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Abstract: The Crop Water Stress Index (CWSI) is a useful tool for evaluating irrigation scheduling
and achieving water conservation and crop yield goals. This study examined the CWSI under
different water stress conditions for the scheduling of wheat crop irrigation and developed indices
using the leaf canopy temperature in Faisalabad, Pakistan. The experiments were conducted using a
randomized, complete block design and four irrigation treatments with deficit levels of Dgq,, D2go,,
and Dyge, from the field capacity (FC) and Dygge, (100% deficit level). The CWSI was determined
at pre-heading and post-heading stages through the lower baseline (fully watered crop) and upper
limit (maximum stress). These baselines were computed using the air temperature and canopy
temperature of plant leaves and the vapor pressure deficit (VPD). The CWSI for each irrigation
treatment was calculated and the average seasonal CWSI value for the whole season was used to
develop the empirical relationships for scheduling irrigation. The relationships between the air
canopy temperatures and the VPD resulted in slope (x) = —0.735 and interception (c) = —0.8731 as
well as x = —0.5143 and ¢ = —1.273 at the pre- and post-heading stages, respectively. The values of
the CWSI for the treatment at deficit levels of Do, Dogo,, Dage,, and Dygge, were found to be 0.08,
0.61, 0.20, and 0.64, respectively. The CWSI values developed in this study can be effectively used to
promote better the monitoring of irrigated wheat crops in the region.

Keywords: canopy temperature; irrigation scheduling; growth stages; wheat

1. Introduction

Wheat is an essential cereal crop that provides almost 20% of the calories consumed
by the world population [1]. The cultivation area of wheat crops is 220 million hectares,
which is 32% of the global cultivated cereal area [2]. Wheat is the staple food of 2 billion
people around the globe, and it is severely affected by heat stress and drought conditions
worldwide [3]. One-third of the cultivated area of wheat is vulnerable to water-related stress.
Approximately 25% of the global wheat crop area belongs to developed nations, while 33%
of this area lies in developing nations. Studies have shown that an almost 50% increment in
wheat crop production is needed until 2050 to meet the global requirements [4,5]. Wheat is
the main crop of Pakistan; it is cultivated in the winter season and needs 325 to 450 mm of
water throughout the growing season. The sowing of wheat crops spans from November
to December, and they are harvested from April to May in the Punjab province of Pakistan.
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Due to high temperatures, wheat crops need five to six flood irrigations at different growth
stages [6]. Tillering, flowering, and grain filling constitute the growth stages, which are
very sensitive to water stress. Water deficiency and the improper scheduling of irrigation
are the factors that can have adverse effects on crop growth during these stages, which
eventually reduce the crop yield [7]. Therefore, it is important to optimize the limited water
supplies with the main objective of applying a certain amount of water at the right time
with the least possible amount of water loss. A number of methods have been adopted for
the efficient use of irrigation. Among these methods, deficit irrigation is recognized as a
useful technique for arid and semiarid environments, in which irrigation is applied during
sensitive growth stages of a given crop [8]. Regulated deficit irrigation is a method wherein
irrigation is applied below the 100% crop water requirement to achieve a certain yield goal
while purposefully facilitating limited water stress on a crop at specific growth stages. The
idea is to control the vegetative growth of the plants and improve water use efficiency [9].
Therefore, this method necessitates the precise application of water to the crop. Various
studies have shown that deficit irrigation applied to wheat crops produces greater yields
compared to other irrigation techniques [10,11]. However, the results are variable under
different climatic conditions. Moreover, crop water productivity changes with varying
climatic conditions because climatic factors directly affect crop management practices [12].

Among various climatic factors, temperature plays a pivotal role in determining the
growth stages of crops including germination, vegetation, and maturity. The stress due to
the temperature can reduce the size of organs (i.e., leaves, tillers, and spikes) and can inhibit
development during growth stages (tillering, jointing, booting, heading, anthesis, and grain
filling) [13]. Due to climate change-induced heat stress, worldwide wheat production is
expected to fall 6% with the 1 °C. increase in the global temperature. In the case of Pakistan,
it has been reported that a temperature increase of 2 °C may reduce the wheat yield up to
15.2% in semiarid environments by 2069 [14].

There are several indices that incorporate temperature for quantifying the level of
stress on crops. Among those indices, the crop water stress index (CWSI) is a useful tool for
irrigation scheduling and crop yield prediction. It was established as a standardized index
for quantifying the factors affecting stress on plants [15]. The CWSI can be computed by
using three approaches: empirical, energy balance, and an approach based on the natural
wet and dry conditions of the soil surface. The energy balance approach is mainly based on
the estimation of net radiation and aerodynamic resistance factors [16], while the empirical
approach is based on the difference between the plant canopy and air temperature (Tc — Ta)
and the atmospheric vapor pressure deficit (AVPD) of a “non-water stressed baseline”
(NWSB), which refers to the potential transpiration rate of a well-watered crop [17].

The CWSI algorithm is based on the normalization of the difference between the air
temperature (Ta) and canopy temperature (Tc) of a plant in relation to the evaporative
demand by means of the air vapor pressure deficit (VPD). The Tc-Ta relationship under
the two boundary conditions is considered for the normalization associated with the VPD.
First, the lower limit is a well-watered condition at which a plant transpires at its potential
rate; second, the upper limit has a transpiration rate equal to zero. The lower limit is
known as the NWSB, which depicts the linear relationship between the Te-Ta and VPD.
The canopy temperature at different boundary conditions is an important factor for the
computation of the CWSI. Few methods, which include infrared thermocouples (IT), the
use of a thermal scanner (TS), and the use of an infrared thermometer, are available to the
research community for the estimation of canopy temperatures. For example, the method
of using portable infrared thermometers, which was initially developed and has been
widely used by several researchers for estimating plant canopy temperatures and for the
calculation of the CWSI [18].

In China, methods of water use in irrigation areas based on water balance conditions
have been proposed [19]. In order to study the effect of water deficits on crops such as
pepper, wheat, grapes, cotton, and apples, soybeans were used as experimental objects, and
it was found that appropriate water deficits could increase crop yields and that the root
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system of tomatoes also changed [20-25]. Some studies have also found that appropriate
water stress on crops can improve soil quality, including soil water retention and water and
nitrogen utilization [26-28]. Irmak et al. [29] concluded that the CWSI is an effective tool
for monitoring and quantifying the water stress of corn with the integration of the canopy
temperature estimated using an infrared thermometer under Mediterranean, semi-arid
cropping conditions. A study by Da Silva et al. [30] examined the diurnal and seasonal
variations of the CWSI of cotton crops using the canopy energy balance in which important
parameters such as the canopy temperature, air temperature, net radiation, wind speed,
and psychometric measurements were obtained regularly at 10:00 and 14:00 h along with
several diurnal cycles. Moreover, the CWSI was calculated by establishing the relationship
between the canopy-air temperature difference and the vapor pressure deficit of drip-
irrigated beans under a fully irrigated treatment comparing no stress to increased water
stress situations [31]. The CWSI calculated by Erdem et al. [32] employed the empirical
method for the measurement of the infrared canopy temperature, vapor pressure, and
ambient air temperature for five irrigation levels. Gonzalez-Dugo et al. [33] estimated
the values of the CWSI for different fruits by considering short-term variations in canopy
temperature using infrared thermometers for three seasons (2009 to 2011) in Spain.

Based on the aforementioned studies, the canopy temperature has been reported
as a reliable indicator of moisture detection in plants while soil moisture availability in
the root zone has significant relationships between different types of canopies, ambient
air temperatures (Tc-Ta), and wheat yields. Some researchers have also found the CWSI
to be a good prediction parameter for wheat yields and the scheduling of irrigation for
wheat. To the best of our knowledge, the crop water stress index with various levels of
irrigation applied for crop yields at different growth stages of wheat has not been examined
in the study area (Faisalabad, Pakistan). Moreover, the crop water stress index of different
irrigation levels with respect to various wheat crop growth stages has received less attention
in other parts of world. Therefore, this study focused on using the CWSI together with
infrared thermometers to schedule irrigation and predict wheat yield under Faisalabad’s
climate conditions. This study’s objectives were to (1) investigate the relationship of
the CWSI for different irrigation levels at different growth stages with wheat yield and
(2) identify the water use efficiency (WUE) of different irrigation treatments under water-
limited conditions.

2. Study Area

This study was conducted during the winter of each year from 2018-2021 at the Post
Graduate Agriculture Research Station (PARS), the University of Agriculture Faisalabad
(UAF), Pakistan. The area is located around latitude 31°25’' N, longitude 73°09’ E, and at
an altitude 184.4 m above sea level in a semiarid subtropical climate with a mean annual
rainfall of 350 mm. The location of the study area is shown in Figure 1.
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Figure 1. Location of the study area.

3. Materials and Methods

The soil conditions of experimental area are medium to coarse. Generally, soils are
naturally low in organic matter content [34-36]. The major crops of this region are wheat
(rabi), rice, and cotton (kharif). The wheat variety Galaxy 2013’s seeds were sown by using
seed drill. The total experimental area of 192 m? was divided into three blocks, and each
block was further sub-divided into four plots of 3 x 3 m (9 m?) in a randomized, complete

block design with four treatments and three replications (Figure 2).
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Figure 2. Experimental field layout.
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The wheat-growing season was divided into ten stages, in which almost four growth
stages (tillering, stem elongation, dough development, and ripening) were chosen in the
experiment during the wheat-growing seasons. The experiment consists of four irrigation
treatments at 0% (Dg), 20% (Dpg9,), and 40% (D4ge,) deficits from field capacity and at 100%
(D10o%) deficit (except rainfall and first irrigation), as shown in Table 1.

Table 1. Different irrigation treatments at different growth stages for the experiments during three
growth seasons from 2018-2021.

Treatments [ 2be I1 b 111 b IV b
Dge, F F! F F
Dooges F M2 M M
Dygo, F L3 L L
D100 F N N N

Note: @ I 14 December 2018, 11 4 January 2019, III 24 January 2019, and IV 14 February 2019. 1—Full irrigation level,
2—Medium deficit Irrigation level, 3—Low deficit Irrigation Level, and 4—No Irrigation Level (100% deficit).
b 116 December 2019, 11 1 January 2020, III 28 January 2020, and IV 11 February 2020. 1—Full irrigation level,
2-Medium deficit Irrigation level, 3—Low deficit Irrigation Level, and 4—No Irrigation Level (100% deficit).
¢ 112 December 2020, II 6 January 2021, III 21 January 2021, and IV 16 February 2021. 1—Full irrigation level,
2—Medium deficit Irrigation level, 3—Low deficit Irrigation Level, and 4—No Irrigation Level (100% deficit).

3.1. Determination of Water Requirement

Gravimetric soil moisture measurements were used to schedule the application of
water while soil moisture content was assessed at 20-day intervals at different effective root
zone depths of 0-15 cm, 15-30 cm, and 3045 cm [37].

The application of irrigation water was estimated by using flow meters while water
requirement at specific moisture content was calculated using the equation:

1 " (FC; —6;)
A=) o * R M)

where

n = Number of layers of soil;

FC; = Field capacity based on volume;

8; = Volumetric Moisture content from ith layer before irrigation;

R,i = Root zone depth (cm).

Two fertilizer treatments at the time of sowing (Diammonium phosphate) and at first
irrigation (Nitrogen) were applied to each experimental plot at the rates of 75 kg ha™!
and 70 kg ha™!, respectively. All other agronomic practices were kept uniform for all the
treatments. A portable infrared thermometer was used to measure leaf canopy temperature
(Tc), setting it at an angle of 15° with respect to the canopy viewed from the horizontal
line. Six canopy temperature readings at mid-day (02:00 P.M.) under clear sky conditions
were taken from each plot at different directions (i.e., south-east, north-east, north-west,
and south-west) [38]. The six canopy temperature readings were averaged for each plot
and used to estimate the difference in canopy and air temperature (Tc-Ta). The moisture
content condition of the soil was also determined on the same day and the relationship
between estimated soil moisture content and Tc—Ta was developed for the further analysis.

3.2. Vapor Pressure Deficit

The mean vapor pressure deficit (VPD) was computed as the average of the calculated
instantaneous VPD using the corresponding instantaneous wet- and dry-bulb temper-
atures and the standard psychrometer equation using a mean barometric pressure of
101.25 kPA [39].

VPD =ea — ed

where
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ea = Saturation vapor pressure;
ed = Dry vapor pressure;

ea =0.611exp[17.27 T/T +237.3];
where

T = Air temperature °C.

ed = ea (Twet — Yasp(Tary — Twet) P

where
Twet = wet bulb temperature °C;
Tqry = dry bulb temperature;
P = atmospheric pressure [KPa];
Yasp = 0.00066 for Assmann aspiration at 5 m/s
= (0.0008 for natural ventilation at 1 m/s
=0.0012 for indoor ventilation at 0 m/s.

3.3. Crop Water Stress Index

The CWSI was calculated using the method of Idso [17]. In this approach, the calcu-
lated crop canopy temperatures were scaled relative to the minimum canopy temperature
expected under non-water stress conditions and the maximum temperature under severe
water stress. The non-water stressed baseline for the canopy-air difference (Tc-Ta) versus
the vapor pressure deficit (VPD) relationship was determined using only the data collected
from the 0% deficit irrigation (well-watered treatment). The upper limit (fully stressed)
was computed from 100% deficit irrigation treatment according to the procedure explained
by [17]. CWSI has been defined by Idso is as follows:

CWSI = [(Tce—Ta) — (Tce—Ta) 1]/[(Tc—Ta) ul— (Tc—Ta) 1] (2)

where Tc is the canopy temperature (°C), Ta the air temperature (°C), 1l (lower baseline) is
the non-water-stressed baseline that was measured from well-watered irrigation treatment
(0% deficit treatment), and ul (upper limit) represents the non-transpiring baseline condition
that was measured from the zero-water application treatment (100% deficit treatment).

The baseline is defined to be the relationship between (Tc—Ta) and (VPD) under the
conditions of non-limiting soil moisture (when the plant is transpiring at the potential rate)
for a particular crop in a region and the baselines for some crops have been determined
by [18]. It is important to develop such non-water-stressed baselines for winter wheat crops
for both pre-heading and post-heading growth stages. The lower baseline could be different
for a crop under different developmental phases as described by different researchers [40].
The climate, soil type, and plant variety might cause differences in the intercept and slope
of the baseline.

In this study, the intensive observation of canopy temperature, air temperature, and
dry-bulb and wet-bulb temperatures were recorded for wheat crops for pre-heading and
post-heading crop growth stages. It was found that the plant canopy was cooler in the
morning, with a temperature considerably below the air temperature, and it began to warm
with the air temperature up until noon, at which point it attained a peak temperature. In
the afternoon, the canopy begins to cool with the air temperature and this relative cooling
is then processed as a linear function of the VPD until about 2-3 h before sunset. Similar
phenomena were reported by [17]. They postulated that this linear relationship is an
expression (for fully moist crops). The linear regression relationship between (Tc-Ta) and
VPD is considered as the lower baseline for wheat crops in the region, as given below.

(Tc—Ta) Il = a1 VPD + ao 3)
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where a; and ag are the intercept and slope, respectively, of the linear regression relationship
between (Tc-Ta) (°C) lower limit and vapor pressure deficit (Kpa). The upper limit was
determined using the data collected from the fully stressed treatment.

The depth of irrigation (mm) was recorded for each treatment and the water use
efficiency (WUE), which is defined as units of dry grain matter produced per unit of
irrigation water, was also estimated for each of the replicates. The yield of wheat was
analyzed statistically using analysis of variance techniques (ANOVA) according to the
Randomized Complete Block Design (RCBD) using statistics. The significant means were
separated using LSD at 5% level of probability, as shown in Table 2.

Table 2. Analysis of variance for impact of different irrigation treatment on yield.

Source DF SS MS F 4
Block 2 0.0066 0.00328
Treatment 3 20.5102 6.83672 1662 0.0000
Error 6 0.0247 0.00411
Total 11 20.5414

Note: DF = Degree of freedom; SS = Sum of square; MS = Mean square; F—distribution.

4. Results and Discussion
4.1. Soil Texture Analysis with Hydrometer

The results of the soil texture analysis are given in Table 3. According to the United
States Department of Agriculture’s (USDA) textural classification, the soil was graded as
sandy, clay, and loam. The bulk density and field capacity were measured based on sand,
silt, and clay textures using Soil Plant Atmosphere Water (SPAW) software.

Table 3. Soil texture analysis, bulk density, and field capacity.

Depth (cm) Sand (%) Silt (%) Clay (%) Soil Type Bulk Density (g-cm—3) Field Capacity (%)
0-15 59 24 17 Sandy loam 1.55 22.7
15-30 57 23 18 Sandy loam 1.52 23.6
30-45 55 25 20 Sandy loam 1.54 25
45-60 60 24 16 Sandy loam 1.54 22

4.2. Chemical Analysis of Soil

The chemical analysis of the soil was carried out to determine the pH and Electrical
Conductivity (EC) for the soil samples through three replications at depths of 0-90 cm.
The soil fertility status, i.e., the of percentage nitrogen, exchangeable potassium, and
phosphorus, was also determined from the soil samples, as shown in Table 4.

Table 4. Chemical Analysis of Soil Samples.

Depth(cm) pH  ECdsm™1 Nitrogen % Phosphorus (ppm) Potassium (ppm)

0-30 8 0.48 0.0110 3.15 110
30-60 8.3 0.17 0.0183 2.25 110
60-90 79 0.46 0.0202 3.18 110

4.3. Relationship between Canopy—-Air Temperature Difference and Soil Moisture Content

The relationship developed between the soil moisture content and the canopy-air
temperature difference showed that with the decrease in the soil moisture content, the
canopy—air temperature difference increases (Figure 3). The coefficient of determination
(R?) was determined as 0.87 for this relationship.
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Figure 3. Relationship between (Tc-Ta) and moisture contents (%).

4.4. Measurement of CWSI

The lower baseline regression equation was developed for the pre-heading and post-
heading stages of wheat crops during the season 2018-2021 (Figure 4).

0
#pre heading
-1 ]
*
W post heading
2 *
g
]
=
-4
-5 o ]
Tc-Ta=-0.7359VPD - 0.8731 Tec-Ta =-0.595VPD - 1.2703
R2=0.7776 (Pre heading stage) ~ R2 = 0.5143(Post heading stage)
-6
0.00 1.00 2.00 3.00 4.00 5.00 6.00

VPD (Kpa)

Figure 4. Lower baseline and upper limit for determination of CWSI at pre-heading and post
heading stages.

The Tc-Ta maximum value of 2 °C for the upper limit was selected from the experiment.
During the pre-heading stage, the lower baseline had a greater slope than during the post-
heading stage (Figure 4). This suggests that the greater canopy of the head of the wheat
crop provides more diffusion resistance during the post-heading stage compared to the
pre-heading stage. Therefore, as stated by Gontia et al. [41], the during pre-heading stage,
more transpiration cooling occurred than during post-heading due to the increase in the
air VPD.

The R? values were 0.51 and 0.78 for the post-heading and pre-heading stages, respec-
tively, during the 2018-2021 wheat-cropping period. The lower baseline (II) equations devel-
oped for the pre-heading and post-heading stages were (Tc—Ta) Il = —0.735 (VPD) — 0.8731
and (Tc-Ta) Il = —0.5143 (VPD) — 1.2703, respectively.
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4.5. Response of CWSI to Different Treatments

The CWSI values for different irrigation deficits (Dge,, Dago,, Dag%, and Dygge,) are
shown in Figure 5a-e.
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Figure 5. Relationship between DAS and CWSI for different irrigation deficit treatments (a) at Dyq,,
(b) at Dygo,, (c) at Dyge,, and (d) at D1gg; () combined trend of all deficit levels.

The average seasonal CWSI values were also estimated at each deficit level for the
whole season. The CWSI value at Dyq, (0.08) was below the other treatments that had
irrigation levels corresponding to Dyg, (0.16), Dage, (0.20), and Dygge, (0.64) at different
deficit levels. The trend analysis showed that the CWSI value Dyg9, was greater than Do,
because less irrigation was applied relative to Dyo, and due to limited rainfall. A similar
trend analysis of the CWSI showed that Dy, was greater than Dyge,. The study conducted
by [41] also stated that a higher crop yield was found during the treatment at Dyge,. The
trend of the CWSI in Djgge, was greater than all other treatments, which resulted from the
application of only one irrigation procedure (first irrigation at the time of sowing) and
limited rainfall during the growing season. A similar result was found by using the Djgge,
treatment on wheat crops [42].

Figure 5e indicates that the crop water stress index trend of the four irrigation deficit
treatments corresponding to different treatments had different CWSI values, which might
be due to the different levels of irrigation deficit. It was observed that the trend in the CWSI
value in Dy, was low compared to the other treatments because the application of water at
a zero percent deficit from field capacity and the other treatments—D»ge;,, Dages,, and Dygoes,
which each had different trends—has incremented irrigation deficit levels between them. It
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was observed that the trend in the CWSI value in the D9, treatment was higher than the
treatment at Dge, due to the lower amount of water applied compared to the zero percent
deficit, as well as the changing climate conditions. A similar trend was observed in the
CWESI for the Dyge, treatment, which was higher than the treatment at Dyge,. The trend in
the CWSI value in the Dygge, treatment was greater than the other treatments due to the
lack of irrigation, aside from rainfall, during the examined season.

Since the irrigation interval was 20 days, the analyses of the CWSI variations were
performed in 20-day intervals. The CWSI values increased by 0.48 during DAS-0 to DAS-20
(Figure 5e). This increase reflects the very small amount of water contributed by rainfall
throughout the period since no irrigation was applied to the field except rain irrigation
(irrigation before wheat sowing). Furthermore, the CWSI value varies from 0.5 to 1.0 for
DAS-20 to DAS-40. The increasing rate of the CWSI is slightly lower than DAS-0 to DAS-20,
which may be due to the increased canopy air temperature difference as well as the absence
of rainfall during this period. A declining trend in the CWSI for the interval of DAS-40 to
DAS-60 was found, which ranged from 0.35 to 0.0. This may be due the application of the
second irrigation.

An increase in the CWSI was found during DAS-60 to DAS-80, even though the third
irrigation was applied. This may be associated with the fact that the post-heading stage had
begun during this time interval and water consumption has increased due to the start of the
crops’ maturity stage (flowering stage). The declining (below zero) CWSI during DAS-80
to DAS-100 could be the result of the fourth irrigation application and the approximately
11.9 mm of rainfall. Subsequently, a relatively rapid increasing trend in the CWSI values
was observed up to DAS-112, which may be associated with the fact that irrigation was not
applied even though the crop water demand was at its peak.

4.6. Analysis of Crop Yield and Irrigation Treatment

An analysis comparing the crop yield and irrigation management is important for the
efficient use of local resources [43]. Many researchers have pointed out the enlightening
association between the grain yield and the depth of irrigation in response to various
irrigation regimes [44]. D0, was the best treatment for yield production, with an estimated
yield of 3.8 ton/ha (Table 5, Figure 6).

Table 5. Amount of water applied, yield, and water use efficiency with different irrigation treatments
during growing season of 2018-2021.

Yield WUE (kg  Difference

Treatments Applied Water (mm) (Ton ha-1) ha-1) from Dy, p-Value
Irrigation Rainfall
2018-2019
Doos 289 3.8 11.3 - -
Dsg, 252 1% 3.6 124 -11 >0.05
Dago, 215 3 115 —0.2 >0.05
DlOO% 39 0.6 6.6 4.7 <0.05
2019-2020
Do, 309 3.8 115 - -
Do, 265 40 3.6 12.5 -1 >0.05
Do, 235 3 11.6 -0.1 >0.05
Di1oo% 59 0.6 6.9 4.6 <0.05
2020-2021
Doo 189 3.8 11.7 - -
Dsgo, 145 13 3.6 12.8 -1.1 >0.05
D40% 115 3 12 —-0.3 >0.05

Dioo2, 30 0.6 45 7.2 <0.05
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Figure 6. Relationship between WUE and Yield at different level irrigation treatments during

growing season.

A significantly lower yield (0.60 ton/ha) was found for Djgy9, compared to all the
other treatments. The mean seasonal CWSI for Dyg9, was 0.193, which was less than Dy,
and could be responsible for the significant difference in the yield of Dy, (0.60 ton/ha)
and Dyge, (3 ton/ha). There was also a significant difference between Dyqe, (3.6 ton/ha) and
Dye, (3.8 ton/ha). The variations in crop yield are mainly due to the large difference in the
amount of irrigation applied in each treatment. The water use efficiency of Dy, was higher
(13 kg ha~! mm™1) than all the other treatments, while D;gg, showed the lowest water
use efficiency (7.37 kg ha~! mm™!). Our findings regarding the WUE (13 kg ha—! mm™!)
are broadly in accordance with [45], which recorded WUE ranges of 14-24 kg ha=! mm™.
Overall, it was concluded that under the conditions of the study, Dyge, achieved high yields
with a high WUE during the 2018-2021 growing season.

The relationship between yield (kg ha~!) and the seasonal mean CWSI values was
linear (Figure 7). This relationship indicated that the CWSI and yield of wheat crops are
inversely proportional to each other, meaning that the yield of wheat will decrease with
an increase in the CWSI. The wheat crop yield was at its maximum level when the CWSI
was at its minimum level. This relationship can be used to predict the yield potential of
wheat. Generally, drought stress increases the CWSI. Values of the CWSI from 0 to 0.3 mean
that the crops have enough water, while values in the range of 0.3 to 0.6 mean the crops
are under stress [46]. Full irrigation is difficult due to water shortages; therefore, deficit
irrigation can be employed as an option to save water and achieve high grain yields [47].
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5. Conclusions

This study was carried out to estimate the CWSI of wheat crops so as to monitor water-
related stress on crops and to assess its impact on yields at different water deficit levels.
The CWSI value of the 20% deficit irrigation level (Dyge,) was lower than the other deficit
levels except for Dyo,. However, with a high WUE, D9, was more efficient compared to
the other treatments, demonstrating a greater crop yield per the level of irrigation applied.

The yield of wheat crops was found to be inversely correlated with the CWSI. The
CWSI values had an increasing trend with the decreasing irrigation level. A mean CWSI
value of 0.08 was found to be the best target value for irrigating crops to obtain a better
wheat crop yield. The semi-empirical relationship developed for the CWSI in this study is
useful in monitoring wheat crops for water stress during the pre-heading and post-heading
stages in the study region. The relationship between the CWSI and wheat yield was also
derived. The results showed that the lowest mean seasonal CWSI was 0.079 for the Dgq,
treatment with a wheat yield of 3800 kg ha~!, while the highest mean seasonal crop water
stress index value was 0.65 for the treatment at ‘Djgge,” with a wheat yield of 983 kg ha—1.
The yield difference was found to be non-significant for the ‘Dygq,” treatment (3600 kg ha™1)
and the Dge, treatment (3800 kg ha~!) with mean seasonal CWSI values of 0.081 and 0.079,
respectively. Herein, the method used for estimating the crop water stress index via crop
data aids regional irrigation scheduling for other crops. Future studies should include a
wider range of deficit irrigation regimes and the impact of climate change may be assessed
in combination with deficit irrigation. Furthermore, it is suggested to use a crop model with
a combination of deficit irrigation schemes, which will provide more accurate irrigation
estimates over large-scale regions. Overall, this study could be helpful for improving
agricultural water management and enhancing the wheat crop yield in the region.
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