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ABSTRACT
Automated irrigation systems (AISs) are critical for the sustainability of irrigated farming systems, considering the present
water crisis in Saudi Arabia. This study investigated whether electronic controllers in irrigation systems effectively save
water. The study also assessed the effect of these controllers on crop yield using drip and sprinkler irrigation systems in
severely arid climate conditions. Evapotranspiration (ET) controllers were installed in experimental fields of wheat (Triticum
aestivum) and tomato (Solanum lycopersicum Mill.) crops for 2 successive seasons. The results revealed that the water use
efficiency (WUE) and irrigation water use efficiency (IWUE) were typically higher in the AIS than in the conventional
irrigation control system (CIS). Under the AIS treatment, the WUE and IWUE values were 1.64 and 1.37 k-gm-3 for wheat,
and 7.50 and 6.50 kg-m-3 for tomato crops; under the CIS treatment the values were 1.47 and 1.21 kg-m-3 for wheat and 5.72
and 4.70 kg-m-3 for tomatoes, respectively. Therefore, the AIS provided significant advantages in both water savings and
crop yields by utilising up to 26% less water than the CIS, and simultaneously generating higher total yields. The automated
irrigation system technique may be a valuable tool for conserving water and scheduling irrigation for wheat and tomato

crops, and may be extendable to other similar agricultural crops.

Keywords: autonomous control, evapotranspiration controller, water conservation, sprinkler and drip
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INTRODUCTION

There is a great need to modernize agricultural practices for
better water productivity and resource conservation. Efficient
water management is a major concern in precision irrigation
practices. The use of automated irrigation systems can provide
water on a real-time basis at the root zone, based on the
availability of soil water at the crop root zone, which also leads
to saving of water (Ojha et al., 2015). Although the majority
of crops are grown with irrigation systems, drip and sprinkler
irrigation are increasing in popularity because of superior water
application efficiency and more precise irrigation management.
Automated irrigation systems allow for high-frequency
irrigation, thus maintaining the soil water potential (SWP)
relatively constant, compared to conventional irrigation systems.
Many methods have been described and sensors developed to
manage irrigation systems effectively (Yildirim, 2010).
Irrigation scheduling remains a reliable technique for
applying the required amount of water at the appropriate
time, and automated irrigation systems based on crop water
needs can maximize WUE (Munoz-Carpena et al., 2005).
The Technology Committee of the Irrigation Association
(Irrigation Association, 2011) defines ‘smart controllers’ as
the technologies that estimate or measure the depletion of soil
moisture in order to replenish water as needed. Smart irrigation
controllers (SIC,) can integrate information from numerous
sources to significantly improve crop production and resource
management (Norum and Adhikari, 2009). ET controllers are
also used to automate irrigation and crop needs. This technology,
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sometimes referred to as ‘smart technology’ (McCready et al.,
2009), provides irrigation based on actual water requirements
and crop use and also takes weather factors into account.

There are generally 2 types of smart controllers: climatological
controllers, also called evapotranspiration (ET) controllers,

and soil moisture sensor controllers (Dukes, 2102). Irrigation
scheduling is a technique designed to water crops in a timely
and accurate fashion (Schlegel et al., 2012). Irrigation scheduling
tools allow producers to effectively manage water resources for
crop production (Hayashi et al., 2012). Recent developments

in agricultural technologies, such as wireless sensor networks
which have sensing, data processing, communication and
control capabilities (Zhang et al., 2013), are improving real-time
irrigation efficiency (Smarsly, 2013). To be beneficial, these tools
need to be accurate, complete and relatively reliable (Mun et

al,, 2015). However, the use of more efficient technologies often
increases, rather than decreases, water consumption (Whittlesey,
2003). Efficient irrigation management is challenging owing

to the number of factors that need to be considered, including
climate, crop type, irrigation method and system parameters
(Dabach et al., 2013). Improved irrigation scheduling can reduce
irrigation costs and increase crop quality. Irrigation scheduling
based on the crop water status is more advantageous as crops
respond to both the soil and aerial environments (Yazar et al.,
1999).

Drip irrigation has been practised for many years as it
effectively reduces soil surface evaporation. Uniform water
application in drip irrigation is affected by field topography and
by the hydraulic design parameters of the drip system, such as
the energy losses in the laterals and the emitter characteristics
(Zhu et al., 2009). Furthermore, proper scheduling of sprinkler
irrigation is critical for efficient water management in crop
production, particularly under conditions of water scarcity
(Pereira et al., 2002). The amount of sprinkler irrigation water
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used, the irrigation frequency and the water use strongly affect
yields (Sezen and Yazar, 2006). A sprinkler irrigation system
can play a significant role in increasing the water productivity
of wheat in arid and semi-arid regions (Motazar and Sadeghi,
2008).

An automated irrigation system is integrated with electronic
controllers and uses microclimate data to schedule water
irrigation. The aim of the technique is to save water and reduce
non-point-source pollution (Nautiyal et al., 2010). Automated
irrigation technologies were evaluated in Dookie, Egypt, and
were shown to result in water conservation of up to 38% over
that of conventional irrigation (Dassanayake et al. 2009). The
current trend in techniques for conserving water and energy
in agriculture is to switch from a manual system to automatic
operations in a pressurised system (Yildirim and Demirel, 2011).
Through the use of sensors, different variables can be measured
in real time, eliminating the problem of discontinuous field
measurements (Acevedo-Opazoet et al., 2010), which is a key
issue in precise irrigation management.

Irrigation scheduling using new technology contributes to
higher water savings and water use efficiency in comparison
with conventional irrigation scheduling methods, when it
is designed, maintained and used properly (Mulas, 1986).
Automated irrigation systems also facilitate high-frequency
and low-volume irrigation (Abraham et al., 2000), and reduce
human error (Castanon, 1992). An automatic irrigation control
system can potentially optimise water management by sensing
soil water conditions and site-specifically controlling irrigation
methods (sprinkler vs. drip irrigation). Recent technological
advances have made soil water sensors available for the efficient
and automatic operation of irrigation systems (Dukes et al.,
2010). Researchers have proposed using automated irrigation
systems for remote infield sensing and variable-rate irrigation
control (Kim et al., 2008). Such a system requires the seamless
integration of input and output components, and a software
program for decision support and monitoring. A number of
studies have focused on increasing irrigation efficiency in
automated irrigation systems (Mufioz-Carpena and Dukes,
2005).

Irrigation scheduling using new technologies contributes
to higher water savings and water-use efficiency in comparison
with the conventional irrigation scheduling methods, when
it is designed, maintained, and used properly (Mulas, 1986).
Automated irrigation systems also facilitate high-frequency
and low-volume irrigation (Abraham et al., 2000). An
automatic irrigation control system can potentially optimise
water management by sensing soil water conditions and

site-specifically controlling irrigation methods (sprinkler vs.

drip irrigation). Recent technological advances have made soil
water sensors available for the efficient and automatic operation
of irrigation systems (Dukes et al., 2010). Researchers have
proposed using automated irrigation systems for remote infield
sensing and variable-rate irrigation control (Kim et al., 2008).
Such systems require the seamless integration of input and
output components, and a software program for decision support
and monitoring. A number of studies have focused on increasing
irrigation efficiency in automated irrigation systems (Mufoz-
Carpena and Dukes, 2005).

In the past 10 years, electrical irrigation controllers have
been developed by a number of manufacturers and have been
promoted by water purveyors in an attempt to reduce over-
irrigation (Davis and Dukes, 2016). There are several irrigation
controllers that can compute the amount of water applied based
on ET and climate conditions (McCready et al., 2009). These
systems differ in their accuracy and reliability; however, they
all depend on modern electronic sensors, which are capable of
collecting and analysing data, and making decisions on when
to start/stop irrigation. These devices transmit the decisions
to electronic controller devices, which control the sprinkler or
drip irrigation system. This study investigated the effectiveness
of automated irrigation systems for improving water saving and
crop yield for wheat and tomato crops using both sprinkler and
drip irrigation systems.

MATERIALS AND METHODS
Experimental site

Field experiments were performed during the 2013/2014 and
2014/2015 winter/spring seasons at the King Saud University
Experimental Farm of the College of Food and Agriculture
Sciences, Riyadh (24°43X N latitude, 46°43X E longitude and

635 m altitude). The soil consisted of 72.60% sand, 12.75%

silt, 14.65% clay in the upper 60 cm soil profile, and could be
classified as sandy loam. The bulk density varied from 1.59 to
1.64 g-cm™. The available water-holding capacity within 60 cm of
the soil profile was 15.97 m*m~. Additional physical properties
of the experimental soil are listed in Table 1.

Field layout
The study site was divided into 2 main fields, each divided

into 2 plots (Fig. 1). One field was allocated to wheat and the
other to tomatoes. In each field, one of the plots was irrigated

TABLE 1
Physical characteristic of different soil layers
Soil layer depth (cm) 0-20 20-30 30-60 Average
Sand 74.81 72.64 70.35 72.60
PSD* (%) Silt 11.77 11.65 14.82 12.75
Clay 13.42 15.71 14.83 14.65
Soil texture class Sandy loam Sandy loam Sandy loam Sandy loam
Field capacity (m’m™) 14.74 17.27 15.90 15.97
Permanent wilting point (m’m) 5.32 6.54 6.58 6.15
Bulk density (gem™) 1.64 1.61 1.59 1.61
*PSD: particle size distribution (%)
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automatically with the AIS, whereas the other was irrigated
conventionally with a CIS, based on the crop evapotranspiration
(ET) values calculated from the meteorological data provided by
the weather station. Solid sprinkler and drip irrigation systems
were installed in both fields. Sprinkler systems were used for
wheat crops, whereas drip irrigation systems were used to
irrigate the tomato crops.

For the sprinkler irrigation treatment, a 10 m wide strip
of land was used as a buffer zone between the AIS and the
CIS plots. Solid sprinkler irrigation systems were installed in
both wheat plots. Each plot consisted of 8 sprinklers to cover a
cultivated area of 24 x 9 m (216 m?). The distance between the
sprinklers was 8 m, and the distance between the lines was 9 m.
The sprinkler system was designed and installed for each field
plot with PVC laterals, and was connected to sub-main and main
pipes. The sprinkler heads were fitted on the top of the sprinkler
risers, which were galvanised steel pipes.

For the drip irrigation treatment, the site was also divided
into 2 equal plots with a 5 m buffer in the middle. Each plot was
approximately 7.2 m wide and 12 m long (86.4 m?), and had
9 rows of drip lines spaced 0.8 m apart, running from west to
east. Tomato plants were spaced 0.40 m apart in each row, and
the 9 drip lines in each plot were connected to a common sub-
main irrigation line at the inlet side of the plot, and a common
flush line and flush valve at the distal end of the plot. The drip
irrigation systems consisted of thin-wall drip lines of a 16 mm
inside diameter (ID) with welded-on emitters (Eurodrip GR, 40
cm dripper spacing), with a nominal emitter discharge of 4 L-h™!
at a design pressure of 200 kPa.

These irrigation systems were designed to achieve high
performance and uniform water distribution. Each system was
equipped with controllers to control the pressure and a flow
meter to measure the water added during each irrigation event.
The sprinkler and drip systems were evaluated in the field
according to the methodology of Merriam and Keller (1978)
and the ASABE Standard, S436.1 (2007). Each irrigation system

was evaluated with the appropriate performance indexes under
operating field conditions. All index values were found to be
within acceptable limits, representing good water distribution
uniformity (over 90%). For comparison purposes, the
experimental plots of the CIS were used.

Components of the automated irrigation system

The automated irrigation system chosen for this study was the
(Hunter Pro-C) ET System. The controllers integrate many
components to significantly improve crop production and
resource management (Norum and Adhikari, 2009). This
system is not considered to be the most effective; however, it
was inexpensive and available in the local market. The AIS was
installed in the experimental field according to manufacturer
instructions. It can be customised by station (or zone’) for
specific plants, soils, and drip types.

This type of system uses digital electronic controllers and
modules, and its platform can be wired to an ET module that
can sense the local climatic conditions via sensors that measure
wind speed, rainfall, solar radiation, air temperature, and
relative humidity. The ET module then receives the data from
the ET sensor and applies them to the individual fields (zones)
of irrigation. The AIS automatically calculates the ET. for local
microclimates, based on the modified Penman equation (Allen et
al., 1998), and automatically alters their irrigation schedules on a
daily basis.

In the CIS, the climatic data were gathered from the weather
station, and the daily reference evapotranspiration rate (ET,)
was calculated and used in making irrigation decisions. Then,
the calculated ET, data were integrated with the crop coefficient
K, to determine how much irrigation water should be added.
Once the water demand had been determined, the required
operational time was applied to start a daily-based irrigation
schedule on the wheat and tomato crops (Eq. 1).

legend symbols
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(2) Ball valve
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Figure 1
Schematic design of the experimental field (not to scale)
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Here, T, the is irrigation time (min), ET, is the reference
evapotranspiration (mm-day™), K_is the crop coefficient, Ap

is block area (m?), P, is a wetted area percentage (%), Ea is
irrigation system efficiency, LR is leaching requirements (%), and
Qs is irrigation system discharge (L-min™).

The AIS was used to irrigate the wheat and tomato crops
under both the sprinkler and drip irrigation systems. The daily
wheat and tomato ET. data were monitored and recorded. For
the CIS, the daily ET, measurements were multiplied by adequate
crop coefficients to provide ET , and were used to efficiently
schedule the automated sprinkler and drip irrigation systems.

Agronomic practices and observations

The two wheat (Triticum aestivum var. Yecora Rojo) crops were
sown on 9 December 2013 and 4 December 2014. The seeding
rate was 180 kg-ha! with a distance of 20 cm between rows. The
other cultivation practices were carried out according to a given
scheduling program. The irrigation processes were terminated
on 9 April 2014 and 14 April 2015 for the first and the second
season, respectively. Fertilisers containing nitrogen, phosphorus,
potassium and other elements were applied at the rate of 100
kg-ha to both wheat plots. At wheat maturity, measurements
were obtained on grain yield (GY), biomass yield (BY), and
plant height (PH). Grain and biomass yields were determined
from test units of 5 rows x 1 m (1 m?). The harvest index (HI)
was calculated as grain yield/biomass yield. The grain yield

was estimated as the weight of clean grain (as obtained from

7 random samples of 1 m* and converted to grain yield per
hectare). The average grain weight was calculated from 1 000
random samples from the harvested plants of each treatment.
Plant height was measured at maturity as the distance from the
soil surface to the top of the main spike, excluding the awns.

Tomato plants (Solanum lycopersicum Mill. var. Nema) were
transplanted to the fields on 14 February 2013 and 7 February
2014. The seedlings were planted in a single row in each bed,
with a row spacing of 0.8 m and an interplant space of 0.4 m per
row. Other cultivation practices were performed, following a
scheduled tomato crop programme. The last irrigation was on 31
May 2013 and 27 May 2014 for the first and the second season,
respectively. Fruit yield and its components were evaluated in
8 plants from the central plot rows during the harvest period.
Other agronomic parameters, such as the total fruit yield, were
recorded for each plot to obtain the gross yield (t-ha™”).

The AIS and CIS treatments required the input of the daily
and weekly ET rates of the wheat and the tomato crops during
the growing seasons; hence, the irrigation water depths (D,)
and the accumulative depths added to the wheat and tomato
crops during the two treatments were monitored by flow meters,
and were recorded throughout the growing season. The data
pertaining to the quantities of irrigation water, plant growth, and
productivity were gathered daily in special forms prepared for
this purpose. During the growing season, the data were analysed
directly.

Operation time required for each field

To calculate the ET_ and the irrigation water requirements of
the wheat and tomato crops, the daily ET, values were first
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determined using the meteorological station data; and these
were then multiplied by the crop coefficients and the water
application efficiency. Hence, by knowing the area of each wheat
field (216 m?) and the discharge rate from the eight sprinklers
(4.88 m*h'), the water quantity added at each specific irrigation
event could be determined. Based on the area of the tomato field
(86.4 m?) and the discharge rate from the drippers (4 L-h?), the
required water quantity per event, as well as the actual operation
time required, could be determined. Thus, the actual operation
time required was calculated. In the control fields, the irrigation
system was turned on and off manually in the CIS plots. The
irrigation applied depth (D,) for the AIS for the sprinkler and
the drip irrigation was calculated from the differences in the flow
meter readings before and after irrigation.

Water use efficiencies

The irrigation water use efficiency (IWUE) was calculated as the
ratio between the grain yield and the seasonal applied irrigation
water (Michael, 1978). Water use efficiency (WUE) was the
relationship between the grain yield and the ET_(Wanga et al.,
2007). Thus, WUE was calculated as the grain yield (kg) per unit
land area (Y, kg-m?) divided by the units of water consumed by
the crop per unit land area (ET, m*m?, usually reported in mm)
to produce that yield. Thus, WUE is presented in kg-m~, and
crop evapotranspiration ET is expressed as water depth (mm).
Another key parameter for evaluating system efficiency is the
irrigation water use efficiency IWUE, kg-m™). The WUE and
IWUE were calculated using Eqs 2 and 3, respectively.

IWUE = _r
(Dg)t (2)
WUE = _Y
ETc 3)

where Y is the grain and fruit yield (kg-m™), ET  is the
evapotranspiration (mm), and (Dg), is the seasonal irrigation
depth (mm).

Statistical analysis

The data obtained from the two growing seasons were tabulated
and subjected to an analysis of variance. A t-test was employed
to compare the averages of the two methods following a normal
distribution. This test was conducted to determine whether there
were significant differences between the results of the AIS and
CIS treatments.

RESULTS
Meteorological conditions

The ET rates for the tomato control experiment were measured
by the automatic weather station, which was similar to the wheat
control treatment using the modified Penman Method, FAO
version. The overall climate in the study area is arid, and the
area experiences very little rainfall, particularly during summer;
however, it receives a fair amount of rain in March and April.
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Figure 2

Average daily values of climatic conditions at the experimental site during the growing cycle of tomato and wheat crops in 2014 and 2015

The average annual precipitation ranges from 80 mm to 140 mm.
The relative humidity (RH) is very low and the skies are mostly
clear. High temperatures and low precipitation, together with

the high variability of both factors, increase evapotranspiration,
reduce soil moisture, and damage the soil through mechanical
weathering. The averages of air temperature, relative humidity,
wind speed, sunshine duration, total precipitation, and reference
evapotranspiration (ET,) were monitored via an in-situ
meteorological station (Fig. 2).

Evapotranspiration (ET)

The processor-interfaced AIS was used as an electronic controller
to monitor and record the ET, based on the measured weather
parameters, and based on these measurements to automatically
adjust the amount of irrigation water applied. The daily and
weekly estimated averages of the ET rates for the wheat and
tomato crops under the AIS and CIS treatments, which were
calculated using the daily records during the two growing
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seasons, are shown in Fig. 3. The ET. for the control sample
wheat was higher than the ET _for the AIS sample during the
entire growing season, particularly for the 3 weeks before
harvesting. Clearly, the ET_ values were low in the first 3 weeks
under the AIS treatment, and then increased as the plants
developed, peaking at approximately 70-105 days (10-15 weeks)
after sowing. In the case of the CIS, the ET. decreased gradually
with the senescence of leaves, specifically during Weeks 16 to 19;
a similar trend occurred for the AIS during the rest of the season.
From Fig. 3, it can be observed that the total ET, values for
tomato crops under the AIS and CIS treatments were 540.42 mm
and 671.57 mm, respectively. Furthermore, the AIS treatment
used 20% less water than the CIS treatment. The ET_ values
during the first 4 weeks of crop growth were lower under the AIS
treatment, then increased as the plants bloomed and developed,
peaking at approximately 55 days (8 weeks) post-transplantation.
After this point, the ET_values began to gradually decrease
with leaf senescence, most significantly during Weeks 9 to 15; a
similar trend occurred with the CIS management.
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Average weekly ETc, ETo, and Kc rates of wheat and tomato crops during the two seasons for both systems

Irrigation management

Irrigation events were initiated and terminated according to
the data collected and processed by the AIS. This system was
equipped with special options, such as the addition of more

or less water depending on the needs of the plants. The water
quantities and the timing of the irrigation were monitored

and recorded, and displayed on the system monitor. The ET
values for the CIS were determined using the modified Penman
method, FAO-56 version (Allen et al., 1998), to efficiently
schedule irrigation at different growth stages.

In terms of wheat crop growth, the stages identified in the
study were the initial, the crop wheat development, the mid-
season, and the late season. Based on local experience, stage
durations were approximately 15, 30, 60 and 25 days, and were
evaluated via the K . The comparison of the total ET of the AIS
(382.0 mm) and the CIS experiments (526.28 mm) shows that
the overall difference was quite significant. Fig. 3 also shows that
the ET _for the CIS experiment was higher than that of the AIS,
although the trends were similar throughout the entire growth
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season. As shown in Fig. 3, under smart irrigation, the ET_ value
was 27% less than in the control experiment. Fig. 4 shows the
average weekly amount of irrigation water (D,) supplied to the
wheat crop under the AIS and the CIS treatments; the average
weekly amounts of irrigation water applied to the wheat for the
two seasons was 444.76 mm under the AIS treatment and 600.34
mm under the CIS treatment. These amounts are less than the
amount of irrigation water currently used by the local farmers in
the area. The D_applied under the AIS treatment was 26% less
than that applied under the CIS treatment. In addition, Fig. 4
illustrates the weekly accumulative irrigation water used in the
wheat fields during the crop growing seasons for both systems.
In terms of tomato crop growth, the stages identified were
the initial, the tomato crop development, the mid-season,
and the late-season stage. Based on local experience, these
stages were approximately 30, 40, 40 and 25 days in duration,
respectively, and were evaluated via the K. Moreover, as shown
in Fig. 3, the ET_for the CIS treatment was higher than that of
the AIS treatment; however, they had a similar trend throughout
the entire growing season. Figure 4 shows the average amount of
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Figure 4

Average irrigation water and cumulative depths added to the wheat and tomato crops via the smart and control systems during the two seasons

weekly irrigation water (Dg) used in both treatments; the average
weekly total irrigation water used during the two growing
seasons was 614.26 mm under the AIS treatment and 825.47 mm
under the CIS treatment, with 26% less water used in the AIS
treatment. Therefore, the results of this study show that the AIS
conserves a significant amount of water compared to the CIS.
Moreover, the analyses revealed that the ET values were close at
the initial developmental stages; however, their values gradually
diverged over the rest of the season.

Analysis of agronomical characteristics

The effect of the AIS scheduling on wheat and tomato growth,
as well as productivity parameters was investigated. The growth
characteristics of wheat plants grown during the 2013-2014
and 2014-2015 seasons and the average combined analyses are
listed in Table 2. The results of this study revealed that the CIS
had a clear effect on the agronomical characteristics of wheat,
such as average plant height, which was 75.63 cm and 65.13 cm
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for the CIS and AIS, respectively. The average biological yields
and average grain yields of the wheat crop were 17.31 t-ha' and
14.61 t-ha'! for the CIS and 6.83 t-ha! and 5.53 t-ha™! for the AIS,
respectively. The average 1 000-kernel weights and average spike
length of the wheat crop were 40.77 g and 9.5 cm for the CIS and
48.17 g 10.4 cm for the AIS, respectively.

The growth characteristics of the tomato plants grown during
the two seasons (2013 and 2014) are presented in Table 2. The
AIS had a clear effect on the agronomical plant characteristics.
The average plant heights were 45.3 cm and 38.8 cm for the AIS
and CIS treatments, respectively. The average branch numbers
were 6.31 and 5.05 per plant for the same treatments, and the
average yields for the two seasons were 39.55 t-ha"and 37.05
tha for the AIS and CIS, respectively. The AIS was superior
to the CIS in terms of plant height, number of branches, fruit
length, average fruit weight, early yield, WUE and IWUE, by
16%, 26%, 11%, 6%, 8%, 38%, and 43%, respectively. In addition,
the tomato yields varied between treatments by 7-9% in favour
of the AIS.
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TABLE 2
Responses of wheat and tomato yields (WUE) and water use efficiencies (IWUE) for the two irrigation systems (AIS and CIS) in

the two seasons
Wheat treatments
First season Second season
Character t- sign t- sign
SIS CIs SIS CIs
Grain yield (GY) 5.07 6.10 *k 5.98 7.56 **
Biological yield (BY) 13.35 16.02 *k 15.87 18.60 *x
Harvest index (HI) 0.38 0.38 Ns 0.40 0.38 Ns
1 000-kernel weight (KW) 39.12 47.68 o 42.42 48.66 ok
Plant height (PH) 49.50 66.25 *x 80.80 85.0 ns
Spike length (SPL) 9.50 10.00 ** 9.50 10.88 *x
WUE (k-gm?) 1.27 1.13 *x 1.64 1.47 *x
Tomato treatments

Plant height (cm) 44.0 39.0 *k 46.7 38.7 **
Number of branches 6.0 5.0 *x 6.63 5.10 *x
Fruit length (cm) 6.3 5.7 *k 7.1 6.3 **
Fruit diameter (cm) 4.6 4.8 ** 5.8 5.1 *ok
Fruit shape index 1.23 1.31 * 1.22 1.30 *
Avg. fruit wt. (g) 95.0 93.0 *x 93 84 * ok
Early yield (tha) 23.60 24.00 ** 26.52 22.60 **
Total yield (t-ha™ 39.00 37.40 * 40.08 36.71 *x
WUE (kg:m*) 7.50 5.72 o 7.15 5.33 *ox
IWUE (kg-m™) 6.56 4.70 o 6.32 4.30 o

*¥* tis significant at 0.05 and 0.01, respectively; ns = not significant

Water use efficiency

Table 3 presents the effects of the AIS and the CIS on wheat
water use efficiency. The WUE and IWUE values were higher for
the AIS than for the CIS, i.e., 1.27 kg:-m~and 1.12 kg-m™ in the
first season, respectively, whereas the corresponding values for
the second season were 1.64 kg-m~and 1.37 kg-m" respectively.
The wheat yields under the AIS treatment increased from 5.07
t-ha'in the first season to 5.98 t-ha'in the second season, and

a similar trend was also noticed for the WUE and IWUE. The
minimum and maximum values for the WUE were 1.13 kg-m™
and 1.64 kg-m™ in the first and second season, respectively,
under the two treatments, indicating that the water was used
most effectively in the AIS treatment. The results presented in
Table 6 also show that the highest value of IWUE (1.37 kg-m™~)
was obtained from the AIS treatment, whereas the lowest value
(1.06 kg-m™) was recorded in the CIS during the first season. The
difference between the IWUE for the two treatments increased
from 6% to 22% between Season 1 and Season 2.

Table 3 shows the effects of the AIS and CIS on tomato water
use efficiency during the growing seasons. We found that the
WUE and IWUE values were higher in the AIS treatment. For
instance, the values during the first and second seasons for the
AIS and CIS treatments were 7.50 and 6.56 kg:m*, and 7.15 and
6.32 kg-m?, respectively. The tomato yields in the AIS treatment
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were 39 t-ha! in Season 1 and 40.08 t-ha™! in Season 2; a similar
trend was observed for the WUE and the IWUE. Moreover,

the amount of applied irrigation water was 5 947.6 m*-h'in
Season 1 and 6 337.6 m™h"' Season 2 (Table 3). Consequently,
the maximum and minimum values of WUE were 7.50 and 5.33
kg-m~. Overall, the results indicated that irrigation water was
used more effectively in the AIS treatment.

Table 3 also shows that the highest and lowest values of
IWUE were 6.56 kg-m~and 4.30 kg-m?, obtained with the AIS
and CIS, respectively. The comparison of the AIS with the CIS
shows that IWUE was 39% higher in the AIS in the 2013 season
and 47% higher in the AIS in the 2014 season. In contrast, the
smallest amount of irrigation water used was 594.76 mm in the
AIS treatment, whereas the largest amount applied was 854.79
mm in the conventional CIS treatment.

Statistical analysis of agronomical factors

A t-test clearly showed the strong influence of the AIS technique
on wheat and tomato agronomical crop factors in both years.
The results also demonstrated the strong influence of the CIS
treatment on wheat yields and agronomical factors in both years.
The results indicate that CIS treatment has a highly significant
effect on average plant height (cm), spike length (cm), average
kernel weight (g), total biological yield (t-ha'), and total grain

361


http://dx.doi.org/10.4314/wsa.v43i1.12
http://www.wrc.org.za
https://creativecommons.org/licenses/by/4.0/

TABLE 3
Effects of the AIS and CIS on wheat and tomato water use efficiency during the growing season

Wheat crop Tomato crop
t:':;g::::"t's ETc ATW WUE | IWUE ETc ATW WUE | IWUE
(mm) m~h! (mm) m~h? | (kgm?) | (kgm?) | (mm) m~h! (mm) m~h? | (kgm?) | (kgm™)
2013-2014 growing season 2013-2014 growing season
AIS 400.06 | 4000.56 | 453.29 | 4532.90 | 1.27 1.12 520.30 5203 594.76 | 5947.60 | 7.50 6.56
CIS 538.25 | 5382.53 | 573.51 | 5735.06 | 1.13 1.06 653.70 6537 796.15 | 7961.50 | 5.72 4.70
2014-2015 growing season 2014-2015 growing season
AIS 363.94 | 3639.43 | 364.23 | 4362.30 | 1.64 1.37 560.50 5605 633.76 | 6337.6 7.15 6.32
CIS 514.31 | 5143.07 | 627.17 | 6271.75 | 1.47 1.21 689.20 | 6891.80 | 854.79 | 8547.9 5.33 4.30

yield (t-ha'); however, there was no significant effect on the
harvest index (HI). The AIS had a much more significant effect
on the average WUE and the IWUE than the CIS treatment
(Table 2). Over the two seasons, the WUE of both the AIS and
CIS ranged from 1.13 to 1.64 kg-m~, and the IWUE of both
treatments ranged from 1.06 to 1.37 kg-m. The results presented
in Table 3 also show that both efficiencies were better under the
AIS treatment than under the CIS treatment. The maximum
values of WUE, 1.64 kg-m™ in Season 1 and 1.27 kg-m~in Season
2, were obtained under the AIS treatment, whereas the minimum
values, 1.47 kg:-m™ in Season 1 and 1.13 kg-m™ in Season 2, were
obtained from the CIS treatment. Similarly, the maximum values
of IWUE were 1.37 kg-m™ in Season 1 and 1.12 kg-m~ in Season
2 under the AIS treatment, whereas the minimum IWUE values
were 1.06 kg-m™ in Season 1 and 1.21 kg-m™ Season 2 under the
CIS treatment.

For the tomato crop, in both seasons, the CIS treatment used
more irrigation water than the AIS treatment. The data suggest
that the AIS technique had a highly significant effect on the
average fruit weight; however, there was no such effect on either
the fruit diameter (cm) or the fruit shape. The agronomical data
for the AIS treatment also revealed significant differences in
plant height (cm), branch number, fruit length (cm), average
fruit weight (g), total yield (kg-m), total yield (t-ha'), and
WUE/IWUE (kg-m?) compared to the control. The WUE ranged
from 5.53 to 7.33 kg-m™ and the IWUE ranged from 4.50 to
6.44 kg-m™ over the two seasons. The results presented in Tables
2 and 3 show that both efficiencies were higher under the AIS
than under the CIS. The maximum values of WUE (7.50 and
7.15 kg-m™) were obtained with the AIS treatment, whereas the
minimum values (5.72 and 5.33 kg-m®) were obtained with the
CIS treatment, indicating that water was used more effectively in
the AIS.

The IWUE was higher for the AIS treatment than for the
CIS treatment. The maximum values of IWUE (6.56 and 6.32
kg-m™ for the first and second season) were obtained with the
AIS, whereas the minimum values (4.70 and 4.30 kg-m™ for the
first and the second season) were obtained with the CIS. In the
2010 season, the IWUE was 29% higher under the AIS treatment
than under the CIS treatment, and in the 2013 season it was
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32% higher under the AIS treatment. Thus, the WUE and IWUE
values decreased as more irrigation water was applied (Table 3).
Furthermore, the higher respective values (7.50 and 4.75 kg-m™)
in the first season were achieved with the AIS treatment, whereas
the corresponding values for the second season were 7.15 and
4.30 kg:m™.

DISCUSSION

The AIS sprinkler irrigation treatment (wheat) used 27% less
irrigation water than the CIS treatment. In the drip irrigation
treatment (tomato), the AIS used 26% less water than the CIS.
The efficiency of the AIS may be due to its ability to supply
either more or less water according to the needs of the plants.
Moreover, the analysis showed that the ET. value of the CIS
treatment was higher than that of AIS treatment for the entire
season, possibly because of the more accurate irrigation
scheduling of the AIS, or owing to the near real-time adjustment
of the irrigation associated with the AIS, or the fact that the
relevant wheat and tomato K_values (Allen et al., 1998) used
for the CIS were derived in a different environment from the
study site, which leads to higher availability of water in the root
zone. The soil distribution could also be responsible for the
CIS results, as the field consisted entirely of translocated soil.
Furthermore, the differences could be the result of the selected
Kc values, which were selected from the literature and were used
to predict the ET.. The results may also reflect the fact that the
AIS was designed specifically for landscape irrigation scheduling,
although it also yielded satisfactory results when used for wheat
crop irrigation. The results of the first and second seasons
were consistent within each treatment; however, a significant
difference was found between treatments in both seasons.
Starting with an irrigation process at 80% of ET , the
analysis revealed that the ET. value of the control treatment was
higher than that of the AIS treatment throughout both seasons,
indicating the AIS‘s effectiveness in providing irrigation water,
which is essential in arid regions. Furthermore, this system
improved irrigation practices and could, ultimately, minimise
labour needs.

362


http://dx.doi.org/10.4314/wsa.v43i1.12
http://www.wrc.org.za
https://creativecommons.org/licenses/by/4.0/

The total applied irrigation water in both systems showed
that the change in irrigation frequency, as well as the application
stage, could significantly affect the available soil water during the
wheat-growing season. This study revealed that both irrigation
scheduling techniques, either involving sprinkler or drip
irrigation, have a clear effect on the agronomical characteristics
of plants.

There were variations in the yields of the two crops under
the AIS and CIS treatments between the seasons. The CIS
resulted in greater yields than the AIS because of the variation
in the amount of water added. The increased moisture level
in the root zone probably explains the improved agronomical
factors, particularly as more irrigation water was added (D,)
in the CIS treatment. The decrease in soil aeration due to low
irrigation water in the AIS treatment may have affected all of the
agronomical parameters.

The results indicated that, in both seasons, every 1 mm of
water depth applied by the AIS to the wheat crop produced an
average yield of 112.45 kg-mm', and every 1 mm water depth
applied by the CIS produced an average yield of 11.35 kg-mm"

!. For the tomato crops, the average values for the two seasons
were 64.41 and 44.95 kg:-mm™, respectively. Hence, the low
amount of irrigation water added in the AIS treatment affected
all of the agronomical parameters. Each of the cases examined
in this study showed a great potential to save water as compared
to irrigation methods practiced by the local framers in the area.
Conserving water is very important in areas experiencing severe
drought, such as Saudi Arabia.

The decrease in WUE and IWUE observed under the
CIS treatment can be attributed to the increasing amounts of
irrigation water. This agrees with the findings of Almarshadi and
Ismail (2011). Similar findings were obtained by Wan and Kang
(2006), who found that a low irrigation frequency produced
higher water use efficiency than a high irrigation frequency. In
this study, the lower amounts of water used under the drip and
sprinkler irrigation systems were inversely related to water use
efficiency. Hence, it can be concluded that the positive effect
of IWUE values under the AIS treatment, resulting in a 26%
decrease in the amount of seasonal irrigation water required
(Table 3).

In the AIS, increased yields were obtained with minimal
water, which results in a higher IWUE. This finding is consistent
with a study by Sammis and Wu (1986), who reported that
IWUE increased under soil moisture stress, and is also consistent
with the observations of Camp et al. (1989), and Wan and
Kang (2006), who reported that low irrigation frequencies
result in higher water use efficiency values than high irrigation
frequencies. For both seasons, the AIS resulted in higher WUE
and IWUE values than the CIS.

The higher water use efficiency under the AIS can be
attributed to lower amounts of irrigation water used. In other
words, the reduced water consumption results in higher water
use efficiency. The variation in WUE was not consistent in the
two growing seasons, possibly because of the differences in
weather conditions. Overall, the AIS yielded higher WUE and
IWUE values that the CIS. It was apparent that the WUE of
wheat decreased as more water was used in the irrigation.

CONCLUSIONS

Through this 2-year field study of 2 irrigation techniques under
arid conditions, we found that automated irrigation systems
(AIS) offer a significant advantage for irrigating wheat and
tomato crops. These irrigation techniques are recommended
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for irrigating crops in arid regions, owing to their ease of use

and to the reduction in water use, as well as for providing the
irrigation manager with reliable information. AIS provide a
convenient and practical system that meets the agronomic needs
of crops, thus contributing to the sustainability of agricultural
systems. However, providing the correct installation, operation,
maintenance and programming inputs on these controllers

using the site-specific parameters is imperative to achieving an
appropriate watering level. The agronomical characteristics of the
crops grown under these irrigation techniques are considerably
superior to those grown under the conventional irrigation
control system. Furthermore, the WUE and IWUE are higher
under the automated irrigation system. Therefore, the proposed
system could be refined to create better and more efficient
scheduling control. The results also suggest that scheduling
techniques using drip and sprinkler irrigation systems under arid
conditions offer an economic benefit owing to the substantial
decrease in the applied irrigation water, compared to that applied
using the CIS.
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