation decision making. A similar amount of variability
between the CWSI and Ψlmd observed in this study was also reported by [11] Bellvert et al. (2015).
Potential sources of variability could be operator errors in collecting Ψlmd measurements, environmental
factors, and vine differences [36]. In this study, multiple operators collected Ψlmd measurements in
2016, and this could have introduced variability into the Ψlmd measurements. Solar radiation and
VPD are also known to influence Ψlmd and Ψlmd measurements [37]. The Ψlmd values reported in this
study were made over a wide range of VPD and on days with variable clouds. The combination of
multiple operators and wide range in VPD, solar radiation, temperature, and evaporative demand
during Ψlmd measurements may account for some of the observed variability between daily CWSI
and Ψlmd. Additionally, some Ψlmd values reported in this study were not collected on the same vine
used for canopy temperature measurement, which could introduce another source of variability in the
relationship between daily CWSI and Ψlmd.

In this study, a significant linear relationship was observed between the fraction of ASW and
Ψlmd when the maximum and minimum Ψlmd values were −0.6 and −1.7 MPa (Figure 5). Williams
and Trout [38] reported a quadratic relationship between soil water content and Ψlmd for Thompson
Seedless grapes grown in a lysimeter; however, when Ψlmd values in their dataset were below−0.6 MPa,
their data were nearly linear and similar to the results of this study. In this study, ASW corresponded
more strongly with Ψlmd (Figure 5) than with the daily CWSI (Figure 6). However, the CWSI and Ψlmd

both corresponded well with δ13C (Table 2), suggesting that both indicators detected differences in
seasonal vine water stress severity. The greater amount of variability observed in this study between
ASW and the daily CWSI may be attributed to the influence of environmental stresses on CWSI values
in addition to soil water availability. The strong relationship between the daily CWSI and amount of
supplied water (Figure 7) suggests that a maximum daily CWSI can be used for irrigation scheduling
to distribute limited water resources over the growing season and sustain a desired level of vine
water stress.

In this study, we observed an increase in juice δ13C as Ψlmd decreased (Table 2). A similar inverse
relationship between δ13C and Ψ was observed in juice by Gaudillère et al. [39] and in dried leaves by
Grant et al. [35]. However, at a similar range in Ψ in all three studies, the δ13C values in this study
were lower than that of Gaudillère et al. [39] and higher than that of Grant et al. [35]. The three-year
average Ψlmd and corresponding δ13C values for the 35 and 70 ETc treatments were, respectively,
−1.29 and −1.15 MPa and −24.8 and −26.3. The δ13C values for Ψ values similar to this study reported
by Gaudillère et al. [39] were −23 and −24, and, −27.25 and −28.89 for the 35% and 100% ETc treatments
reported by Grant et al. [35]. The difference in δ13C values between studies could be due to cultivar
differences, different laboratories, and/or the use of different tissues.

5. Conclusions

It is apparent from the results of this study that a water stress index based upon canopy temperature
is sensitive to changes in soil moisture availability under semi-arid growing conditions. CWSI values
responded quickly to irrigation events, were sensitive to irrigation amounts, and corresponded with
changes in Ψlmd, juice δ13C, yield components, and berry composition. Vines irrigated at a daily CWSI
threshold of 0.4 were supplied with 26% less water and had a similar yield per vine and a similar berry
composition as vines irrigated at a daily CWSI threshold of 0.3. Under the semi-arid conditions of
this study, utilizing a daily CWSI threshold for irrigation scheduling decreased the irrigation amount
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without compromising the yield or changes in berry composition and remotely provided automated
decision support for managing water stress severity in grapevine.
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