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Abstract

:

The present study aimed at investigating scientific irrigation scheduling (SIS) for the sustainable production of olive groves. The SIS allows farmers to schedule water rotation in their fields to abate crop water stress and maximize yields, which could be achieved through the precise monitoring of soil moisture. For this purpose, the study used three kinds of soil moisture sensors, including tensiometer sensors, irrometer sensors, and gypsum blocks for precise measurement of the soil moisture. These soil moisture sensors were calibrated by performing experiments in the field and laboratory at Barani Agricultural Research Institute, Chakwal in 2018 and 2019. The calibration curves were obtained by performing gravimetric analysis at 0.3 and 0.6 m depths, thereby equations were developed using regression analysis. The coefficient of determination (R2) at 0.3 and 0.6 m depth for tensiometer, irrometer, and gypsum blocks was found to be equal to 0.98, 0.98; 0.75, 0.89; and 0.82, and 0.95, respectively. After that, a drip irrigation system was installed with the calibrated soil moisture sensors at 0.3 and 0.6 m depth to schedule irrigation for production of olive groves as compared to conventional farmer practice, thereby soil moisture profiles of these sensors were obtained to investigate the SIS. The results showed that the irrometer sensor performed as expected and contributed to the irrigation water savings between 17% and 25% in 2018 and 2019, respectively, by reducing the number of irrigations as compared toother soil moisture sensors and farmer practices. Additionally, olive yield efficiencies of 8% and 9%were observed by the tensiometer in 2018 and 2019, respectively. The outcome of the study suggests that an effective method in providing sustainable production of olive groves and enhancing yield efficiency.
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1. Introduction


Water scarcity is one of the most challenging problems throughout the globe due to increase in population and climate change. Water management and improved water use efficiency are valuable solutions for preserving water resources, particularly in irrigated agriculture because it consumes an excessive amount of water [1,2]. Improving irrigation efficiency may save a significant amount of water that could be used to irrigate a larger area [3,4,5]. The irrigation efficiency could improve by adopting scientific irrigation scheduling(SIS),i.e., the process of investigating the optimum quantity and timing of water application to attain the required crop yield and quality, decrease possible adverse effects on the environment such as nutrient leaching below the plant root zone, and maximize water conservation [6] SIS is very crucial for sustainable agricultural practices when water for irrigation faces uncertainties and less water availability in particular regions [7,8,9,10]. However, SIS depends on weather conditions, soil type, crop type, management practices, the moisture content status of the soil, and the water supply system [11,12].



Olive is a drought tolerant crop that is often planted in Mediterranean climates with annual rainfall of >350 mm. Despite its reputation as a dry-farming crop, olive needs an additional amount of water besides the rainfall water [13,14] Olive contributes to meet the demand for olive oil in Pakistan, but olive oil worth $6.63 million per year is still imported [15]. A major portion of Pakistan’s land is suitable for olive production and details of the potential areas are available in reference [16]. However, the reference is not an academic website and thus the suitability of areas for olive production may vary. Olive production could be enhanced in areas having less water availability by adopting the appropriate irrigation scheduling to minimize water consumption in terms of irrigation requirements [17,18]. Conventional irrigation practices are unaffordable and not accessible to remote areas where the crop production is limited solely by a lack of irrigation water availability [19]. Furthermore, the evapotranspiration method has some drawbacks of not accounting for any conceivable differences among expected and actual consumption values due to specific region conditions and interannual fluctuations in crop growth patterns [20,21].



In this regard, SIS uses soil moisture sensors for appropriate measurement of soil moisture status [22,23]. The soil moisture sensors provide precise knowledge of the soil moisture status, which helps the irrigator in deciding when to irrigate and how much to irrigate, and it ultimately averts the risk of water stress or overwatering [10,24]. A study in the literature reported that this type of irrigation practice can save about 33% of water without affecting crop yield [25]. These sensors must be calibrated for effective use in the measurement of soil moisture status [26,27,28,29]. However, one of the main hindrances to the use of soil moisture sensors is their calibration and installation in the field. A well-calibrated soil moisture sensor can measure the soil moisture, which can help in deciding how much and when to irrigate the specific crop. The knowledge of soil moisture is important to fulfill the crop water requirements; however, conventional practices being adopted by farmers could not provide such information in their field, and therefore they obtain less crop production because of lower water supply or very high water supply [30].



The soil moisture sensor probes can be interfaced with standard Internet of Things (IoT) sensing and control systems such as the one shown in Figure 1 that has been developed by Adaptive AgroTech, providing internet access to the collected data, as well as for controlling the irrigation pumps in real-time. The IoT is an emerging paradigm that allows wireless communication among electronic or smart devices and sensors via the Internet [31,32]. These smart devices in IoT systems improve data collection, automation, and remote control capability as well as flexibility [33]. The WiFi soil moisture datalogger shown in Figure 1b makes possible the monitoring of the soil moisture measurement, while at the same time the data are transferred to a secure cloud server for IoT monitoring. It should be noted that implementation of IoT nodes in large-scale farms requires several infrastructures, including multiple wireless local area networks, which is limited or not affordable to the majority of farmers for SIS in developing countries such as Pakistan. In the present study, the SIS for olive production was calculated using three types of soil moisture sensors, including a tensiometer, an irrometer, and gypsum blocks, considering farmers’ affordability in Pakistan. The purpose of SIS is to minimize water use and enhance the yield efficiency of olive as compared to conventional farmer practices.




2. Materials and Methods


2.1. Soil Moisture Measurement Tools


The soil moisture measurement is a crucial parameter for SIS. In this study, a tensiometer (Zhejiang Top Cloud-Agri Technology Co., Ltd., Hangzhou, China),an irrometer (Irrometer Co., Inc., Riverside, CA, USA),and gypsum blocks (Shandong Wanzhuang Building Materials Co., Ltd., Qingdao China)were installed to measure soil moisture. Calibration curves were provided by the manufacturers of the sensors, but these curves were according to their specific conditions. Therefore, it is necessary to recalibrate these sensors and draw calibration curves according to the studied soil type [34]. The soil moisture sensors were calibrated by performing experiments in the field and laboratory at Barani Agricultural Research Institute, Chakwal in 2018 and 2019. The calibration curves were obtained by performing gravimetric analysis at 0.3 and 0.6 m depths, thereby equations were developed using regression analysis.



A tensiometer contains a porous cup, primarily made of ceramics with very fine pores, that is attached to a negative pressure gauge by a water-filled plastic tube. At measurement depth, the porous cup is positioned in close contact with bulk soil. Water travels downwards from the tensiometer by following a potential energy gradient to the soil via the saturated porous cup owing to the vacuum pressure of the gauge. The water flows into the soil and continues until the suction inside the tensiometer equals the metric potential of the soil. When the soil is wet, the flow might go in the opposite direction, with soil water entering the tensiometer until a new equilibrium is reached. Figure 2 shows the working scheme of the tensiometer sensor. The measurement range of the tensiometer sensor used in this study was varied between0 to 80 cbars. The tensiometer sensors were soaked in water for 24 h for their saturation to protect the ceramic cups from drying while taking them to the installation site. Two deep holes of 0.3 and 0.6 m were drilled using a soil sampler. A creamy soil water slurry was prepared and poured into the dug holes. The ceramic cups made good contact with soil once they were placed into the soil hole. The soil was filled around the tensiometer to avoid water drainage. Prior to the measured soil moisture readings, it is necessary to first calibrate the sensor gravimetrically. We used a user-friendly color marking system on the tensiometer sensor, in which the blue area indicates the soil is wet and there is no need for irrigation, the green area indicates the moisture in the soil is appropriate and can fulfill crop water requirements, and the yellow area indicates the soil is dry and there is a need for irrigation to the crop. In this regard, calibration curves were drawn between tensiometer readings and measured gravimetric readings at 0.3 and 0.6 m depths.



An irrometer sensor is made up of a porous ceramic external shell encased in a synthetic membrane covered by stainless steel casing and an internal matrix structure with two electrodes. The irrometer sensor works on the principle of electrical resistance sensors and displays moisture changes with variation of soil resistance. As water conditions in the surrounding soil vary, the water conditions under the irrometer sensor fluctuate as well. Electrical resistance differences between two implanted electrodes in the sensor reflect these changes within the sensor. The measurement range of the irrometer sensors used in this study were up to 200 cbars, thereby allowing them to work in drier soils. Prior to installation, the irrometer sensors were soaked in water for 24 hours because it removes air from the sensors. The sensors were attached to a half-inch PVC pipe that was split into two lengths and installed at two depths of 0.3 and 0.6 m. The sensors were inserted into PVC pipes, and the soil water slurry process was repeated for better contact. The hole was backfilled with soils, the top of the PVC pipe was closed with cork, and the cable was run out the top of the pipe. The field calibration was performed by taking samples gravimetrically close to the buried sensors and relating moisture contents of the sample to the measured value of soil tension shown on the handheld meter screen.



A gypsum block is made of a gypsum cylindrical block, into which two electrodes are implanted. As the soil wets and dries, the porous gypsum allows water to enter and exit the block. The gypsum blocks measure water content in terms of soil resistance. Each gypsum block was calibrated in the lab before installation in the field. For calibration, the authors took a plastic bowl of 8-inch diameter with 7 holes around the walls and 9–10 holes at the bottom of the bowl for drainage purposes, as shown in Figure 3a. The gypsum blocks were soaked in water for 24 hours to saturate them. The authors then measured the weight of the empty bowl and each gypsum block separately. The authors half-filled the bowl with a known weight of dry soil, and then placed the gypsum blocks in the bowl, as shown in Figure 3b. After that, the authors poured the known weight of dry soil into the bowl to cover the gypsum blocks, as shown in Figure 3c. The authors measured the dry weight of the soil and noted the reading of gypsum blocks with the help of a resistivity meter. After that, the authors added water slowly into the soil bowl from the top to make it wet but not saturated and turned on a fan. The authors weighed the dried soil bowl, subtracted the weight of gypsum blocks from it to calculate moisture contents in percentage (as the weight of dry soil was noted before). The same procedure was repeated for three days and data of moisture contents (%) and resistance (kΩ) were collected. The soil moisture sensors could provide promising results for efficient and sustainable production.




2.2. Site Description and Experimental Layout


Experiments regarding the SIS were performed on the olive variety BARI Zaitoon 1using the aforementioned soil moisture sensors at Barani Agricultural Research Institute (BARI), Chakwal District, at 72° longitude, 32° latitude and 575 m altitude in 2018 and 2019. Chakwal has an arid to semi-arid climate with annual rainfall ranging from 500 to 1000 mm [36]. The soil of the experimental site varied after each kilometer of distance. Prior to starting the experiments, soil analysis of the site was performed to observe and quantify the texture and saturation percentage (SP) of the proposed experimental soil. Two soil samples were taken from the experimental site after rainfall of about 7 to 14 mm to calculate the SP. These samples were air-dried for two days in natural conditions. After that, we took 250 g of dried soil samples in a beaker and added the appropriate amount of water until a paste formed that slide over a spatula. Table 1 shows the soil texture and SP of the experimental site. The soil texture of the soil was found to be sandy loam according to the classification of soil based on the SP, as shown in Table 2.



Furthermore, the field capacity of experimental site was calculated using a field method given in the literature [37]. Two 3m×3m plots were prepared in the field with depths of 0.3 and 0.6 m. We saturated this plot by applying water at about 0.3 and 0.6 m depths and covered it with a polythene sheet for accurate measurements and to avoid evaporation. Soil samples were collected after every 5 hours through soil sampler, until the moisture contents of the soil approached a constant value (i.e., moisture content at the field capacity of sandy loam soil) at each measuring depth. Table 3 shows the field capacity data of the experimental site. Additionally, Table 4 shows some physical and chemical properties of the experimental site.



A drip irrigation system was installed on the field with an area of 4320 m2. The system was divided into three blocks with six lateral lines of each block, as shown in Figure 4. The diameters of the main line and lateral line were 38 and 16 mm, respectively. Two emitters per plant were installed with a discharge capacity of 0.006 m3/hour each. The experiments were performed on 173 olive plants with a plant-to-plant distance of 6 m. The irrigation in block 1 was scheduled with tensiometer sensors, block 2 was scheduled with gypsum blocks, and block 3 was scheduled with irrometer sensors. The irrigation requirements of olive plants were calculated using CROPWAT by considering weather data of 17 years (2003 to 2019) that were collected from the weather observatory of the Soil and Water Conservation Research Institute (SAWCRI), Chakwal. Each olive tree was harvested individually using a manual method from the end of September till November. The olive yield (kg/tree) was recorded at the experimental field and at the farmer’s field. The yield efficiency was calculated using the following relationship:


  Y i e l d e f f i c i e n c y =   y i e l d b y s e n s o r − y i e l d b y f a r m e r p r a c t i c e   y i e l d b y s e n s o r   100  













3. Results and Discussion


Soil moisture sensors were installed in three sub-plots of the experimental site at depths of 0.3 and 0.6 m from topsoil surface. To investigate the relationship between dependent, i.e., gravimetric moisture content and independent variable, i.e., readings of soil moisture sensors, a regression was used. Figure 5 shows calibration curves of tensiometer sensor (cbars) with gravimetric moisture content (%) at 0.3 and 0.6 m depths. The coefficient of determination (R2) was 0.98 for both 0.3 and 0.6 m depths. Similarly, Figure 6 shows the calibration curves of irrometer sensor (cbars) with the gravimetric moisture content (%) at 0.3 and 0.6 m depths. The coefficient of determination (R2) was observed as 0.75 and 0.89 for 0.3 and 0.6 m depths, respectively. Figure 7 shows calibration curves for the gypsum block (KΩ) with gravimetric moisture content (%) at 0.3 and 0.6 m depths. The coefficient of determination (R2) was observed as 0.82 and 0.95 for 0.3 and 0.6 m depths, respectively. Higher values of R2 were observed in deeper depths of 0.6 m by the soil moisture sensors. These calibration equations were utilized to scheduled irrigation for the olive plants in the experimental field.



The annual effective rainfall in 2018 and 2019 was observed to be 462 and 286 mm, respectively, as shown in Figure 8. Most of the rainfall was received during the monsoon period (July to August) in both years. The field capacity and permanent wilting point of the sandy loam soil were 13% and 4%, respectively, which means the accessible or available moisture content was around 9%. More than 70% of the olive roots are in the first 0.6 m of soil [38], and therefore the effective root zone is between 0.6 and 0.7 m. By using CROPWAT software, the total water demand by olive plants was computed and found to be 650 mm/year, which was in the range of a reported study [39]. The maximum allowable deficit (MAD) value for the olive plant was 60%, which means if moisture content reached 62 mm, then supplemental irrigation should be applied via drip irrigation. The MAD value in Figure 8 is represented with a red line for the olive plants. The maximum allowable depletion should be 50% before the irrigation event must be triggered, while there may be loss of yield. In general, soil should be kept closer to the field capacity to create less stress on the crop and for better performance.



Soil moisture distribution profiles were observed for soil moisture sensors (tensiometer, irrometer, and gypsum blocks) for the SIS. Figure 9 shows the soil moisture distribution profiles used to schedule irrigation in 2018 and 2019 at 0.3 m depth by using different soil moisture sensors. As seen in Figure 9a, the soil moisture distribution profiles ranged from 63 to 134 mm, 63 to 124 mm, and 63 to 128 mm for the tensiometer, irrometer, and gypsum block, respectively, in 2018 at 0.3 m depth. As seen in Figure 9b, the soil moisture distribution profiles ranged from 66 to 120 mm, 63 to 113 mm, and 69 to 131 mm for the tensiometer, irrometer, and gypsum block, respectively, in 2019 at 0.3 m depth. Similarly, Figure 10 shows the soil moisture distribution profiles used to schedule irrigation in 2018 and 2019 at 0.6 m depth by using different soil moisture sensors. As seen in Figure 10a, the soil moisture distribution profiles ranged from 63 to 147 mm, 63 to 120 mm, and 62 to 121 mm for the tensiometer, irrometer, and gypsum block, respectively, in 2018 at 0.6 m depth. However, as seen in Figure 10b the soil moisture distribution profiles ranged from 70 to 122 mm, 63 to 120 mm, and 69 to 131 mm for the tensiometer, irrometer, and gypsum block, respectively, in 2019 at 0.6 m depth. An excess amount of annual effective rainfall of 462 mm was received in 2018 as compared to 2019, which had286 mm (Figure 8). Therefore, a smaller number of irrigation events was recorded because of excessive amount of rainfall. By contrast, the irrigation was applied in the winter seasons (October to January) because of lower annual effective rainfall. In both years, the irrigation was commenced when the soil moisture values reach MAD values in both years. Peaks in the profiles of soil moisture contents show a quick response of the soil moisture measurement tools because of rainfall events.



According to the results, the irrometer sensor scheduled irrigation with a smaller number of irrigation events. Table 5 shows the amount of supplemental irrigation, number of irrigations, and water-saving potential using the different soil moisture sensors as compared to conventional farmer practice. The irrometer sensors were found to be more accurate, as they saved about 9% of irrigation water by skipping one irrigation event as compared to the tensiometer sensors and gypsum blocks without disturbing olive productivity. In farmer practice there were no soil moisture sensors for the irrigation scheduling and the farmer triggered irrigation based only on feeling the soil. However, olives irrigated through soil moisture sensors were given3 and 4 irrigations less with 17 and 22% of water savings through supplemental irrigations in 2018 and 2019, respectively, in the case of tensiometer sensors and gypsum blocks, while the irrometer sensors saved about 25% of water in 2019.



By applying the optimum amount of irrigation water at the right time and maintaining the optimum soil moisture level in the field one can increase olive yield. Figure 11 shows a comparison of olive yield (kg/ha) and yield efficiency (%) using different soil moisture sensors as compared to conventional farmer practice in 2018 and 2019. An increase in yield efficiency of 6% to 9% was observed using soil moisture sensors as compared to conventional farmer practice. However, less yield was observed in 2019 because of the alternate bearing nature of the olive variety. The results of an increase in yield by the soil moisture sensors showed close agreement with results of a similar study reported in the literature [40]. The irrigation frequency was decided from two perspectives: when there was less moisture in 0.3 m depth and high moisture in 0.6 m depth, the irrigation cycle was slow so that it could irrigate only the upper 0.3 m of the soil while the moisture at 0.6m depth was irrigated less; by contrast, a longer cycle of irrigation was needed to irrigate the deep layer of the soil. The soil moisture sensors discussed in this study are efficient, reliable, low-cost and farmer friendly.




4. Conclusions


The study investigated scientific irrigation scheduling (SIS) for sustainable production of olive groves. Conventional irrigation practice that is being used in Pakistan for olive production utilizes an excessive amount of water because farmers trigger irrigation in their fields based only on feeling the soil. A larger supply of water in the field reduces the yield efficiency of the olive while it increases production costs. In SIS, soil moisture sensors measure soil moisture status efficiently to minimize water consumption without a significant effect on yield efficiency as compared to conventional farmer practices. However, calibration of these sensors is mandatory in order to obtain efficient results regarding soil moisture in the field. Therefore, the study utilized three types of soil moisture sensors, including tensiometers, irrometer sensors, and gypsum blocks. These soil moisture sensors were calibrated by performing experiments in the field and laboratory at Barani Agricultural Research Institute, Chakwal in 2018 and 2019. The calibration curves were obtained by performing gravimetric analysis at 0.3 and 0.6 m depths in 2018 and 2019, thereby equations were developed using regression analysis. The coefficients of determination (R2) at 0.3 and 0.6 m depths for the tensiometer, irrometer, and gypsum blocks were observed as0.98 and 0.98, 0.75 and0.89, and 0.82 and0.95, respectively. After that, a drip irrigation system was installed in the field with these calibrated soil moisture sensors at 0.3 and 0.6 m depths to schedule irrigation. The soil moisture distribution profiles were investigated using regression equations of the soil moisture sensors and water saving potential and yield efficiency were determined. The results show that tensiometers and gypsum blocks were able to obtain a water saving potential and yield efficiency of 17% to 22%, and 6% to 8%, 7% to 8% in 2018, and 2019, respectively. However, the irrometer sensors performed best and showed a water saving potential and yield efficiency of 17% to 25% by minimizing three to four irrigations, and 8% to 9% in 2018 and 2019, respectively, as compared to the farmer practice. Therefore, we conclude that SIS could aid the sustainable production of olive groves with minimum consumption of water while increasing the yield efficiency.
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Figure 1. An IoT monitoring and control system for scientific irrigation scheduling developed by Adaptive AgroTech, showing (a) the main components of the system, (b) WiFi soil moisture datalogger, and (c) wireless controller (Source: www.AdaptiveAgroTech.com (accessed on 15 January 2022)). 
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Figure 2. Working scheme of tensiometer sensor, reprinted with permission from Ref. [35], 2022 Elsevier. 
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Figure 3. Pictorial representation of (a) bowl with holes to insert gypsum blocks, (b) placement of gypsum blocks for calibration, and (c) buried blocks in soil. 
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Figure 4. Experimental layout used in this study. 
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Figure 5. Calibration curves of tensiometer sensors with gravimetric moisture content at 0.3 and 0.6 m depths. 
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Figure 6. Calibration curves of irrometer sensors with gravimetric moisture contents at 0.3 and 0.6 m depths. 
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Figure 7. Calibration curves of gypsum blocks with gravimetric moisture contents at 0.3 and 0.6 m depths. 
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Figure 8. Annual effective rainfall distribution pattern in 2018 and 2019 with maximum allowable deficit (MAD). 
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Figure 9. Timeline graphs of soil moisture distribution profiles to schedule irrigation in (a) 2018 at 0.3 m depth and (b) 2019 at 0.3 m depth by different soil moisture sensors. 
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Figure 10. Timeline graphs of soil moisture distribution profiles used to schedule irrigation in (a) 2018 at 0.6 m depth and (b) 2019 at 0.6 m depth by different soil moisture sensors. 
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Figure 11. Comparison of olive yield and yield efficiency using different soil moisture sensors as compared to conventional farmer practice. 
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Table 1. Saturation percentage (SP) and soil texture of the experimental site.
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Location

	
Depth

	
Dry wt. of Soil

	
Water Added

	
Saturation Percentage (SP)

	
Soil Texture




	
(cm)

	
(kg)

	
(ml)

	
(%)






	
Spot 1

	
15

	
0.250

	
70

	
28

	
Sandy loam




	
30

	
0.250

	
75

	
30

	
Sandy loam




	
Spot 2

	
15

	
0.250

	
74

	
29.6

	
Sandy loam




	
30

	
0.250

	
76

	
30.4

	
Sandy loam
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Table 2. Classification of soil based on saturation percentage (SP).
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	Saturation Percentage (%)
	Soil Texture





	<20
	sandy soil



	20–30
	sandy loam



	30–45
	loam soil



	>45–65
	clay soil



	>65
	heavy clay
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Table 3. Field capacity data of the experimental site.
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Date

	
Time

	
Depth

	
Wet wt. of the Soil

	
Dry wt. of the Soil

	
Moisture Contents




	
(cm)

	
(g)

	
(g)

	
mm/m






	
26 September 2018

	
2:00 PM

	
30

	
344

	
299

	
37.25




	
60

	
376

	
324

	
79.44




	
27 September 2018

	
10:00 AM

	
30

	
422

	
363

	
40.23




	
60

	
317

	
277

	
71.48




	
27 September 2018

	
2:00 PM

	
30

	
346

	
305

	
33.27




	
60

	
412

	
361

	
69.93




	
28 September 2018

	
10:00 AM

	
30

	
403

	
355

	
33.46




	
60

	
319

	
281

	
66.94




	
28 September 2018

	
2:00 PM

	
30

	
451

	
398

	
32.96




	
60

	
367

	
324

	
65.69
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Table 4. Some physical and chemical properties of the experimental site.
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Depth

	
Physical Properties

	
Chemical Properties

	
pH




	
Clay (%)

	
Silt (%)

	
Sand (%)

	
N (%)

	
P (ppm)

	
K (ppm)

	
O.M (%)

	
EC (ds/m)






	
0–0.15 m

	
10

	
30

	
60

	
0.8

	
5

	
138

	
0.6

	
0.3

	
7.68




	
0.15–0.3 m

	
2

	
3.4

	
132

	
0.33

	
0.25

	
7.79
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Table 5. Amounts of supplemental irrigation, number of irrigations, and water saving potential achieved using different soil moisture sensors.
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Soil Moisture Sensors and Conventional Practice

	
Year

	
Total Number of Irrigations

	
Supplemental Irrigation with Drip Irrigation (mm)

	
Water Saving (%)






	
Gypsum blocks

	
2018

	
4

	
209

	
17




	
2019

	
5

	
404

	
22




	
Tensiometers

	
2018

	
4

	
209

	
17




	
2019

	
5

	
404

	
22




	
Irrometer sensor

	
2018

	
4

	
209

	
17




	
2019

	
4

	
391

	
25




	
Farmer practice

	
2018

	
7

	
251

	




	
2019

	
8

	
520
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