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Abstract

The crop water stress index (CWSI) has shown to be a good indicator of water
status in fruit trees. Conventional CWSI measured over solar noon is widely
used to monitor plant water status. This study compared the theoretical CWSI
averaged over morning hours, CWSI,,,, and over solar noon hours, CWSI,q4,
of apple trees. This study also assessed their sensitivity to the changes in soil
water status (soil water deficit [SWD, %] and soil water potential [SWP, kPa])
at different root zone depths. Four different types of commercial and experi-
mental apple orchards with different characteristics growing under semi-arid
conditions in Washington State, United States, were chosen to assess CWSI,,,
against CWSI,,4 sensitivity to soil water status. In some of these locations, soil
water status ranged from fully watered to severely stressed (low water deficit
to high water deficit). Ground-based thermal and microclimate measurements
were recorded continuously at 10-s intervals and acquired for the 15-min aver-
age on a daily basis throughout the study period. The linear relationship
between SWD and CWSI,,, at the effective root zone depth (average of
0-150 mm and 0-460 mm) resulted in a slightly higher correlation
(R*> = 042-064, p < .001) compared to the traditional CWSI,q
(R* = 0.32-0.60, p < 0.001). The correlation between CWSI,,, and SWP
(R* = 0.38-0.69, p < 0.001) was found to be larger than the correlation between
CWSI,,, and SWD, while SWP was less correlated with CWSI 4
(R* = 0.33-0.55, p < 0.001). Interestingly, a better relationship between soil
water status and both CWSI,,, and CWSI,,4 was observed using a nadir view
orientation thermal measurement. The CWSI,,, showed higher sensitivity to
SWP than SWD.
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1 | INTRODUCTION

RESUME

L'indice de stress hydrique des cultures (CWSI) s'est révélé étre un bon
indicateur de 1'état de I'eau des arbres fruitiers. Le CWSI conventionnel mesuré
sur midi solaire est largement utilisé pour surveiller I'état de 'eau des plantes.
Cette étude a comparé le CWSI théorique en moyenne sur les heures du matin,
CWSImo, et sur les heures du midi solaire, CWSImd des pommiers. Cette
étude a également évalué leur sensibilité aux changements de I'état hydrique
du sol (déficit hydrique du sol, SWD,% et potentiel hydrique du sol, SWP, kPa)
a différentes profondeurs de la zone racinaire. Quatre types différents de
vergers de pommiers commerciaux et expérimentaux avec des caractéristiques
différentes poussant dans des conditions semi-arides dans I'Etat de
Washington, aux Etats-Unis, ont été choisis pour évaluer CWSImo par rapport
a la sensibilité CWSImd a 1'état de I'eau du sol. Dans certains de ces endroits,
I'état de I'eau du sol variait de completement arrosé a gravement stressé (déficit
hydrique faible a déficit hydrique élevé). Les mesures thermiques et micro-
climatiques au sol ont été enregistrées en continu a 10 secondes d'intervalle et
acquises pendant la moyenne de 15 minutes sur une base quotidienne tout au
long de la période d'étude. La relation linéaire entre SWD et CWSImo a la
profondeur effective de la zone racinaire (moyenne de 0-150 mm et
0-460 mm) a abouti a une corrélation légérement plus élevée (R? = 0,42-0,64,
p < 0,001) par rapport au CWSImd traditionnel (R* = 0,32-0,60, p <0,001). La
corrélation entre CWSImo et SWP (R* = 0,38-0,69, p < 0,001) s'est avérée plus
grande que la corrélation entre CWSImo et SWD, tandis que SWP était moins
corrélée avec CWSImd (R? = 0,33-0,55, p < 0,001). 1l est intéressant de noter
quune meilleure relation entre 1'état de 1'eau du sol et a la fois CWSImo et
CWSImd a été observée en utilisant une mesure thermique d'orientation
en vue du nadir. Le CWSImo a montré une sensibilit¢é au SWP plus élevée
que le SWD.

MOTS CLES
Indice de stress hydrique des cultures, déficit hydrique du sol, potentiel hydrique du sol, détection

thermique, orientation des thermomeétres infrarouges

Apples are the second most valuable fruit grown in
the United States, 60% of which is grown in Washington

Agriculture is the largest consumer of fresh water. Due to
the intensifying competition with other users from urban,
industrial, and environmental sectors, the amount of
water supplies to the agricultural sector is declining.
Thus, to ensure a future of food security, improved
approaches for irrigation scheduling are required.
Irrigation scheduling enables growers to apply the exact
amount of water that a plant needs to achieve the
maximum use of soil moisture storage. Accurate irriga-
tion scheduling increases irrigation efficiency and crop
productivity.

State (Lynch, 2010). Growing apples in the semi-arid
regions of the Pacific Northwest requires irrigation on a
regular basis over the growing season. Most growers irri-
gate on a calendar basis instead of relying on actual water
use estimations or soil water measurements. Poor irriga-
tion management could result in water stress, diseases,
apple bitter pit, and leaching of fertilizers. This signifi-
cantly reduces fruit size, quality, and overall productivity.
For maximizing water savings and increasing apple
orchards' profitability, an irrigation strategy based on
feedback from the trees themselves is crucial. Detecting
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stress earlier in the day also allows for more real-time
response to that stress during the working hours of most
agricultural workers.

Irrigation scheduling of orchard trees using soil-
water balance with calculation of crop evapotranspiration
(ET) based on reference ET and crop coefficients is a
well-known approach. These crop coefficients are often
chosen based on correlations with canopy size and height
(Allen & Pereira, 2009). However, there is additional
uncertainty due to planting density, tree architecture,
row widths, and tree ages (Doltra et al., 2007). Currently,
this approach is being replaced by more accurate meth-
odologies such as soil- and weather-based methods.
These methods allow plants to match the water demand
of their environment and keep this in balance with the
water supply from the soil. The soil-based irrigation
scheduling method is based on data from soil moisture or
soil water potential sensors, while weather-based irriga-
tion scheduling methods are based on soil-water balance
and daily estimations of reference ET and an ET model.
The ET models often used are the Penman-Monteith
(Allen et al, 1998) and Hargreaves (Hargreaves &
Samani, 1985) methods.

Plant water status based on soil water measurements
has long been used as a tool for irrigation scheduling.
These measurements are not directly associated with the
variables' environmental conditions. However, it can be
used to represent the root zone despite the heterogeneity
of soil (Campbell & Campbell, 1982; Charlesworth,
2005) if a representative site was chosen since irrigation
scheduling does not require all the field soil information
as the field is irrigated as a unit. Apple trees have a rela-
tively shallow root zone which explains the relatively
higher impact of climatic conditions on apple orchards'
water status than of soil moisture (Lakso, 1994). This
was the basis for developing thermal indices to detect
plant water stress as an alternative to soil water
monitoring-based methods (Tormann, 1986; Garrot
et al, 1993; Osroosh et al, 2015b). The advantage of
thermal indices is that the measurement is plant based.
Plant-based methods provide irrigation timing without
providing the amount of water to apply unlike soil-based
methods. Combining this with the soil water measure-
ment would allow us to have a better understanding of
the actual water status in the plant.

Many indices have been developed to relate plant
water stress signs to soil water status (Naor, 2008;
Thuoma & Madramootoo, 2017). The crop water stress
index (CWSI) (Idso et al., 1981; Jackson et al, 1981) is
a well-known index and uses normalized canopy
temperature to detect crop stress. The CWSI is estimated
using empirical (Idso et al, 1981; Cohen et al, 2005;
Moller et al., 2006), theoretical (Jackson et al., 1988, 1981;
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Berni et al, 2009; Gonzalez-Dugo et al, 2014), and
statistical estimations (Rud et al., 2014; Cohen et al., 2017).
However, the empirical CWSI is easier to use due to the
lower data requirements compared to the theoretical
approaches (Maes & Steppe, 2012; Agam et al.,, 2013).

The value of CWSI ranges from 0 for a non-stressed
crop to 1 for an extremely stressed crop. However, in
commercial orchards, there is a wide variety of canopy
shapes, fruit sizes, and loads. This causes the propor-
tional relationship between CWSI and stress level to be
exposed to some measurement errors driven by hetero-
geneous tree canopies and varying fruit load and results
in CWSI readings higher than zero, even when the
trees are well watered (Fereres & Goldhamer, 2003:
Lakso, 2003).

Numerous studies have employed infrared thermome-
try to assess the potential of CWSI measurements in dif-
ferent tree crops such as citrus (Stagno et al, 2011;
Gonzalez-Dugo et al., 2014), peaches (Glenn et al., 1989;
Paltineanu et al, 2009; Wang & Gartung, 2010; Bellvert
et al., 2016), olives (Ben-Gal et al., 2009; Berni et al., 2009;
Akkuzu et al., 2013; Bellvert et al., 2016), pistachios (Testi
et al, 2008), grape (Moller et al, 2006; Stoll &
Jones, 2007; Bellvert et al., 2014), and apples (Osroosh
et al., 2014, 2015a, 2015b, 2016b, 2016a).

The limitations of the empirical CWSI (Jackson
et al, 1988; Jones, 1999) are caused by neglecting cli-
mate factors such as wind speed and solar radiation
and the need to create CWSI baselines applicable to dif-
ferent agroclimatic areas. The CWSI can be calculated
using different methodologies. Cohen et al. (2017)
summarize the methods for calculating CWSI, their
limitations, and benefits. Many researchers have tried
to improve the empirical CWSI for crop water stress
monitoring and irrigation scheduling (Clawson
et al., 1989; Jones, 1999; Meron et al., 2003; Leinonen &
Jones, 2004; Moller et al, 2006). For example,
O'Shaughnessy et al. (2011, 2012) combined the time-
temperature threshold (TTT) into a theoretical index
(CWSI-TTT) used to automate irrigation of grain
sorghum. However, they still experienced cases of
under-irrigation associated with cloud cover or other
micrometeorological incidents. The TTT method was
also used to fully automate centre pivot irrigation
scheduling (Peters & Evett, 2008). Osroosh et al. (2015b)
introduced an adaptive irrigation-scheduling algorithm
based on a theoretical CWSI specifically developed
for apple trees. Their CWSI-based algorithm uses a
dynamic threshold determined by following the
CWSI trend.

With a few exceptions (O'Shaughnessy et al, 2012;
Osroosh et al., 2016b), CWSI measurements at midday
(1:00-3:00 p.m.) are the basis for monitoring crop water
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status. The main assumption here is that crop transpira-
tion mainly responds to net radiation, which is maximum
at midday. However, it has been shown that CWSI
averaged over daylight hours, from 7:00 a.m. to 7:00 p.m.
(Osroosh et al, 2016b) is more reliable to detect water
stress in fruit trees because it eliminates the effects of
short microclimatological effects and intervals and yields
a more stable index for irrigation scheduling. If CWSI is
measured earlier in the day, this would keep trees at a
well-watered status by applying an irrigation event if
needed (Mohamed et al., 2019).

The key objective of this research was to develop a
more sensitive CWSI (CWSI averaged over morning
hours, CWSI,,,) under different water stress levels. The
specific objective was to investigate the relationships
between CWSI and soil water status (soil water deficit
[SWD], %) and soil water potential (SWP, kPa) at differ-
ent root zone depths at four sites across Washington State
to represent variability among the locations.

2 | MATERIALS AND METHODS

2.1 | Study areas

The study was carried out in four different commercial
and experimental apple orchards that covered a wide
variety of geographical locations. The orchards are
located in Prosser, Royal City, Quincy, and George,
WA. The sites in Prosser, Royal City, Quincy, and
George, WA, will now be referred to as site 1, 2, 3, and
4, respectively. A detailed description and the condition
of each site are shown in Table 1. The study areas have a
semi-arid climate, short summer rain, and an average
annual rainfall of 180-217 mm. Soil texture estimates
were obtained from the Web Soil Survey (Natural
Resources Conservation Service, NRCS). The soils were
not affected by salt.

TABLE 1 A detailed description of the study orchards

All the orchards were well developed. The soil water
status ranged from fully watered (no SWD) conditions
(i-e., the Prosser orchard) to severely stressed (high SWD)
conditions (i.e., Royal City orchard). Site 4, in George,
WA, was completely covered with shade cloth for sun-
burn protection. in site 1, Prosser, WA, there was almost
no fruit due to alternate bearing (irregular crop load from
year to year). This provided an opportunity to test the
sensitivity and reliability of CWSI,,, in detecting water
status adequately because there was no concern of yield
loss. There was a cooling system (overtree sprinkler
irrigation system) in two orchards (sites 2 and 3) to
prevent fruit sunburn. Harvesting dates ranged from end
of August for orchards 2 and 3 and mid-October for
orchard 4.

2.2 | Sensor setup

Ground-based soil-plant-weather monitoring stations
included sensors such as soil water sensors, IRTs (for
plant canopy temperature detection), and weather sen-
sors. Monitoring stations (Figure 1) were mounted on
aluminium poles. To ensure repeatable and precise moni-
toring of canopy temperature, three stations were placed
at locations distant from each other in the orchard at !4,
4, and % of one single row. Each station included sensors
as shown in (Figure 1) with only one weather station that
was located halfway of the row. Each station was capable
of monitoring two adjacent canopies, one located on the
south and the other on the north. All the sensors were
wired to a couple of Z6 dataloggers (model Em60G; Meter
Group, Inc., Pullman, WA) on each station that recorded
at 10-s intervals and stored 15-min averages. Sensors'
wires were shielded using a white PVC casing. Data from
these sensors was reported back to a decision support sys-
tem (ZENTRA Cloud; Meter Group, Inc., Pullman, WA)
capable of logging and visualizing data remotely.

0.27 ha 129 ha 13.8 ha 11.3 ha
Site area, location,  Lat: 46.2529687, Long: Lat: 46.9179174, Long: Lat: 47.2289958, Long: Lat: 47.0905323, Long:
and type —119.7274735 —119.6524271 —119.9477452 —119.95511051
Experimental Commercial Commercial Commercial
Soil characteristics Warden silt loam Kennewick silt loam Shano silt loam Prosser very fine
(at depth 483 mm) sandy loam
HFC = 28.3% HFC = 28.4% HFC =29% HFC =19%
HPWP =10% GPWP =10% QPWP =9% HPWP =8%
Irrigation system Micro-sprinklers Drip laid on the ground Drip (2.4 X 0.6 m), dripline Drip laid on the ground
(lines x dripper) (4 x 0.508 m) (1.5 x 0.6 m) height (0.3 mm) (2.5x0.75 m)

Note: Orc: soil water content at field capacity.

Opwp: amount of water in soil that is unavailable to the plant (PWP, permanent wilting point).
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FIGURE 1 A simplified illustration of ground-based measurements using in-field sensors and a decision support system integrated
with wireless sensor network. IRT, infrared thermometer [Colour figure can be viewed at wileyonlinelibrary.com]

2.2.1 | Thermal measurements

For each station, two IRTs (Model: SI-4H1; Apogee
Instruments, Inc., Logan, Utah) with a field of view of
32° horizontal half-angle and 13° vertical half-angle,
and a measurement range of —60°C to 110°C. IRT sen-
sors were installed pointing downwards at approxi-
mately 45° angles at both the northern and southern
sides of a tree to capture the temperature of the canopy.
The heights of all the trees in each orchard was rela-
tively uniform, with no shading from the neighbouring
trees. An additional orientation of the IRTs was
installed in the George orchard at nadir view angle. An
illustration of the sensors’ setup can be seen in
Figure 1. The mounting distance was adjusted in a way
that only the canopy was in the view of the IRT
(no soil background inclusion) and such that when the
trees reached their full canopy growth, the IRT still
stayed out of the canopy. The average values of canopy
temperature measurements from all the stations were
then input into the CWSI model.

2.2.2 | Soil water status measurements

In order to continuously monitor soil water status in the
orchards to assess the sensitivity of the morning crop
water stress index to soil water status (deficit and poten-
tial) under different soil characteristics, volumetric soil

water content (VWC) sensors (TEROS 12; Meter Group,
Inc., Pullman, WA), with a volume of influence of
1,010 ml, a resolution of 0.001 m*/m>, and an accuracy
from +0.01 to 0.02 m*/m® (+1-2% VWC) in any porous
medium, were installed for each of the three stations in
between two consecutive trees in the same row at four
different depths (150, 460, 760, and 1,020 mm). The large
number of sensors used was to cover the whole root zone
depth and take the non-homogeneity of soil and soil
water distribution into consideration. On the opposite
side of the TEROS 12 installation location, and for each
of the three stations, TEROS 21 (Meter Group, Inc., Pull-
man, WA) sensors with a measurement range of —9 to
—2,000 kPa, a resolution of 0.1 kPa, and an accuracy of
+(10% of reading + 2 kPa) from —100 to —9 kPa were
installed to monitor the soil water potential at /4 and 34
of the root zone depth (150 and 460 mm, respectively).
TEROS 12 was calibrated using the standard factory cali-
bration curve as the sensor was not soil type dependent
(Kizito et al.,, 2008). Each TEROS 21 sensor was calibrated
individually from —10 to —80 kPa against an absolute
suction reference (Meter Group Inc., 2020). SWD (%) was
calculated as {([Orc — Ovwcl/[Orc — Opwr]) X 100}, where
Orc is the soil water content at field capacity, Oywc is the
measured volumetric soil water content at soil depth, and
Opwp is the soil water content at permanent wilting point.
The management allowable depletion (MAD), expressed
in percent, was set for apple trees as 0.5 of the total
available water (Allen et al., 1998).



s | WILEY

MOHAMED Er AL.

2.2.3 | In-field plant measurements

During the growing season of 2018, the stem water
potential (Wsem) Was measured late in the morning
(between 10:00 and 11:00 a.m.) and around solar noon
(between 12:30 and 1:30 p.m.) with a pressure bomb
(Model 1505D; PMS Instrument Co., Albany, OR)
The accuracy of the readings was 0.5%-1% for
0-10,000 kPa. These measurements were taken twice
per week from August 14 to September 18, 2018. Three
shaded leaves were selected from the inner, lower
section of tree canopies close to tree trunk and
adjacent to the sensor stations (Turner & Long, 1980;
McCutchan & Shackel, 1992). The leaves were enclosed
in aluminium foil-covered plastic bags. The leaves
were kept covered for approximately 60 min (Fulton
et al, 2001). W, in the morning and at midday were
measured for a total of three Wy, sample readings per
targeted canopy.

2.2.4 | Microclimatic measurements
Microclimate data were acquired over the growing
season using the ATMOS 41 (METER Group, Inc.,
Pullman, WA) all-in-one weather station. Measurements
taken included vapor pressure, relative humidity (RH),
solar radiation, wind speed and direction, maximum
wind gust, air temperature, and precipitation. ATMOS
41 was installed as a function of canopy height, so the
tree vegetation is representative, and above the canopy
surface at a height of 4 m above the ground surface.
This distance of separation was far enough from the
trees’ canopies to not interfere with the measurements
and close enough to accurately reflect the microclimate
near the measurement. Research studies have shown
that the CWSI is very sensitive to RH and air tempera-
ture measurements, and thus these parameters should
be measured as close as possible to the canopies (Gard-
ner et al, 1992). Thus, one ATMOS 14 (Meter Group,
Inc., Pullman, WA) sensor was installed on one of the
stations that was located in the middle of the row and
ended up between and above two consecutive trees and
close to the canopies.

2.3 | Theoretical CWSI calculation
Theoretical CWSI (Idso et al., 1981; Jackson et al., 1981)
was calculated by comparing the measured canopy and
air temperature difference (AT; = T, — T,) with the upper
limit of water-stressed baseline ATy, and the lower limit
of non-water-stressed baseline ATy:

AT;— AT,
CWSI= —ATy—ATX’ (1)
where AT; is the difference between measured canopy
(T) and air (T,) temperatures, ATy is the temperature
difference between canopy and air for a non-transpiring
canopy, ATy, is the temperature difference between
canopy and air temperatures under a well-watered tree
canopy (non-water-stressed baseline). AT, was calculated
according to Osroosh et al. (2015b) as follows:

1 1

ATy = -
¥ Qy+u atm(y +u)

VPD, (2)

where Q is the net radiation, atm is the atmospheric pres-
sure, u = A/atm; A is the linear slope between saturation
vapor pressure (es, kPa) and air temperature (T,, C). VPD
is the vapor pressure deficit, y is a constant stated by
Campbell & Norman (1998) similar to the psychrometric
constant and can be calculated as follows:

_ gHrCP -m

v P (3)
where gy, = 2gy, and gy is the boundary layer conduc-
tance to heat, m = (3ay, —4)e,(C)oT:, where T, is the air
temperature (K), ap is absorptivity in the thermal
waveband, C,, is the heat capacity of air (mol™'C™"), 1 is
the latent heat of vaporization (J mol™), atm is the atmo-
spheric pressure, and VPD was calculated after Idso
et al. (1981) as follows:

VPD =e¢;—e,, 4)

where e; is the saturated vapor pressure (kPa), e, = e,RH is
the actual vapor pressure of air (kPa). g, is the vapor
conductance (mol m™2 s™') and calculates as follows
(Osroosh et al., 2015b):

(atm)Q
=—a——-, 5
8 =005 (5)
where a is the calibration adjustment coefficient.
The wupper limit, ATy, was calculated for a
non-transpiring canopy (Osroosh et al., 2015b):

Ry,
AT, =0 (6)
Y gHrCP —-m

This study was conducted starting from the beginning to
the late growing season, but the data analysis was
performed from mid- to late-season (June 6, 2018 to
September 21, 2018) to avoid erroneous canopy
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temperature measurements during the early season due
to incomplete canopy growth since the higher soil
background temperatures can create significant errors
(O'Shaughnessy et al, 2012). Differences between the
canopy and air temperatures (AT;), upper limit (AT,) and
lower limit (ATy) for all the orchards in the morning and
midday hours (Figure 2) were calculated using a calibra-
tion coefficient (a = 8) which is used to calculate the
vapor conductance (Osroosh et al, 2015b). This
calibration coefficient is required for the theoretical non-
water-stressed baseline that is described in Equation 1.
The main statistical measures used were a linear regres-
sion between soil water status and CWSI and analysis of
variance (p = 0.05).

3 | RESULTS AND DISCUSSION
3.1 | Morning and midday canopy and air
temperature difference

A marked difference in (AT;) clearly exists between the
non-stressed orchard (Prosser) (Figure 2a,b) and the
stressed orchard (George) (Figure 2g,h) or the severely
stressed orchard (Royal City) (Figure 2c,d) in both morn-
ing and midday hours. For the non-stressed orchard, AT;
was lower than for the stressed orchard. This can be
explained by the fact that the plant tends to close stomata
due to reduced water availability (Fuchs et al, 1967),
indicating the different functionality of stomata. Closed

Day of Year
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FIGURE 2 Seasonal fluctuations of measured canopy and air temperature difference (AT;), the temperature difference between canopy
and air temperatures under a well-watered tree canopy (AT, [upper limit], non-water-stressed baseline), and the temperature difference
between canopy and air for a non-transpiring canopy (AT, [lower limit]) in the morning and midday hours over the study period [Colour

figure can be viewed at wileyonlinelibrary.com]
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stomata consequently increase canopy temperature
relative to air temperature (Blonquist et al, 2009;
Pou et al, 2014), which mainly occurs in the midday
hours in apple trees (Tokei & Dunkel, 2005). In general,
AT; was lower in the morning than the midday hours for
both non-stressed and stressed orchards.

Similar to the findings of Testi et al. (2008), Gonzalez-
Dugo et al. (2014), and Osroosh et al. (2016b), all well-
watered orchards maintained an average difference
between canopy and air temperature below 0°C for many
days. However, a different pattern was noticed in the
stressed orchards (Royal City and George), where differ-
ences were considerably higher than 0°C. In most of the
orchards, AT; reached its highest value on the late-season
days for both morning and middays hours.

3.2 | Variation of morning and
midday CWSI

Here, the study compared the conventional CWSI mea-
sured at midday (1:00-3:00 p.m.), CWSI,4, with CWSI
measured late in the morning (10:00-11:00 a.m.),
CWSI,,,. Figure 3b shows that the stressed CWSI,,,
values from Royal City were somewhat higher than those
of the well-watered in Prosser (Figure 3a). Moreover, on
many days, non-stressed orchards showed a constant
level of CWSI. CWSI in both the morning and at midday
followed the same trend. However, CWSI,4 values were
much higher than CWSI,,,. This can be explained by the

increase in stomatal conductance in the morning hours
and the consequently higher transpiration rate in the
morning. On the other hand, CWSI in the Royal City
orchard had much variability in the late season, and
CWSI values decreased dramatically indicating high
water stress status in plants. This was due to a failure in
the irrigation system. Fruit load has a great effect on the
stomatal conductance of apple leaves, which is decreased
by a reduction in load (Wiinsche et al., 2000; Lakso, 2003;
Reyes et al, 2006). The higher values of CWSI,4 in the
Prosser orchard were mostly caused by no fruit load and
accordingly led to a smaller difference in canopy and air
temperature (Osroosh et al., 2016b).

3.3 | Relationships between Ygiem
and CWSI

The relationship between g, and CWSI was investi-
gated in one orchard (Prosser). The morning and midday
WYstem and relationships between ye, and CWSI in the
morning and at midday are shown in Figures 4a and 4b,
respectively. As expected, a significant difference was
noticeable between e, measured in the morning and
at midday. Averaged morning wsen values ranged
between —0.38 and —0.59 MPa, while averaged midday
Wstem values ranged from —0.51 to —0.68 MPa. On a
humid day (RH = 41%, day of year = 239), the relative
value of Wgem was the highest among the measured
values. That is the day when the transpiration rate was
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low (Fereres & Goldhamer, 2003; Doltra et al, 2007). In
general, the values of g, Were in agreement with the
reference values reported for apple trees (Naor &
Cohen, 2003). However, the results revealed that there
was no significant relationship between CWSI and gen,
which could be due to the small size of our dataset. The
higher values of CWSI,,,, and CWSI,,,4 were corresponded
to more negative Wgen. These variations of ygiem Were
mainly associated with climatic conditions (Abrisqueta
et al., 2015). Nevertheless, using leaf water potential for
irrigation scheduling is laborious and uses few measure-
ments to characterize large population of plants. So,
CWSI would be desirable as a quick and real-time
method (Idso et al., 1981).

hours

3.4 | Soil water status and CWSI
sensitivity analysis

The soil water status obtained from the station's two
sensors (TEROS 12 and TEROS 21) at depths 150 and
460 mm, which is the effective root depth, were averaged.
The detailed day-to-day fluctuation in the averaged soil
moisture values in the effective root zone obtained from
the TEROS 12 and 21 sensors are shown in Figure 5.
SWD reading differences from the TEROS 12 sensors in
all sites were 0.1%-1.6%, while the SWP reading differ-
ences from TEROS 21 were 0.1-1.7 kPa. The data
acquired from the sensors showed that the soil water sta-
tus ranged from no soil water stress to high SWD. For
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example, in the Prosser orchard, the trees did not experi-
ence a high water deficit over the study period
(Figure 5a), and SWD ranged from 0% to 30.5% and SWP
from —12 to —23 kPa. On the other hand, during the
study period, the Royal City orchard trees were severely
stressed (Figure 5b). The SWD ranged from 56% to 99.4%
corresponding to relative SWP values that were much
higher and ranged from —56 to —1,500 kPa. The higher
variability of CWSI in the stressed orchard (Royal City,
Figure 3b) was due to an irrigation system failure leading
to under-irrigation. SWD was below the MAD in the
Prosser and George orchards (Figures 5a and 5d). In the
Royal City, Quincy, and George orchards (Figures 4b, 4c,
and 4d), both SWD and SWP were relatively high in their
values due to the water cutting off to avoid mud during
harvest at the end of the season. This also explains the
higher CWSI values in the late season (Figures 3b, 3c,
and 3d).

The detailed coefficient of determination values of
the repetitive linear regression between soil water status
at different root zone depths and CWSI are shown in
Table 2. In the regression analysis, some data points in
the Royal City orchard were neglected in the calcula-
tion when the irrigation system failed. CWSI,,, was
found to be more correlated to soil water status than
CWSI,q. For instance, a linear regression analysis of
the total SWD (%) at the effective root zone depth
(average of depths 150 mm and 460 mm) against rela-
tive CWSI,,,, yielded a slightly higher correlation with
R* = 0.42-0.64 (p < 0.001; Figure 6a), while a weaker
correlation was found between CWSI,,4 and SWD with
R?* = 0.32-0.60 (p < 0.001; Figure 6b). A similar linear
regression between soil water potential (-kPa) and
CWSI,,, resulted in a fairly good correlation, with
R* = 0.38-0.69 (p < 0.001; Figure 6c), while it was less
correlated with CWSIL,,q with R*> = 0.33-0.51
(p < 0.001; Figure 6d), indicating that CWSI,,, is a
more predictive indicator of water status in the apple
root zone to a depth of 150 mm and 460 mm. Both
CWSI,,, and CWSI,,,4 exhibited variable correlations for
both SWD and soil water potential for soil depths of
720 mm and 1,070 mm (Table 2).

3.5 | IRTSs orientation and soil water
status relationship

Variations in the CWSI measurement are a function of
the measured canopy temperature. These variations
depend on the angle from which the IRT is monitoring
the canopy. Thus, to investigate the impact of the IRT
orientation on the CWSI calculation and the relationship
with soil water status, an additional IRT orientation

TABLE 2 Coefficient of determination values of linear regression analysis between soil water status (soil water deficit [SWD] and soil matric potential [SMP]) and crop water stress index

(CWSI)

George

Quincy

Royal City

Prosser

Orchard

SMP SWD SMP SWD SMP SWD SMP

SWD

Soil water status

Md Mo Md Mo Md Mo Md Mo Md Mo Md Mo Md Mo Md

Mo

CWSI

0.38
0.71
0.51
0.71

0.55
0.87
0.69
0.85

0.12
0.61
0.32
0.65

0.22
0.72
0.45
0.81

0.29
0.29
0.35

0.48
0.19
0.38

0.36
0.30
0.37
0.16
0.05

0.34
0.40
0.42
0.12
0.03

0.47
0.10
0.55

0.52
0.15
0.52

0.14
0.62
0.60
0.75
0.79

0.15
0.67
0.64
0.74
0.77

0.33
0.62
0.50

0.42
0.79
0.63

0.24
0.64
0.45
0.70
0.68

0.29
0.74

0.52

0-150
0-460

Depth (mm)

Effective depth (average of 0-150 and 0-460)

0-760

0.79
0.74

0-1,020

Abbreviations: Md, average midday hours; Mo, average morning hours
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(nadir view) was installed at the Quincy orchard. The
average canopy temperature at nadir and 45° viewed in
the morning and midday hours is shown in Figure 7. In
general, the readings of canopy temperature at nadir and
45° view followed nearly the same trend. The CWSI
values calculated using nadir view measurements
resulted in slightly higher correlations with both SWD
and SWP measurements than those calculated using
the 45° orientation from both sides and averaging
(Figure 8b,d). The CWSI,,, values calculated using nadir
view measurements were better correlated with both
SWD and SWP than those with CWSI,,4. For the effective
depth, on the one hand, CWSI,,, calculated using nadir
view orientation yielded a good correlation with SWD
(R2 = 0.62, p < 0.001; Figure 8a), while the correlation
between CWSI,,q and SWD was slightly less (R* = 0.40,
p < 0.001; Figure 8a). A similar linear regression between
SWP and CWSI,,,, resulted in a fairly high correlation
(R* =0.62, p < 0.001; Figure 8c), while SWP was less cor-
related with CWSI,q (R* = 0.30, p < 0.001; Figure 8). On
the other hand, CWSI,,, calculated using 45° orientation
yielded a lower correlation with SWD (R* = 0.42,
p < 0.001; Figure 8b), while the correlation between

CWSI,,,q and SWD was much less correlated (R* = 0.37,
p < 0.001; Figure 8b). Moreover, the linear regression
between SWP and CWSI,,,, for 45° orientation resulted in
a worse correlation (R2 = 0.38, p < 0.001; Figure 8d),
while SWP was much less correlated with CWSIq
(R* = 0.36, p < 0.001; Figure 8d).

4 | CONCLUSIONS

In the present study, we investigated the effectiveness of
CWSI values calculated using a theoretical model and
averaged over the late morning hours (CWSI,,,) as an
indicator of water status in apple trees in the semi-arid
region of Washington. Soil moisture sensors were used to
continuously monitor soil water status. Based on the
results from all the study orchards, theoretical morning
CWSI was more sensitive to soil water status availability.
In general, the correlation between the CWSI and soil
water potential was slightly higher than the correlation
between the CWSI and SWD. Linear correlations
between the CWSI and soil water status showed that
CWSI,,, is slightly more responsive to changes in soil
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moisture than CWSI,,,4. Both CWSI,,,, and CWSI 4 calcu-
lated using the nadir view orientation were slightly more
correlated with soil water measurements than those cal-
culated using a 45° angle orientation of the tree from two
opposite sides and averaged. CWSI,,,, shows promise to
estimate plant water stress status in apple trees. CWSI,,
would allow for detecting water stress earlier in the day
and eventually maintaining trees at a well-watered status
by applying an irrigation event if needed. In addition, this
study emphasized and highlighted the feasibility of
CWSI,,, under a no-fruit (alternate bearing) scenario, in
an orchard with cloth shading, and variable water stress
options. Finally, further research needs to be conducted
to analyse the robustness and sensitivity of the relation-
ship between the CWSI and soil water status and orchard
productivity.

ACKNOWLEDGEMENTS

This research was funded by the METER Group Inc.,
Pullman, WA. The authors would also like to acknowl-
edge Dr. Abid Sarwar of University of Agriculture
Faisalabad (UAF), Pakistan, for his support in data collec-
tion and Ms. Lynn Mills for her valuable assistance with
the pressure bomb. The authors are also grateful to the
two anonymous reviewers for their constructive criticism.

ORCID
Abdelmoneim Z. Mohamed ‘© https://orcid.org/0000-
0003-2619-933X

REFERENCES

Abrisqueta, I., Conejero, W., Valdés-Vela, M., Vera, J., Ortufio, M.F.
and Ruiz-Sanchez, M.C. (2015) Stem water potential estimation
of drip-irrigated early-maturing peach trees under Mediterra-
nean conditions. Computers and Electronics in Agriculture, 114,
7-13. https://doi.org/10.1016/j.compag.2015.03.004

Agam, N., Cohen, Y., Berni, J.A.J., Alchanatis, V., Kool, D., Dag, A.,
et al. (2013) An insight to the performance of crop water stress
index for olive trees. Agricultural Water Management, 118,
79-86. https://doi.org/10.1016/j.agwat.2012.12.004

Akkuzu, E., Kaya, U., Camoglu, G., Mengii, G.P. and Asik, S. (2013)
Determination of crop water stress index and irrigation timing
on olive trees using a handheld infrared thermometer. Journal
of Irrigation and Drainage Engineering, 139(9), 728-737.
https://doi.org/10.1061/(ASCE)IR.1943-4774.0000623

Allen, R.G. and Pereira, L.S. (2009) Estimating crop coefficients
from fraction of ground cover and height. Irrigation Science,
28(1), 17-34. https://doi.org/10.1007/500271-009-0182-z

Allen, R.G., Pereira, L.S, Raes, D. and Smith, M. (1998). Crop
evapotranspiration. Guidelines for computing crop water
requirements. Irrigation and Drainage Paper No. 56. FAO,
Rome, Italy.

Bellvert, J., Marsal, J., Girona, J., Gonzalez-Dugo, V., Fereres, E.,
Ustin, S. and Zarco-Tejada, P. (2016) Airborne thermal imagery
to detect the seasonal evolution of crop water status in peach,

nectarine and Saturn peach orchards. Remote Sensing, 8(1), 39.
https://doi.org/10.3390/rs8010039

Bellvert, J., Zarco-Tejada, P.J., Girona, J. and Fereres, E. (2014)
Mapping crop water stress index in a ‘pinot-noir'vineyard:
Comparing ground measurements with thermal remote sensing
imagery from an unmanned aerial vehicle. Precision Agricul-
ture, 15(4), 361-376. https://doi.org/10.1007/s11119-013-9334-5

Ben-Gal, A., Agam, N., Alchanatis, V., Cohen, Y., Yermiyahu, U.,
Zipori, 1., et al. (2009) Evaluating water stress in irrigated
olives: Correlation of soil water status, tree water status, and
thermal imagery. Irrigation Science, 27(5), 367-376. https://doi.
0rg/10.1007/s00271-009-0150-7

Berni, J.A.J., Zarco-Tejada, P.J., Sepulcre-Cantd, G., Fereres, E. and
Villalobos, F. (2009) Mapping canopy conductance and CWSI
in olive orchards using high resolution thermal remote sensing
imagery. Remote Sensing of Environment, 113(11), 2380-2388.
https://doi.org/10.1016/j.rse.2009.06.018

Blonquist, J.M., Jr., Norman, J.M. and Bugbee, B. (2009) Automated
measurement of canopy stomatal conductance based on infra-
red temperature. Agricultural and Forest Meteorology, 149(11),
1931-1945. https://doi.org/10.1016/j.agrformet.2009.06.021

Campbell, G.S. and Campbell, M.D. (1982) Irrigation scheduling
using soil moisture measurements: Theory and practice.
Advances in Irrigation, 1, 25-42. https://doi.org/10.1016/B978-
0-12-024301-3.50008-3

Campbell, G.S. and Norman, J.M. (1998) An introduction to environ-
mental biophysics. New York, NY, USA: Springer-Verlag.
p. 286.

Charlesworth, P. (2005) Irrigation Insights No. 1. Soil Water Moni-
toring. National Program for Irrigation Research and Develop-
ment, 2nd edition. Melbourne, Australia: CSIRO Publishing.

Clawson, K.L., Jackson, R.D. and Pinter, P.J. (1989) Evaluating
plant water stress with canopy temperature differences.
Agronomy Journal, 81(6), 858-863. https://doi.org/10.2134/
agronj1989.00021962008100060004x

Cohen, Y., Alchanatis, V., Meron, M., Saranga, Y. and Tsipris, J.
(2005) Estimation of leaf water potential by thermal imagery
and spatial analysis. Journal of Experimental Botany, 56(417),
1843-1852. https://doi.org/10.1093/jxb/eri174

Cohen, Y., Alchanatis, V., Saranga, Y., Rosenberg, O., Sela, E. and
Bosak, AJ.P.A. (2017) Mapping water status based on aerial
thermal imagery: Comparison of methodologies for upscaling
from a single leaf to commercial fields. Precision Agriculture,
18(5), 801-822. https://doi.org/10.1007/s11119-016-9484-3

Doltra, J., Oncins, J.A., Bonany, J. and Cohen, M. (2007) Evaluation
of plant-based water status indicators in mature apple trees
under field conditions. Irrigation Science, 25(4), 351-359.
https://doi.org/10.1007/s00271-006-0051-y

Fereres, E. and Goldhamer, D. (2003) Suitability of stem diameter
variations and water potential as indicators for irrigation sched-
uling of almond trees. The Journal of Horticultural Science and
Biotechnology,  78(2), 139-144.  https://doi.org/10.1080/
14620316.2003.11511596

Fuchs, M., Kanemasu, E.T., Kerr, J.P. and Tanner, C.B. (1967) Effect
of viewing angle on canopy temperature measurements with
infrared thermometers 1. Agronomy Journal, 59(5), 494-496.
https://doi.org/10.2134/agronj1967.00021962005900050040x

Fulton, A., Buchner, R., Gilles, C.,, Olson, B., Bertagna, N.,
Walton, J., et al. (2001) Rapid equilibration of leaf and stem



“ | WILEY

MOHAMED Er AL.

water potential under field conditions in almonds, walnuts,
and prunes. Hort Technology, 11(4), 609-615. https://doi.org/10.
21273/HORTTECH.11.4.609

Gardner, B.R., Nielsen, D.C. and Shock, C.C. (1992) Infrared ther-
mometry and the crop water stress index. II. Sampling proce-
dures and interpretation. Journal of Production Agriculture,
5(4), 466-475. https://doi.org/10.2134/jpa1992.0466

Garrot, D.J., Kilby, M.W., Fangmeier, D.D., Husman, S.H. and
Ralowicz, A.E. (1993) Production, growth, and nut quality in
pecans under water stress based on the crop water stress index.
Journal of the American Society for Horticultural Science, 118(6),
694-698.

Glenn, D.M., Worthington, J.W., Welker, W.V. and McFarland, M.
J. (1989) Estimation of peach tree water use using infrared
thermometry. Journal of the American Society for Horticultural
Science (USA), 114(5), 737-741.

Gonzalez-Dugo, V., Zarco-Tejada, P.J. and Fereres, E. (2014)
Applicability and limitations of using the crop water stress
index as an indicator of water deficits in citrus orchards.
Agricultural and Forest Meteorology, 198, 94-104.

Hargreaves, G.H. and Samani, Z.A. (1985) Reference crop
evapotranspiration from temperature. Applied Engineering in
Agriculture, 1(2), 96-99. https://doi.org/10.13031/2013.26773

Idso, S.B., Jackson, R.D., Pinter, P.J., Jr., Reginato, RJ. and
Hatfield, J.L. (1981) Normalizing the stress-degree-day parame-
ter for environmental variability. Agricultural Meteorology, 24,
45-55. https://doi.org/10.1016/0002-1571(81)90032-7

Thuoma, S.0. and Madramootoo, C.A. (2017) Recent advances in
crop water stress detection. Computers and Electronics in
Agriculture, 141, 267-275. https://doi.org/10.1016/j.compag.
2017.07.026

Jackson, R.D., Idso, S.B., Reginato, R.J. and Pinter, P.J., Jr. (1981)
Canopy temperature as a crop water stress indicator. Water
Resources Research, 17(4), 1133-1138. https://doi.org/10.1029/
WR017i004p01133

Jackson, R.D., Kustas, W.P. and Choudhury, B.J. (19838) A
reexamination of the crop water stress index. Irrigation Science,
9(4), 309-317. https://doi.org/10.1007/BF00296705

Jones, H.G. (1999) Use of infrared thermometry for estimation of
stomatal conductance as a possible aid to irrigation scheduling.
Agricultural and Forest Meteorology, 95(3), 139-149. https://doi.
0rg/10.1016/S0168-1923(99)00030-1

Kizito, F., Campbell, C.S., Campbell, G.S., Cobos, D.R., Teare, B.L.,
Carter, B. and Hopmans, J.W. (2008) Frequency, electrical con-
ductivity and temperature analysis of a low-cost capacitance
soil moisture sensor. Journal of Hydrology, 352(3-4), 367-378.
https://doi.org/10.1016/j.jhydrol.2008.01.021

Lakso, A.N. (1994) Apple. In: SchaVer, B. and Andersen, P.C. (Eds.)
Handbook of environmental physiology for fruit crops, Vol. 1.
Florida, USA: Temperate Crops. CRC Press. pp. 3-42.

Lakso, A.N. (2003) Water relations of apples. Apples: botany,
production and uses. Wallingford, United Kingdom: CAB
International. pp. 167-194.

Leinonen, I. and Jones, H.G. (2004) Combining thermal and visible
imagery for estimating canopy temperature and identifying
plant stress. Journal of Experimental Botany, 55(401),
1423-1431. https://doi.org/10.1093/jxb/erh146

Lynch, B. and Commission USIT. (2010). Apples: Industry trade
and summary. US International Trade Commission report

ITS-04, Washington, DC. USA. Available at Web site http://
www.usitc.gov/publications/332/ITS_4.pdf (accessed December
2, 2019).

Maes, W.H. and Steppe, K. (2012) Estimating evapotranspiration
and drought stress with ground-based thermal remote sensing
in agriculture: A review. Journal of Experimental Botany,
63(13), 4671-4712. https://doi.org/10.1093/jxb/ers165

McCutchan, H. and Shackel, K.A. (1992) Stem-water potential as a
sensitive indicator of water stress in prune trees. (Prunus
domestica L. cv. French). Journal of the American Society for
Horticultural Science, 117(4), 607-611. https://doi.org/10.21273/
JASHS.117.4.607

Meron, M., Tsipris, J. and Charitt, D. (2003). Remote mapping of
crop water stress status to assess spatial variability of crop
stress. In: Fourth European Conference on Precision Agricul-
ture. Academic publishers, Berlin, Germany. pp. 405-410.

Meter Group Inc. (2020). TEROS 21 soil water potential sensor.
2365 NE Hopkins Ct, Pullman, WA 99163. https://www.
metergroup.com/environment/products/teros-21/

Mohamed, A.Z., Osroosh, Y., Peters, T.R., Bates, T., Campbell, C.S.
and Ferrer-Alegre, F. (2019). Morning crop water stress index
as a sensitive indicator of water status in apple trees. In: 2019
ASABE Annual International Meeting (p. 1). American Society
of Agricultural and Biological Engineers. Boston,
Massachusetts, USA.

Moller, M., Alchanatis, V., Cohen, Y., Meron, M., Tsipris, J.,
Naor, A, et al. (2006) Use of thermal and visible imagery for
estimating crop water status of irrigated grapevine. Journal of
Experimental Botany, 58(4), 827-838. https://doi.org/10.1093/
jxb/erl115

Naor, A. (2008) Water stress assessment for irrigation scheduling of
deciduous trees. Acta Horticulturae, 792, 467-481.

Naor, A. and Cohen, S. (2003) Sensitivity and variability of
maximum trunk shrinkage, midday stem water potential, and
transpiration rate in response to withholding irrigation from
field-grown apple trees. Horticultural Science, 38(4), 547-551.
https://doi.org/10.21273/HORTSCI.38.4.547

O'Shaughnessy, S.A., Evett, S.R., Colaizzi, P.D. and Howell, T.A.
(2012) A crop water stress index and time threshold for auto-
matic irrigation scheduling of grain sorghum. Agricultural
Water Management, 107, 122-132. https://doi.org/10.1016/j.
agwat.2012.01.018

O'Shaughnessy, S.A., Hebel, M.A., Evett, S.R. and Colaizzi, P.D.
(2011) Evaluation of a wireless infrared thermometer with a
narrow field of view. Computers and Electronics in Agriculture,
76(1), 59-68. https://doi.org/10.1016/j.compag.2010.12.017

Osroosh, Y., Peters, R.T. and Campbell, C.S. (2014) Estimating
actual transpiration of apple trees based on infrared
thermometry. Journal of Irrigation and Drainage Engineering,
141, 04014084. https://doi.org/10.1061/(ASCE)IR.1943-4774.
0000860

Osroosh, Y., Peters, R.T. and Campbell, C.S. (2016b) Daylight crop
water stress index for continuous monitoring of water status in
apple trees. Irrigation Science, 34(3), 209-219. https://doi.org/
10.1007/s00271-016-0499-3

Osroosh, Y., Peters, R.T., Campbell, C.S. and Zhang, Q. (2016a)
Comparison of irrigation automation algorithms for drip-
irrigated apple trees. Computers and Electronics in Agriculture,
128, 87-99. https://doi.org/10.1016/j.compag.2016.08.013



MOHAMED ET AL.

WILEY_L_*®

Osroosh, Y., Peters, T.R. and Campbell, C.S. (2015b) Estimating
potential transpiration of apple trees using theoretical non-
water-stressed baselines. Journal of Irrigation and Drainage
Engineering, 141(9), 04015009. https://doi.org/10.1061/(ASCE)
IR.1943-4774.0000877

Osroosh, Y., Troy Peters, R., Campbell, C.S. and Zhang, Q. (2015a)
Automatic irrigation scheduling of apple trees using theoretical
crop water stress index with an innovative dynamic threshold.
Computers and Electronics in Agriculture, 118, 193-203. https://
doi.org/10.1016/j.compag.2015.09.006

Paltineanu, C., Chitu, E. and Tanasescu, N. (2009). Correlation
between the crop water stress index and soil moisture content
for apple in a loamy soil: A case study in southern Romania.
In: VI International Symposium on Irrigation of Horticultural
Crops 889. Vifia del Mar, Chile. pp. 257-264.

Peters, R.T. and Evett, S.R. (2008) Automation of a center pivot
using the temperature-time-threshold method of irrigation
scheduling. Journal of Irrigation and Drainage Engineering,
134(3), 286-291. https://doi.org/10.1061/(ASCE)0733-9437
(2008)134:3(286)

Pou, A., Diago, M.P., Medrano, H., Baluja, J. and Tardaguila, J.
(2014) Validation of thermal indices for water status identifica-
tion in grapevine. Agricultural Water Management, 134, 60-72.
https://doi.org/10.1016/j.agwat.2013.11.010

Reyes, M.V., Girona, J. and Marsal, J. (2006) Effect of late spring
defruiting on net CO2 exchange and leaf area development in
apple tree canopies. The Journal of Horticultural Science and
Biotechnology,  81(4),  575-582.  https://doi.org/10.1080/
14620316.2006.11512108

Rud, R., Cohen, Y., Alchanatis, V., Levi, A., Brikman, R.,
Shenderey, C., et al. (2014) Crop water stress index derived
from multi-year ground and aerial thermal images as an indica-
tor of potato water status. Precision Agriculture, 15(3), 273-289.
https://doi.org/10.1007/s11119-014-9351-z

Stagno, F., Giuffrida, A. and Intrigliolo, F. (2011) Canopy tempera-
ture as an indicator of water status in citrus trees. Acta
Horticulturae,  (889), 347-353. https://doi.org/10.17660/
ActaHortic.2011.889.42

Stoll, M. and Jones, H.G. (2007) Thermal imaging as a viable tool
for monitoring plant stress. OENO One, 41(2), 77-84. https://
doi.org/10.20870/0eno-one.2007.41.2.851

Testi, L., Goldhamer, D.A., Iniesta, F. and Salinas, M. (2008) Crop
water stress index is a sensitive water stress indicator in pista-
chio trees. Irrigation Science, 26(5), 395-405. https://doi.org/10.
1007/s00271-008-0104-5

Tokei, L. and Dunkel, Z. (2005) Investigation of crop canopy tem-
perature in apple orchard. Physics and Chemistry of the Earth,
Parts a/B/C, 30(1-3), 249-253. https://doi.org/10.1016/j.pce.
2004.08.038

Tormann, H. (1986) Canopy temperature as a plant water stress
indicator for nectarines. South African Journal of Plant and Soil,
3(3), 110-114. https://doi.org/10.1080/02571862.1986.10634203

Turner, N. and Long, M. (1980) Errors arising from rapid water loss
in the measurement of leaf water potential by the pressure
chamber technique. Functional Plant Biology, 7(5), 527. https://
doi.org/10.1071/PP9800527

Wang, D. and Gartung, J. (2010) Infrared canopy temperature of
early-ripening peach trees under postharvest deficit irrigation.
Agricultural Water Management, 97(11), 1787-1794. https://doi.
org/10.1016/j.agwat.2010.06.014

Wiinsche, J.N., Palmer, J.W. and Greer, D.H. (2000) Effects of crop
load on fruiting and gas-exchange characteristics of ‘Braeburn’/
M.26 apple trees at full canopy. Journal of the American Society
for Horticultural Science, 125(1), 93-99. https://doi.org/10.
21273/JASHS.125.1.93

How to cite this article: Mohamed AZ,

Osroosh Y, Peters RT, Bates T, Campbell CS,
Ferrer-Alegre F. Monitoring water status in apple
trees using a sensitive morning crop water stress
index. Irrig. and Drain. 2020;1-15. https://doi.org/
10.1002/ird.2528



