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Abstract

such as Saudi Arabia, with limited water supplies. Drip

irrigation (DI) is being adopted in these areas to conserve
water under economical crop production. Field experiment was
carried out to study effects of different irrigation scheduling
management strategies on fruit yield and quality of drip irrigated
fresh market tomatoes, water use efficiency and irrigation
application efficiency. The experiment included three scheduling
methods, which were wused to irrigate tomato field:
Evapotranspiration (ET) controller, soil moisture sensor (watermark
sensor) and control treatment based on weather data. All
irrigation-scheduling methods were effective, prescribing different
amount of water for a given season. Irrigation amount increased
from 841.5 mm (ET controller) to 882.60 mm (watermark sensor)
and 1034.33 mm (control treatment), during two seasons. Both
WUE and IWUE increased with decrease in irrigation water depth.
The maximum average WUE (7.26 kg-m~3) and IWUE (4.66 kg-m-
3) values were for ET controller as average, during the two
seasons. In addition, ET controller method conserved up to 7 %
and 18% water compared to the watermark sensor and control
treatments, respectively. Based on the above results, it is
recommended that if the tomatoes are well irrigated based on ET
controller, the farmer can get higher tomato vyield in areas
experiencing severe drought, such as Saudi Arabia.
Keywords: water use efficiency, water application efficiency,
automatic irrigation

I rrigation is necessary in order to produce tomato in arid region

INTRODUCTION

Water scarcity and drought are the major factors constraining agricultural crop
production in arid and semi-arid zones of the world. Innovations for saving water in
irrigated agriculture and thereby improving water use efficiency are of paramount
importance in water-scarce regions. Therefore, use of new irrigation technologies in
agriculture has aimed at increasing crop production. New developments in irrigation
technologies have a great importance. Efficient use of water by irrigation system is
becoming increasingly important, and drip irrigation (DI) may contribute substantially
to the best use of water for agriculture, improving irrigation efficiency (Sezen et al.,

2006). Therefore, adoption of modern irrigation techniques must be emphasized to
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increase WUE. These modern techniques must result in efficient water delivery and
high productivity while minimizing water use (Acar et al., 2010).

In the arid and semi-arid areas, DI is frequently used to reach the maximum
water use efficiency (Fabeiro et al. 2002). DI has been used in horticultural operations
since the middle of the 20th century (Hillel, 2008) and conventional drip irrigation is
considered one of the most efficient irrigation systems. DI has the potential to use
scarce water resources most efficiently to produce vegetables (Locascio, 2005).
However, DI is an irrigation system whereby water is supplied under low pressure
directly treating only to the plant roots (Nautiyal et al., 2010). DI is the most effective
way to save water by using water more efficiently to increase crop yield and improve
the irrigation uniformity (Schwankl and Hanson 2007 and Zotarelli et al., 2009).

DI can distribute water uniformly, precisely control irrigation volumes, increase
plant yields, reduce evapotranspiration (ET) and deep percolation, and decrease the
danger of soil degradation and salinity (Batchelor et al, 1996; Karlberg and Frits,
2004). The trend in recent years has been toward the conversion of surface irrigation
to DI to improve plant quality and yield. Currently, some farmers are not aware of
when they should irrigate and how much water they should use under drip irrigation
conditions. They tend to use irrigation timing and volumes according to conventional
experience, and then induce new water loss under new technology. Therefore, easy-
operation irrigation scheduling methods are very stringent with respect to tomato drip
irrigation conditions.

Earlier studies have shown that DI is the most suitable method for vegetable
crops and it is possible to increase WUE by modern irrigation scheduling methods,
such as cucumber (Yuan et al., 2006), eggplant (Aujla et al., 2007), potato (Erdem et
al., 2006), and tomatoes (C,etin and Uygan, 2008). Many studies comparing sprinkler
or furrow irrigation with DI in tomatoes and in other crops have shown that DI
generally resulted in higher WUE and crop yields (Singandhupe et al., 2003).

Irrigation events may be scheduled based on: measured soil moisture, climatic
parameters and estimated evapotranspiration (ET) coupled with crop coefficient
specific to the region. Many methods of irrigation scheduling have been proposed in
order to measure the amount of water use by a crop. There are three methods for
matching irrigation with crop water requirements: the weather-based methods using
ETr (Allen et al 1998), the soil water-based methods using soil moisture sensors
(Evett 2008), and the soil-water balance calculations and plant stress-sensing
techniques (Jones 2004).

There are a variety of techniques can be used to reduce water use (McCready,

et al, 2009). These techniques include ET control devices and soil moisture
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controllers. Mayer et al. (2009) found that ET controllers reduced irrigation by 6.1%;
and it was found that 56.7% of the sites were responsible for a significant decrease in
irrigation application, while 41.8% were responsible for a significant increase. Davis et
al. (2010) demonstrated that the ET controllers applied only half of the irrigation
calculated for the theoretical requirement for each irrigation event, and irrigation
adequacy was decreased when the ET controllers were allowed to irrigate any day of
the week. Davis and Dukes (2012) found that ET controllers can match irrigation
application with seasonal demand and in particular reduce irrigation in the winter
when plant demands are dramatically reduced. In addition, they indicate that when ET
controllers are applied to sites irrigating at levels less than plant demand, those
controllers will likely increase irrigation.

The automation of DI systems with ET controllers or soil moisture sensors may
further improve WUE. Automated irrigation systems have functioned successfully
(Shock et al, 2002). The development of automated site-specific drip irrigation
systems allows producers to maximize irrigation efficiency, while minimizing negative
productivity effects. The adoption of modern water-saving technology is often cited as
a key to increasing WUE while maintaining current levels of production
(Comprehensive Assessment of Water Management in Agriculture, 2007). However,
this technology has not been tested on field crops in a hyper-arid region such as Saudi
Arabia. Such systems can be used to determine crop yield and evaluate responses to
irrigation criteria, in order to evaluate crop performance.

Automation of DI systems based on evapotranspiration controllers or soil
moisture sensors may further improve WUE. Development of automated site-specific
drip irrigation systems allow producers to maximize irrigation efficiency, while
minimizing negative effects on their productivity (Shock et al, 2002). Adoption of
modern water-saving technology is often cited as a key to increasing WUE while
maintaining current levels of production (Comprehensive Assessment of Water
Management in Agriculture, 2007). Though, this technology has not been tested with
field crop in a hyper arid region such as Saudi Arabia, yet such systems technique can
be used to determine crop yield and performance to irrigation criteria. The objectives
of this study were to compare the effects of different scheduling technique
management strategies on 1) the fruit yield and quality of drip-irrigated fresh market

tomatoes, 2) WUE, and 3) application efficiency.
MATERIALS AND METHODS

During the two seasons of 2016 and 2017, the experiments were conducted at

the Experimental Farm of the College of Food and Agriculture Sciences of King Saud
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University, Riyadh (24°43" N latitude, 46°43" E longitude and 635 m altitude). The
experimental site was irrigated by a surface drip irrigation system. Before the start of
the experiment, soil samples were collected from different locations in the field to
determine soil physical properties. Locations were selected to represent the dominant
soil conditions in the field. Three soil samples were taken from the field at three
different depths (0-20, 20-30 and 30-60 cm) to determine soil texture. The soil was
loamy sand (85.9% sand, 6% silt and 8.1% clay).

Surface drip irrigation systems were installed in the field. Buffer zone of
approximately 3 m separated each plot to reduce interactions between the
treatments. The DI system consisted of 16 mm inside diameter (I.D.) thin-wall lateral
drip lines with welded-on emitters (built in R, 50 cm dripper spacing) with a nominal
emitter discharge of 4 L h'! at a design pressure of 200 kPa. Drip lines were buried 25
cm deep directly under the soil beds in plots 1, 2 and 3 Fig. (1a). After the ID
installation, the soil surface was leveled and firmed. Irrigation amounts were metered
separately in each plot using commercial municipal-grade flow accumulators. The
irrigation duration varied among treatments because of the three different methods of
irrigation scheduling. The hydraulic aspects of the design for each system were aimed
to give uniform application of irrigation water.

The uniformity of water application for each scheduling method below the soil
surface through the soil profile was determined by measuring gravimetric moisture
contents from soil samples taken 24 and 48 hours after irrigation. The samples were
collected parallel and perpendicular to the lateral line at distances of 0, 5, 10, 15, 20
and 25 cm from the emitter location as shown in Fig. (1b). The gravimetric soil
samples at each depth (0, 10, 20, 30, 40, 50 and 60 cm) were repeated three times
after irrigation (24 and 48 hr). These measurements were taken from each plot three
times during mid-season of tomato crop.

Three methods of irrigation scheduling were used to determine the duration
and amount of water to be applied to a tomato crop by surface drip irrigation system.
The irrigation scheduling in plot 3 was controlled by evapotranspiration controller (ET
controller). The ET-based controllers consider weather based parameters when
determining irrigation events. Depending on the manufacturer, each controller
functions differently but typically can be programed with various conditions specific to
the field. These conditions can include soil type, plant type, root depth, sun and
shade, etc. The ET controller has the ability to add water to the crop when it was

needed based on controlled evapotranspiration and weather data. The controller
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(Hunter pro-c)! was purchased locally and was programed according to site specific

conditions. Plot 2 was controlled by automatic watermark soil moisture sensors. The
initiation and termination of irrigation in the scheduling technique was based on soil
moisture measured by watermark sensors installed at 5 cm above the drip line.

Automatic scheduling for plot 2 was set at 10% soil moisture content as the
lower limit and 15% as the upper limit (on — off). The scheduling treatment in plot 1
(control treatment) was manually irrigated based on weather data collected from an
automatic weather station installed at the experimental site. Penman—Monteith
equation was used to calculate evapotranspiration (ET). Each plot was approximately
4.5 m wide and 7 m long and had 5 rows of drip lines spaced 0.9 m apart running
from west to east. Tomato plants were spaced 0.50 m apart in each row. The 5 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
Fig. (1a).

Tomato plants (Solanum lycopersicum Mill. var. Nema) were transplanted to the
fields on 14 February 2016 and 7 February 2017. The irrigation processes were
terminated on 9 April 2016 and 14 April 2017 for the first and the second season,
respectively.

Water use efficiency and distribution uniformity

Irrigation water used efficiency (IWUE) is the ratio between the total fresh yield
(FY) and the seasonal applied irrigation water (Dg)t (Michael, 1978). While, water use
efficiency (WUE) is the relationship between the yield and the ETc (Wanga et al.,
2007). WUE and IWUE were calculated using Equations 1 and 2, respectively.

Y
WUE =| —
[ETCJ (1)
IWUE:LL J 2)
(Dg),

In these equations, Y is the economical yield (kg), ETc is evapotranspiration (mm),
and (Dg)t is the total amount irrigation water (mm) during the crop season.

To calculate the ETc and the irrigation water requirement of tomato, daily ETo
values were first determined using the meteorological data and then multiplied by the
crop coefficient. The irrigation system in each plot was operated based on the
scheduling method used; turned on and off manually in the control treatment and

automatically in ET controller and watermark sensor treatments. The depths of

1
The use of the trade name does not imply promotion of this product; it is mentioned for research purposes only and
providing specific information and does not imply recommendation or endorsement.
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irrigation water (Dg) applied in each irrigation event for all plots were calculated

separately from the differences of flow meter reading before and after irrigation.
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Fig. 1. Field experimental layout (a) and diagram showing sampling for soil moisture
contents parallel and perpendicular to the direction of the irrigation line (b).

Assessment of the uniformity of water redistribution in the soil profile

The coefficient of uniformity by Christiansen (1942) was calculated by using soil
gravimetric moisture contents measured at seven soil depths (0, 10, 20, 30, 40, 50,
and 60 cm), and at different distances from emitter (10, 15, 20 and 25 cm in parallel
and perpendicular directions to the drip line, as shown in (Figure.1b). The soil water
contents were measured 24 and 48 hours after irrigation was ceased. The evaluation
tests were carried out four times starting from the beginning until the end of season.
The following equation was used to evaluate the uniformity (Cus) of water

redistribution below the soil determined gravimetrically:

g 3
Cu5=100[1—2|9"9q &
NO

9‘:%0,. /N
i=l1

where
Cus = Christiansen’s coefficient of uniformity of soil water content below soil surface
Bi = the measured gravimetric soil water content at depth i

8 = the mean gravimetric soil water content, and

N = number of measured points (soil depth).
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RESULTS AND DISCUSSION

Crops evapotranspiration (ETc)

The daily and weekly averages of the ETc for tomato crop in control treatment
(plot 1) were calculated using the daily climatic records during the two growing
seasons (Table 1). The values of ETc were estimated by the product of the reference
evapotranspiration (ETo) and the crop coefficient (Kc) according to FAO 56, the trends
in Kc during the growing period that is divided into four crop development stages
(initial, rapid development, mid-season and late season) of tomato crop. From this
table, it can be concluded that ETc values were small in early 2 weeks and then
increased with the development of plants.
Table 1. Average weekly ETc for a tomato under a surface drip system for control

treatment during the two seasons.

Growth ETo ETc growth stages
Period Kc
(mm/d) (mm/d)

(week)
1 4.22 0.70 2.95
2 4.65 0.70 3.25 Initial
3 4.98 0.70 4.54
4 5.56 1.15 6.39
5 5.61 1.15 6.46
6 5.78 1.15 6.64 .

rapid development
7 5.28 1.15 6.08
8 5.92 1.15 6.30
9 6.71 1.15 6.84
10 6.67 0.90 6.00
11 6.54 0.90 5.89
12 6.87 0.90 6.18 mid-season
13 6.56 0.90 5.53
14 6.64 0.90 5.53
15 7.49 0.75 6.74
16 6.96 0.75 5.22 Late Season
17 7.17 0.75 5.38
Avg. Average ETc (mm/day) 5.64
Sum Total ETc/season (mm) 671.57

Irrigation management

The averages of weekly and seasonal total water applied (m3), irrigation depth
(Dg) and the accumulated (Dg)t to the tomato crop by three scheduling technique (ET
controller, automatic watermark and control treatments) are presented in (Table 2). It
can be observed that the average total amount of water added during crop season
were 10.60 m3, 11.12 m?® and 13.03 m? in ET controller, automatic watermark and
control treatments, respectively. There was water saving of 4.68% and 18.65% in ET
controller treatment compared to other two treatments, respectively. Also, watermark

sensor technique used less water by 14.66% compared to the control treatment.
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Consequently, the use of ET controller or watermark methods conserves water and
this superiority in saving water may be due to the fact that the two methods have the
feature of increasing or reducing irrigation water automatically according to the plant
needs compared to the control treatment.

Table 2. Averages of irrigation water depths applied to tomato crop during two
seasons for different scheduling methods.

ET controllers — plot 3 Watermark sensor — plot 2 Control treatment — plot 1
Growth Water Irrigation Acc. Water Irrigation Acc. Water Irrigation Acc.
Period Added Depth Depth Added Depth Depth Added Depth Depth
(week) (m) Dg (Do)t (m) D (Do)t (m) Dg (Dg)t
(mm) (mm) (mm) (mm) (mm) (mm)
1 0.47 37.23 37.23 | 0.60 47.90 47.90 1.33 105.60 105.60
2 0.43 34.40 71.63 | 0.44 34.56 82.46 0.79 62.76 168.36
3 0.42 33.44 105.07 | 0.54 42.66 125.12 | 0.64 50.96 219.32
4 0.45 35.60 140.67 | 0.59 46.83 171.94 | 0.82 65.46 284.78
5 0.61 48.28 188.95 | 0.53 42.10 214.04 | 0.60 47.61 332.38
6 0.30 24.06 213.01 | 0.22 17.67 231.71 0.27 21.13 353.52
7 0.30 24.13 237.13 | 0.15 11.70 243.40 | 0.66 52.06 405.58
8 0.56 44.83 281.97 | 0.57 45.07 288.48 | 0.80 63.49 469.07
9 0.92 73.10 355.06 | 0.47 37.63 326.10 | 0.74 58.98 528.05
10 0.29 22.63 377.69 | 0.88 69.91 396.02 | 0.77 61.10 589.14
11 0.67 53.17 430.86 | 0.59 46.93 44294 | 0.73 58.02 647.16
12 0.89 70.63 501.49 | 0.90 71.48 51443 | 0.73 57.56 704.72
13 0.96 76.58 578.07 | 0.53 42.22 556.65 | 0.79 63.00 767.72
14 0.67 53.21 631.29 | 0.85 67.60 624.25 | 0.77 61.26 828.98
15 0.89 70.29 701.57 | 1.00 79.13 703.38 | 0.71 56.10 885.09
16 0.86 68.03 769.61 | 0.82 64.69 768.07 | 0.80 63.43 948.52
17 0.91 71.90 841.51 1.44 114.53 882.60 1.08 85.81 1034.33
Sum 10.60 841.51 11.12 882.60 13.03 1034.33

Agronomical characteristics

This study revealed that both irrigation-scheduling techniques had a clear
impact on the agronomical characteristics of the plants as shown in (Table 3). In the
same context, it was found that the average yields for the two seasons were 39.22,
35.35 and 30.23 ton ha! in the ET controller, automatic watermark and control
methods, respectively. This shows that the variation between the yields in the ET
controller between automatic watermark and control treatments was 10 to 23%,
respectively. Meanwhile, the agronomical data (Table 3) for the ET controller
treatment reveled a significant difference in plant height (cm), number of branches,
fruit length (cm), average fruit weight (g), total yield (Kg. m™2), total yield (ton ha)
and WUE/IWUE (Kg. m=3) compared to the automatic watermark and control

treatments.
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Table 3. Average tomato growth responses to irrigation treatments during the two

Seasons.
Treatment
Character

Smart ET Sensor Control
Plant height (cm) 49.6. 48.40 53.20
Number of branches 5.31 5.24 5.12
Fruit length (cm) 5.62 5.7. 6.44
Fruit dia. (cm) 5.18 5.07 5.2.
Fruit shape index 1.28 1.25 1.23
Avg. fruit wt.(g) 92.3: 91.8. 88.9
Early yield (ton ha?) 22.23 20.15 23.04
Total yield (ton ha) 39.22 35.35 30.23
WUE ( kg m3) 7.26 6.08 4.50
IWUE ( kg m?) 4.66 4.01 2.92

Water use efficiency

Table 4 demonstrates the effects of the three scheduling techniques (ET
controller, automatic watermark and control treatments) on tomato WUE during the
growing seasons. The data in Table 4 revealed that the values of WUE and IWUE
were higher in the ET controller treatment. The tomato yield, in the case of ET
controller treatment, was higher (39.22 ton ha') compared to the yield in the two
other scheduling methods (Table 3). Similar trend was observed for WUE and IWUE.
The maximum and minimum values of WUE and IWUE for ET controller methods were
7.26 and 4.66 (kg .m3), while WUE and IWUE for watermark and control methods
were 6.08, 4.01 and 4.50, 2.92 (kg. m™), respectively (Table 4). However, the results

indicated that irrigation water was used more effectively through ET controller

treatment.
Table 4. Average WUE and IWUE under different scheduling methods during the two
seasons
Drip irrigation
Irrigation
ET AIW
treatments ¢ WUE IWUE
(mm) m3 ht (mm) m3 ht (kg m?) (kg m?)
Smart ET 540.42 5404.20 841.51 8415.1 7.26 4.66
Sensor 581.23 5812.30 882.60 8826.0 6.08 4,01
Control 671.57 6715.70 1034.33 10343.3 4.50 2.92

The Table 4 shows that the highest and lowest values of IWUE for tomato crop
were 4.66 and 2.92 (kg. m=) in ET controller and control treatments, respectively.
The increase of IWUE value was 37.34% for ET controller compared with the control
treatment. In contrast, the smallest amount of irrigation water was 540.42 mm during
the entire season in ET controller treatment, while the largest amount was 671.57 mm
in control treatment. Data in Tables (3 and 4) indicated that scheduling method of ET
controller gave the highest values of total yield, WUE and IWUE and applied less
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irrigation water compared to watermark sensor method and control method,
respectively.

The lower amounts of water used with ET controller method correspond
inversely to higher WUE. This agrees with the results by Faberio et al. (2002), Topak
et al. (2011), and Almarshadi and Ismail (2011). Similar findings were also obtained
by Wan and Kang (2006), who found a low irrigation frequency. The decreased values
of WUE and IWUE under the watermark sensor and control methods can be attributed
to the increasing level of applied irrigation water. Under conditions of the three
irrigation treatments in the both growing season, ET controller resulted in the highest
values of WUE and IWUE, followed by watermark sensor and then control treatment.
It was apparent that the WUE and IWUE of tomato decreased with more water
applied in irrigation.

Uniformity of water distribution

The water redistribution patterns under drip irrigation systems for the three
scheduling methods were determined at different depths below the soil surface, as
shown in Fig. (2). The Table 5 and Figure 2 show the average of uniformity coefficient
(Cus) and patterns for Cus in parallel and perpendicular locations to the drip line at
different depths for each scheduling method after 24 and 48 hour from irrigation was
ceased. The highest uniformity was obtained in the control treatment and the lowest
with ET controller treatment for 24 and 48 hours after irrigation. Generally, the
average values of Cus of control scheduling technique were higher than those of both
ET controller and automatic watermark systems at any depth of soil profile and time
of measurements (24 and 48 hour).

However, in general, the water within the soil profile at any depth was
uniformly distributed through soil profile. This can be explained by the hydraulic
gradients within the irregularly wetted soil, which causes water movement within the
soil profile parallel and perpendicular to the irrigation lines, resulting in the water
movement within the soil to be more uniformly distributed. Also, the results showed
that the average of Cus values were 81.62% for ET controller, 86.45% for watermark
sensor and 92% for control treatment. Also, the values of Cus were decreased slightly
with the increase in soil depth Fig. (2) due to the soil diffusivity, but increased with
the time of measurements due to the accomplishment of equilibrium within the soil
(Al-Ghobari, 2004).

In general, the Cu values were low in depths near the soil surface and
increased with depth for all scheduling methods. However, this increase with depth
was higher in control treatment compared to the increase in ET controllers and

automatic watermark scheduling techniques Fig. (2).
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CONCLUSION

This study concludes that the ET controller methods offered a significant
advantage in managing the irrigation of tomato crops in both seasons (2016 and
2017) under severely arid conditions. In compression with the other treatments, the
ET controller significantly reduced water use by 18%. Consequently, water was used
most commendably with the ET controller treatment. It was also found that the values
of yield, WUE and IWUE were superior with ET controller compared to corresponding
values in automatic watermark and control treatments.

The coefficient of uniformity for control treatments was 10.4% higher than for
ET controller irrigation scheduling method, while variations in Cus values were not
significant among the three scheduling techniques. ET controller technique gave the
best crop yield, WUE and IWUE.

These results indicate the importance of adopting ET controllers, because of
their effectiveness in providing irrigation water. This requires extraordinary effort,
particularly in arid regions that suffer from water shortages, such as Saudi Arabia. The
results presented here relate to the outcomes of the ET controller with respect to
water management, crop performance, and water conservation. Moreover, this
system will improve irrigation practices and ultimately minimize labor efforts. It can be
concluded that there was an economic advantage when applying advance scheduling
irrigation techniques using drip irrigation system with ET controller under arid
conditions, such as Saudi Arabia.
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