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Abstract

:

Water scarcity is very common in the arid region due to the low yearly rainfall. The cost of water for agricultural usage is extremely high in dry locations. Date palm is a high water-demanding tree throughout the year in arid regions. Therefore, the application of deficit irrigation strategies for date palm cultivation may significantly contribute to conserving irrigation water. The present study aimed to assess the effects of controlled deficit irrigation using two modern micro-irrigation systems on water use efficiency (WUE), gas exchange, fruit yield, and quality of date palm (Khalas cv.). The irrigation systems included drip irrigation (DI) and subsurface irrigation (SI) systems. The study was conducted during the 2020 and 2021 seasons at the Date Palm Research Center of Excellence, King Faisal University, Saudi Arabia. The meteorological variables of the study area were real-time monitored using cloud-based IoT (Internet of Things) to calculate the evapotranspiration reference (ETo) and control the irrigation scheduling. Three irrigation treatments (50, 75, and 100% ETc) were applied using DI and SI systems compared with the traditional surface bubbler irrigation (Control). The actual applied water at the deficit irrigation treatments of 50, 75, and 100% ETc were 27.28 ± 0.06, 44.14 ± 1.07, and 55.55 ± 0.37 m3 palm−1, respectively. At all deficit irrigation treatments, the leaf chlorophyll and gas exchange were significantly higher in the SI compared to the DI system. The yield of date palms did not differ significantly between the control and SI systems at both the level of 100 and 75% ETc. The WUE under the SI (1.09 kg m−3) was significantly higher than the DI system (0.52 kg m−3) at the 50% level. There was no significant difference regarding the fruit quality parameters between SI at 50% ETc and control at 100% ETc. Therefore, adopting deficit irrigation strategies using the SI system at 50% ETc level throughout the year could be suggested for date palm irrigation to save water, improve WUE, and maintain fruit quality.
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1. Introduction


Crops in arid regions mainly rely on irrigation. These regions are mostly deserts characterized by irrigation water scarcity, which is a major constraint for sustainable agriculture and economic development [1,2,3]. In addition, the population growth needs sustained growth of food production in the future, which requires irrigation water inputs that can support irrigated cultivation [4,5]. Irrigation for food production is the largest consumer of freshwater resources globally, accounting for approximately 70% of total withdrawals [6]. However, less than 60% of the irrigation water applied is efficiently utilized by the crops [7]. Despite water scarcity, flood irrigation is still practiced in many areas around the world. Therefore, researchers are focusing more on plant water requirements and supply alternatives for water management as a critical component of assuring the efficacy of water-saving irrigation systems that rely on irrigating plants with less water [8]. Even though using desalinated seawater and reclaimed water to irrigate crops can benefit, the high energy demand, reclaimed water’s risk, and the costs of desalination water impede its economical use [5,9,10].



Date palm (Phoenix dactylifera L.) is an essential crop in the arid region including Saudi Arabia. It is cultivated on 1,396,727 hectares with a global annual production of 9,248,033 tonnes. In Saudi Arabia, it is grown on 117,881 hectares with a yearly production of 1,539,756 tonnes [11]. It is a valuable resource for desert dwellers, since it supplies the best food as well as building materials. The date fruit is used in a range of confectionaries and sweet dishes in addition to its ornamental value. This plant’s parts have been used in medicine in a variety of ways [12,13]. Surface irrigation systems used in date palm orchards include the flood irrigation system, furrow/basin irrigation system, drip irrigation system, bubbler irrigation system, sprinkler irrigation system, etc. [13]. Although date palm is considered a drought-tolerant crop, its growth, yield, and fruit quality are severely affected by lack of water supply [3,14]. Proper water management for sustainable date palm cultivation in arid environments is key for scientists and related stakeholders. Furthermore, while conventional surface irrigation methods produce the maximum date palm yield, modern micro-irrigation systems with reduced irrigation water application can also produce similar yield [15,16,17]. Globally, there are several ongoing efforts to design modern irrigation systems to improve irrigation water management and reduce irrigation water inputs without significant impact on crop yield and fruit quality [3,18,19,20].



The traditional irrigation systems are based on the meteorological conditions and each plant’s need, which is the main challenge [21]. Appropriate irrigation water scheduling contributes to higher crop yield and WUE [22]. When there is limited water supply available throughout the cropping period, the irrigation schedule is adjusted to protect plants from excessive water stress during the most sensitive crop growth periods. Growers who adopt irrigation scheduling procedures use modern equipment to determine the amount of water needed by the crop. Deficit irrigation, soil moisture sensors, and subsurface drip irrigation are all options for sustainable water management irrigation scheduling [23]. However, it is difficult to change the irrigation water amount or frequency when conventional irrigation systems are used [5,14,24,25].



The annual water requirement for date palm (Sukariah cv.) in a DI system was varied using two methods: a water-balance technique (1640 mm) and a Bowen ratio energy balance method (1780 mm) [26]. According to another study, the SI system increased the WUE and yield of date palms while reducing the amount of applied water [27]. It was also claimed that increasing WUE with the SI technique increased date palm yields by 25–60% [27,28,29]. Similarly, by reducing the amount of applied water from 100% ETc to 70% ETc, a 6% increase in date palm yield was achieved [30]. Moreover, the crop water potential of the SI system was much higher than the bubbler irrigation system in date palm farming [31]. In addition, the low water-dispensing driplines decreased the irrigation water amount by 49–53% while increasing the yield of date palm by 45–49% when compared to medium and high-frequency water dispensing driplines used in SI systems [28]. In the region of the Baluchestan province of Iran, the deficit irrigation of 70% ETc at intervals of 100 mm evaporation gave the highest WUE and yield without any loss of fruit quality of date palm [30].



In perennial plants, a small amount of the water absorbed by the roots is used in photosynthesis and biomass formation, while the most are returned to the environment through transpiration. Stomatal closure is one of the most important mechanisms used by plants to limit the amount of water that evaporates into the atmosphere [32]. When there is a water shortage, the relative water content of the leaves decreases, which causes stomatal conductance, photosynthetic rate, and transpiration to decrease [33]. The water stress lowered the photosynthetic rate and stomatal conductance in citrus, and it significantly increased WUE at the moderate water deficit level [34]. In an in vitro study, water stress negatively affected gas exchange in date palm cultivars, whereas intrinsic WUE was increased [35]. In another study, chlorophyll a and b in sweet basil were observed to be in high levels at moderate and severe water stress [36].



Mohammed et al. [14] developed an automated SI system controlled by a cloud-based IoT platform to improve irrigation management of date palms. They reported that the SI system with time-based irrigation scheduling positively influenced the yield of date palm and WUE. Furthermore, due to the enormous IoT revolution and the development of sensors for intelligent agriculture, its use has a substantial impact on crop production and irrigation water conservation [37]. Cloud computing and IoT technologies have also improved connectivity and remote control between the user and the farm. As a result, multi-tier cloud IoT and computing platforms are used to control, monitor, and manage crop farming in a fully automated system. This will address the issues of water scarcity and labor shortages [5,38,39,40]. Therefore, the current study was conducted with the main goal of determining the effects of controlled deficit irrigation on water use, gas exchange, fruit yield, and quality of date palm in an arid environment through the following means:




	1-

	
Real-time monitoring and recording of the climatic conditions of the study area using cloud-based IoT to calculate the evapotranspiration reference (ETo) and control the irrigation scheduling.




	2-

	
Assessing two modern micro-irrigation systems (DI and SI) under three deficit irrigation treatments (50, 75, and 100% ETc) compared with the traditional surface bubbler irrigation system (Control).










2. Materials and Methods


2.1. Site Description


This study was conducted during the years 2020–2021 at the Date Palm Research Center of Excellence (DPRC), King Faisal University (KFU), Saudi Arabia (Latitude 25°16′24.452″ N, Longitude 49°42′28.595″ E). The experimental field included 13-year-old full-grown date palm trees (Khalas cv.) with a density of 200 palm ha−1. The in-row and between rows palm distances were 7 m. The average physicochemical and hydraulic characteristics of the experimental soil at 100 cm depth are indicated in Table 1. The water source used in this study was supplied from groundwater wells. The electrical conductivity, pH, and total dissolved solids of the irrigation water were 0.98 ± 0.61 dS m−1, 9.3 ± 1.01, and 786 ± 48.32 mg L−1, respectively.




2.2. Irrigation Systems


The irrigation systems consisted of a water source, water pump (1.5 kW), irrigation network with manifolds to connect the tubes of the irrigation network, manual valves, solenoid valves, pressure regulator (Model: DN20, OEM, Zhejiang, China), pressure gauge, digital flow meter (Model: K24-S, SUNNY, Shandong, China), and control system (Figure 1). The irrigation network included the irrigation mainline, sub mains, and feeder ring pipe made of HDPE (high-density polyethylene) with 5, 2.5, and 1.25 cm diameters. The disc filters with 120 mesh (120 microns) were used for water filtration. The control system included the electronic devices and power source of sensors. The power source of the con-trol system was taken from a photovoltaic system, including a battery (12 V, 35 Ah), 20 W solar panel, and charging regulator. The solenoid valves were used to control water flow shut on/off based on the irrigation water scheduling applied to each palm tree.



Therefore, six subsurface irrigation (SI) units were used per date palm tree in the SI system (Figure 2A). The SI unit consisted of two perforated pipes with gravel between them and a water flow adjuster. The inner diameter of the SI unit was 12 and 35 cm in length (Figure 2B). Light volcanic gravel (0.04–0.08 cm) was placed between the two pipes to reduce the water amount inside the SI unit. The flow rate of the SI unit was at 0.030 m3 h−1 using an adjustable dripper (Model: AY 2001- Red/black, Baoding Anyou Industry Co., Ltd. Baoding, Hebei province, China) at the pressure of 300 kPa. The six SI units were buried around the date palm in a circle with a diameter of 120 cm. The laterals transferred irrigation water to these units, as shown in Figure 3.



Figure 4 shows a comparison between the distribution of the six irrigation units in the surface irrigation system (Figure 4A) and the distribution of the six drippers around the palm trees (Figure 4B). In the drip irrigation system (DI), six pressure compensating drippers (Model: Anyou 30L/H - green/black, Baoding Anyou Industry Co., Ltd. Baoding, Hebei province, China) per date palm tree were used to maintain constant irrigation water flow for the irrigation line. Figure 4B shows the distribution of the six drippers around the date palm tree. When irrigation water was applied for 60 min to the soil with a flow rate of 0.030 m3 h−1, a wetted circle with a diameter of 65 ± 4.9 cm was formed on the soil surface. Therefore, the irrigation network pressure was adjusted at 300 kPa to allow a flow rate of the dripper within 0.030 m3 h−1.



In the traditional irrigation system (Control), three adjustable bubblers were used to deliver water to the same spot around the date palm tree. The average flow rate of the bubbler was 0.060 m3 h−1 at a pressure of 300 kPa. The water pressure was regulated using a pressure regulator. A 20 cm high and 180 cm diameter lateral line around each tree was created to prevent water runoff.




2.3. IoT Monitoring and Controlling System


A cloud-based IoT platform was established for monitoring meteorological variables and controlling the date palm irrigation schedule. The platform was included several parts, as shown in Figure 5. These parts are efficiently combined and seamlessly working to realize the monitoring and controlling objectives. The main components of the monitoring and controlling system were sensors, a microcontroller, a source of internet, a cloud-based platform, a user interface, and irrigation control devices. The temperature and relative humidity sensors (Model: DHT11, Guangzhou ASAIR Electronic Co., Ltd., Huangpu District, Guangzhou, China) were used to measure the air temperature and relative humidity in the study area. A cups-anemometer (Model: FST200-20, Hunan Firstrate Sensor Co., Ltd. Changsha, China) was used to measure the wind speed and direction. A solar cell calibrated by Mohammed et al. [41] (Photovoltaic solar module, monopoly 3 W, Flagsun (Suzhou) New Energy Co., Ltd., Suzhou, Jiangsu, China) was used for measuring solar radiation energy. The used microcontrollers were a module of Wi-Fi (ESP8266, NodeMCU, Shenzhen Quine Trading Co., Ltd., Shenzhen, Guangdong, China) and Arduino UNO board (Microchip ATmega328P, Microchip Technology Inc. W Chandler Blvd, Chandler, Arizona, USA). The internet was provided using a 4G Router (HUAWEI, Hunan JENET Technology Co., Ltd. Changsha, China) and a data SIM card of a local communications network. The internet module of NodeMCUs instantly has Wi-Fi access as soon as the SIM card is plugged in the router and turned on. The Ubidots cloud platform was used to monitor the meteorological variables data. The IFTTT (If This, Then That) tool was used as an automation tool that hooks various web services to help the user accomplish tasks. The automation is performed via applets, such as macros that connect multiple applications to run automated tasks. Applets can be turned on and off using the IFTTT website and mobile apps, which use IFTTT widgets, although it is possible to create one’s own applets or make variations of existing ones via IFTTT’s straightforward and user-friendly interface.



The sensors sent their collected data to the Arduino microcontroller in a real-time manner by the Wi-Fi module, which directly submits the collected data to the Ubidots platform. Therefore, the user accesses the real-time data through the ‘graphical user interface’ using the private channel on the Ubidots cloud platform. The Arduino UNO board and IFTTT interface were used for controlling the electronic relays of contactors, electronic valves, and irrigation pumps for scheduling the irrigation water of the irrigation systems. The irrigation pump and solenoid valve of the irrigation water was turned on or off based on the output signal of Arduino UNO. All real-time meteorology measurements in the research area are sent to the open-source Ubidots platform and FTTT interface. After connecting to the Ubidots platform and selecting a private channel to monitor the target parameters, the interface with real-time measurement results was reflected on a window display. The data were also stored in the cloud as Google spreadsheets, which were used for analysis and visualization of the parameters. Using this cloud-based platform, the user remotely monitors the farm and accesses its relevant meteorology data to decide the appropriate actions based on the current limits of the irrigation microcontroller. The IFTTT interface was compatible with the irrigation hardware by adding functions to control the irrigation valves and pump or sending the SMS messages to the user based on the action set by the user.




2.4. Experimental Design


The experiment involved two micro-irrigation systems of SI and DI with three deficit irrigation treatments, i.e., 50, 75, and 100% of crop evapotranspiration (ETc). The two micro-irrigation systems were compared with a fully irrigated traditional surface bubbler irrigation system at 100% ETc (control). The experiment consisted of a two-factorial randomized block design. Factor-one was the three irrigation systems (SI, DI, and control), and factor-two was the three ETc levels (50, 75, and 100%). Six replicates of the control treatment (100% ETc) were used for the comparison with the SI and DI systems, which had three replicates in each treatment (the combination of irrigation system and ETc levels). There were twenty-four date palm trees altogether.



The ETc was determined according to the following equation:


   ETc    =    Kc    × ETo  



(1)




where ETc is the crop evapotranspiration (mm day−1), Kc is the crop factor, and ETo is the reference evapotranspiration (mm day−1, the average Kc was approximately 0.95) [42].



The ETo was determined based on the following Penman–Monteith equation [43]:


  ETo =   0.408   Δ    (  R − G  )  + γ [ 900    u  /  (  T + 273  )  ]  (   e s  −  e a   )      Δ +  γ     (  1 + 0.34    u   )     



(2)




where ETo is the reference evapotranspiration (mm day−1) in the study area, R is the net solar radiation at the surface of the crop (MJ m−2 day−1), G is the soil heat flux density (MJ m−2 day−1), T is the temperature of atmospheric air (°C), u is the wind speed at 2 m height (m s−1), es is the saturation vapor pressure (kPa), ea is the actual pressure of vapor (kPa), ∆ is the slope vapor pressure curve (kPa °C−1), and γ is the constant psychrometric (kPa °C−1).



The amount of irrigation water required was calculated per date palm tree as below:


  WR = ETc ×  D  ip   ×  A  ti      



(3)




where WR is the amount of irrigation water required (m3 day−1), ETc is the crop evapotranspiration (m day−1),    D  ip     is the deficit irrigation percentage, and    A  ti     is the target irrigation area of the date palm tree (m2).



According to the FAO recommendations, the target irrigation area was calculated based on the light intercepted by the palm tree canopy as 80% of the actual shaded area of the palm tree [6].




2.5. Measurements


2.5.1. Water Use Efficiency


The water use efficiency was calculated using the following equation based on the date palm yield and the total volume of irrigation water:


  WUE =  Y  AW    



(4)




where WUE is water use efficiency (kg m−3), Y is the yield of the date palm tree (kg), and AW is the applied irrigation water for the same date palm tree (m3).




2.5.2. Chlorophyll Content and Gas Exchange


The leaf chlorophyll content was estimated using a chlorophyll meter (SPAD 502, Konica–Minolta, Japan). The gas exchange (photosynthesis, stomatal conductance, transpiration, and intercellular CO2 concentration) under the different irrigation systems were estimated using the Li-Cor photosynthesis device (Li-6400XT LiCor Inc., Lincoln, NE, USA). The reference and sample CO2 of the Infra-Red Gas Analyzer was set at 400 μmol m2 s−1 with 500 mL min−1 airflow. The data were taken from 11 o’clock in the morning in an open field under clear sky and ample sunshine. These parameters were recorded on the same dates in both years (2020–2021).




2.5.3. Physiochemical Characteristics of Date Fruit


The samples of date fruit after being harvested at the Tamar stage (full ripened stage, fruit color is brown) were randomly selected to determine their physicochemical characteristics. The fruit weights were measured using an electronic balance (Sartorius Lab Instruments GmbH and Co, Göttingen, Lower Saxony, Germany). Fruit length and diameter (mm) were calculated with a digital Vernier caliper. The fruit total soluble solids (TSS), moisture content, and pH were determined according to standard AOAC analysis methods [44]. The fruit moisture content (%) was measured by drying the samples under vacuum at 70 °C using a vacuum-drying oven (LabTech, LVO-2041P, Korea) [45,46,47]. The TSS was determined using a laboratory refractometer (RFM 860, Bellingham & Stanley Ltd., Kent, UK). Fruit firmness (N mm−2) was determined by the Koehler penetrometer (K19900, Thomas Scientific, Swedesboro, NJ, USA) according to the methods described in [48]. Fruit color was recorded with the Hunter laboratory color difference meter (Quest-45/0 LAV, Hunter Associates Laboratory, Inc., Reston, USA) based on the L, a, and b color system. Chroma and hue angle were also estimated using a and b readings.





2.6. Statistical Analysis


Data regarding the WUE, gas exchange, yield, and fruit characteristics of date palm trees were analyzed using a two-way ANOVA test to assess the effect of treatment and season, along with their interactions. The comparison between the irrigation systems was analyzed using the General Linear Models (GLM) Procedure of IBM SPSS 24 (SPSS Inc., Chicago, IL, USA). All means of the experiments were separated using Tukey’s test at 5% probability.





3. Results and Discussion


3.1. Meteorological Conditions and ETo


Table 2 shows the observed monthly average values ± standard deviation of the climatic variables and ETo of the experimental area using the designed cloud-based IoT platform. The highest average temperature was 37.52 °C during June to August, while the lowest average was 18.26 °C during January, February, and December. The highest average relative humidity was 63.4% during December, while the lowest average relative humidity was 23.1% during June. During August and July, the highest average sun hours and solar radiations were 10.4 h and 20.6 MJ m−2 day−1, respectively. In June, the maximum average wind speed was 9.3 km h−1. The highest monthly average ETo was 9.19 and 9.43 mm day−1 during June and July, respectively.




3.2. Actual Cumulative Applied Irrigation Water


The amount of applied irrigation water was calculated as a percentage of the ETc, Kc, and the target irrigation area of the date palm tree. The average Kc value for the date palm during the productive cycle was 0.95. The average target irrigation area of the tested date palm tree was 25.52 ± 3.37 m2. There was no significant variation in the average values of actual water applied per palm between the irrigation systems of SI, DI, and control. The average amount of the actual cumulative applied irrigation water during the 2020–2021 seasons at the irrigation treatments of 50, 75, and 100% ETc were 27.28 ± 0.06, 44.14 ± 1.07, and 55.55 ± 0.37 m3 palm−1, respectively, as shown in Figure 6.




3.3. Chlorophyll Content and Gas Exchange


Results regarding chlorophyll content indicated a significant year-round variation among different watered by micro-irrigation systems (Table 3 and Figure 7). Date palm (Khalas cv.) irrigated at 100% ETc in the SI system had the highest chlorophyll content and was statistically at par with the control (100% ETc). However, the chlorophyll content at 50, 75, and 100% ETc was significantly higher in the SI system compared to the DI system. The significantly lowest chlorophyll content at all water regimes was observed in the DI system throughout the experimental period. The decrease in chlorophyll content could be due to an increase in electrolyte leakage due to leaf senescence [49], which was negatively influenced by the decreased in water [50]. In the present study, the SI and control bubbler irrigation system enhanced chlorophyll content at the expense of increased water availability at a 100% ETc level. Water could be saved by adopting efficient irrigation systems such as SI at 75 and 50% ETc, with only a minor reduction in leaf chlorophyll content. A similar response was observed in the date palm (Sheshi cv.), where chlorophyll content was increased in the SI system [3]. The decrease in chlorophyll content in the DI system under deficit water conditions could be attributable to the fact that water stress impeded the photophosphorylation process, which converts light energy into chemical energy, and therefore, the end product chlorophyll was reduced [51].



Variations in plant water application rates have a substantial impact on plant development and other physiological processes. The data presented in Table 3 indicate significant differences in gas exchange parameters under the different irrigation systems and water deficit levels. The data presented are the average of two years because the interaction between the treatment and season was non-significant statistically. At all ETc levels where sufficient water was applied (control), photosynthesis, stomatal conductance, and transpiration were significantly higher. These variables followed a similar pattern in the SI system throughout all water deficit levels, whereas they were significantly lower in the DI system. Intercellular CO2 concentration declined linearly from higher ETc to lower ETc as photosynthesis, stomatal conductance, and transpiration values increased. Similarly, the values of photosynthesis, stomatal conductance, and transpiration were lower during spring and winter months, whereas these values were higher during summertime (Figure 8, Figure 9 and Figure 10). Intercellular CO2 concentrations, on the other hand, showed an opposite response, with higher levels in the spring and winter months and lower levels in the summer (Figure 11). To compensate for water loss and preserve their hydric condition, plants adapt to water stress by producing morpho-anatomical, physiological, and biochemical changes [52]. Many crops have shown a decrease in photosynthesis when exposed to water stress [53], which can be attributed to a drop in CO2 assimilation as stomata close or photo-oxidation impairs the photosynthetic mechanism [54]. Deficit water causes stomata to close, altering plant photosynthetic activity and lowering the CO2/O2 ratio in leaves [55,56]. To prevent water loss through transpiration, certain plants lower their stomatal conductance, which reduces CO2 assimilation [57]. Water stress induced a significant reduction in photosynthetic rates, stomatal conductance, and transpiration rates in date palm cultivars [58]. In an in vitro study, Helaly and El-Hosieny [35] found that water stress reduced the photosynthetic rate, stomatal conductance, and transpiration rate in date palm cvs. Shamia and Amri. Similarly, when water stress increases, the photosynthetic rate becomes more dependent on intercellular CO2 concentration, according to Onoda et al. [59]. The present findings agreed with these studies, as higher stomatal conductance resulted in a higher net photosynthetic rate, and deficit water applied in the DI system negatively affected these variables. Low temperatures in the winter have been reported to reduce root permeability and plant hydraulic conductance, resulting in lower stomatal conductance [60]. It supports the present findings regarding the year-round variation in the photosynthetic system (Figure 8, Figure 9, Figure 10 and Figure 11).




3.4. Yield and Water Use Efficiency


Table 4 shows the amount of yield per palm and WUE of date palm (Khalas cv.) under irrigation systems (DI, SI, and Control). There was no interactive effect between treatment and season. In the SI system, the yield per palm and WUE were significantly improved at all ETc levels. The increased yield of palm trees could be related to the optimal availability of soil water, which promotes balanced root growth and nutrient uptake in the soil [61,62]. The yield per tree and WUE results are in agreement with [27,30,63]. In the DI system, the WUE was lower, but in the SI system, it was higher. It could be because the SI system might reduce water runoff and decrease water loss due to evaporation. Therefore, water was available within the functional root system, which was efficiently utilized by the palm in the synthesis of photosynthates, resulting in increased fruit production [3,14].




3.5. Fruit Quality


When the 50% ETc values of the SI system were compared to the 100% ETc values of the control, there was a statistically non-significant difference in all fruit quality attributes (fruit weight, length and width, pulp weight, firmness, moisture content, fruit pH, TSS, and fruit color) (Table 5). However, there was a significant difference in the values of these variables when the SI and DI systems were compared. The difference between the two years was non-significant statistically. The efficient consumption of water within the date palm tree’s functional absorbing root zone in the SI system might be attributed to reduced water runoff and evaporation at 50% ETc [64,65], which also improves the uptake of plant nutrients [61,66,67]. Although water stress negatively affects fruit weight and size [68], as seen in the DI system at 50% ETc, such an adverse effect was not observed in the SI system at 50% ETc. This may correlate with the lack of evaporation and abundant availability of water at the functional root zone of the palm provided by the SI system. The current findings are similar to the date palm cv. Mazafati, whose physical qualities (fruit size, weight, and firmness) were improved by reducing irrigation water [30]. The fruit TSS and pH of date palm (Khalas cv.) did not differ significantly between water stress treatments [69]. Similarly, in date palm cv. Mazafati, the significant effect on TSS was attributed to location rather than water stress [30]. Their results confirm the findings of the present study, where fruit TSS and pH was not significantly affected by water regimes. As the harvest time is judged based on the surface color of the date palm fruit, the present results indicated a non-significant effect of different irrigation systems and water regimes on fruit color metrics except fruit lightness. Since it is well known that light significantly induces fruit color in apple and pear [70] while high temperature inhibits it in strawberry [71], therefore, in the present study, water stress did not promote or suppress fruit color.





4. Conclusions


In arid regions, the water scarcity issue is becoming more common. Crops with the ability to tolerate water stress while maintaining consistent growth and yielding performance have a clear advantage. This study evaluated two micro-irrigation systems: subsurface irrigation (SI) and drip irrigation (DI) under different water regimes (50, 75, and 100% ETc) in order to conserve irrigation water in date palm farming in water-scarce regions. This was done by comparing the SI and DI systems with a conventional surface irrigation system (fully irrigated bubbler irrigation system). Using the SI micro-irrigation system with deficit irrigation of 50% ETc solved the problems of harsh climate and higher temperature for most of the year. The results revealed that applying the SI system with 50% ETc maintained the economic yield and fruit quality of date palm (Khalas cv.) compared with DI and traditional irrigation methods at 100% ETc. In terms of WUE, the SI system had the highest value (1.09 kg m−3) compared with the DI (0.52 kg m−3) at 50% ETc deficit irrigation water and a traditional irrigation system (0.59 kg m−3) at 100% ETc. Future studies could focus on integrated water-saving technologies that combine the SI system, such as soil moisture and leaf temperature sensors, to help date palm growers make better irrigation decisions. The current study paved the way for further investigations under different environmental conditions in particular soil and other crops species.
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Figure 1. Experimental setup of the irrigation systems. 
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Figure 2. Image (A) and schematic diagram (B) of the subsurface irrigation unit. (1) Manual valve, (2) Electronic valve, (3) Digital flowmeter, (4) Twistable dripper head, (5) Glass cover, (6) Filtering cloth of the outer pipe, (7) The inner pipe, (8) Light volcanic gravel, (9) Slotted outer pipe, (10) Soil level. All dimensions are in centimeters. 
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Figure 3. The six subsurface irrigation units distributed equally around the date palm tree in the target irrigation area with a diameter of 200 cm. 
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Figure 4. The main components of the surface irrigation system (A) and drip irrigation system (B). All dimensions are in centimeters. 
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Figure 5. The main components of the cloud-based IoT platform, which was used to real-time monitor the meteorological variables in and control the irrigation water scheduling of the irrigation systems. 
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Figure 6. The average amount of the actual cumulative applied water (CW) per palm under the various irrigation treatments of 50, 75, and 100% ETc during the 2020–2021 seasons. 
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Figure 7. Effect of drip irrigation (DI), subsurface irrigation (SI), and bubbler irrigation (control) systems on chlorophyll content of date palm (Khalas cv.). Each data point for SI and DI systems represents an average of 50, 75, and 100% ETc levels, whereas it is at 100% ETc level for control during 2020–2021. 
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Figure 8. Effect of drip irrigation (DI), subsurface irrigation (SI), and bubbler irrigation (control) systems on photosynthesis (Pn) of date palm (Khalas cv.). Each data point for SI and DI systems represents an average of 50, 75, and 100% ETc levels, whereas it is at 100% ETc level for control during 2020–2021. 
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Figure 9. Effect of drip irrigation (DI), subsurface irrigation (SI), and bubbler irrigation (control) systems on stomatal conductance (gs) of date palm (Khalas cv.). Each data point for SI and DI systems represents an average of 50, 75, and 100% ETc levels, whereas it is at 100% ETc level for control during 2020–2021. 
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Figure 10. Effect of drip irrigation (DI), subsurface irrigation (SI), and bubbler irrigation (control) systems on transpiration rate (E) of date palm (Khalas cv.). Each data point for SI and DI systems represents an average of 50, 75, and 100% ETc levels, whereas it is at 100% ETc level for control during 2020–2021. 
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Figure 11. Effect of drip irrigation (DI), subsurface irrigation (SI), and bubbler irrigation (control) systems on the intercellular CO2 concentration (Ci) of date palm (Khalas cv.). Each data point for SI and DI systems represents an average of 50, 75, and 100% ETc levels, whereas it is at 100% ETc level for control during 2020–2021. 
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Table 1. Average ± standard deviation of some physicochemical and hydraulic characteristics of the experimental soil.
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Particle Size

	
FC

(%)

	
PWP

(%)

	
pH

(1:2.5)

	
EC

(dS m−1)

	
HC

(cm h−1)




	
Sand (%)

	
Silt (%)

	
Clay (%)






	
Mean

	
74.77

	
11.22

	
14.01

	
14.34

	
5.323

	
8.345

	
3.814

	
5.213




	
St. Dev.

	
3.592

	
1.553

	
5.012

	
0.751

	
0.282

	
0.181

	
0.132

	
0.162








FC is field capacity of the soil, PWP is permanent wilting point, pH is hydrogen ions concentration, EC is electrical conductivity, and HC is hydraulic conductivity.
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Table 2. Monthly average values ± standard deviation of minimum temperature (Min Temp), maximum temperature (Max Temp), relative humidity (RH), wind speed (WS), sun hours (SH), solar radiation (Rad), and reference evapotranspiration (ETo) during the 2020–2021 seasons.
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Months

	
Meteorological Variables

	
ETo

(mm day−1)




	
Min Temp

(°C)

	
Max Temp

(°C)

	
RH

(%)

	
WS

(km day−1)

	
SH

(h)

	
Rad

(MJ m−² day−1)






	
January

	
12.1 ± 4.3

	
26.1 ± 3.2

	
50.1 ± 18.3

	
8.24 ± 1.8

	
7.91 ± 0.2

	
15.2 ± 0.7

	
3.61 ± 1.1




	
February

	
10.6 ± 3.2

	
25.2 ± 1.9

	
58.2 ± 10.7

	
6.32 ± 2.4

	
8.14 ± 0.1

	
17.5 ± 0.6

	
4.71 ± 1.2




	
March

	
12.9 ± 4.6

	
28.2 ± 2.8

	
49.9 ± 12.6

	
7.23 ± 1.6

	
8.51 ± 0.1

	
21.1 ± 0.7

	
5.95 ± 1.3




	
April

	
19.1 ± 3.2

	
32.6 ± 3.3

	
48.3 ± 16.5

	
8.11 ± 1.4

	
8.69 ± 0.1

	
21.9 ± 0.8

	
6.41 ± 1.1




	
May

	
24.9 ± 3.1

	
42.1 ± 3.1

	
30.2 ± 12.4

	
7.32 ± 1.5

	
8.99 ± 0.2

	
23.8 ± 0.5

	
8.82 ± 1.4




	
June

	
27.5 ± 2.1

	
47.9 ± 2.4

	
28.4 ± 15.2

	
8.31 ± 1.3

	
8.57 ± 0.2

	
24.7 ± 0.4

	
9.28 ± 1.0




	
July

	
29.8 ± 1.8

	
48.3 ± 3.2

	
29.3 ± 18.2

	
8.21 ± 1.6

	
9.99 ± 0.2

	
25.6 ± 0.3

	
9.55 ± 1.5




	
August

	
29.7 ± 2.1

	
47.8 ± 2.4

	
33.1 ± 17.1

	
7.99 ± 2.1

	
9.89 ± 0.1

	
25.3 ± 0.6

	
8.99 ± 1.6




	
September

	
27.1 ± 1.8

	
44.9 ± 2.2

	
41.8 ± 16.4

	
7.65 ± 1.7

	
9.87 ± 0.2

	
22.6 ± 0.8

	
8.64 ± 1.3
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Table 3. The average values of two years of data of physiological parameters of date palm Khalas cv. under the two irrigation systems (DI and SI) at three ETc levels (50, 75, and 100%) compared with the bubbler irrigation system (control) at 100% ETc.






Table 3. The average values of two years of data of physiological parameters of date palm Khalas cv. under the two irrigation systems (DI and SI) at three ETc levels (50, 75, and 100%) compared with the bubbler irrigation system (control) at 100% ETc.





	
Irrigation

Systems

	
% ETc

	
Chlorophyll

(SPAD)

	
Photosynthesis

(µmol CO2 m−2 s−1)

	
Stomatal Conductance

(mol H2O m−2 s−1)

	
Transpiration

(mmol H2O m−2 s−1)

	
Inter. CO2 Conc.

(µmol CO2 mol−1)






	
Control

	
100

	
62.04 a ± 6.03

	
13.52 a ± 2.45

	
0.059 a ± 0.009

	
1.391 a ± 0.41

	
149.5 cd ± 15.7




	
SI

	
50

	
55.91 b ± 5.38

	
13.16 a ± 2.45

	
0.052 bd ± 0.01

	
1.193 ab ± 0.33

	
158.9 bd ± 17.1




	
75

	
58.55 ab ± 6.12

	
13.41 a ± 2.16

	
0.049 ce ± 0.01

	
1.223 ab ± 0.33

	
164.5 ac ± 17.8




	
100

	
62.69 a ± 5.89

	
13.39 a ± 2.2.17

	
0.053 ad ± 0.01

	
1.392 a ± 0.37

	
169.8 ab ± 23.3




	
DI

	
50

	
45.81 c ± 10.43

	
8.66 c ± 2.19

	
0.039 f ± 0.007

	
0.962 b ± 0.22

	
178.2 a ± 26.6




	
75

	
47.54 c ± 9.11

	
9.34 c ± 1.74

	
0.044 ef ± 0.01

	
0.952 b ± 0.21

	
165.9 ab ± 23.7




	
100

	
55.64 b ± 5.56

	
11.21 b ± 2.06

	
0.047 de ± 0.01

	
1.231 ab ± 0.23

	
169.8 ab ± 22.9








Data with identical letter(s) within each parameter are non-significant statistically at a 5% probability level. The average leaf temperature was 27.78 ± 0.75 °C.
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Table 4. The average values of two years of data ± standard deviation of yield per palm and water use efficiency of date palm Khalas cv. under the two irrigation systems (DI and SI) at three Etc levels (50, 75, and 100%) compared with the bubbler irrigation system (control) at 100% ETc.






Table 4. The average values of two years of data ± standard deviation of yield per palm and water use efficiency of date palm Khalas cv. under the two irrigation systems (DI and SI) at three Etc levels (50, 75, and 100%) compared with the bubbler irrigation system (control) at 100% ETc.





	
Irrigation

Systems

	
% ETc

	
Yield

(kg palm−1)

	
Water Use Efficiency

(kg m−3)






	
Control

	
100

	
32.41 ab ± 3.06

	
0.59 c ± 0.05




	
SI

	
50

	
29.87 b ± 4.51

	
1.09 a ± 0.15




	
75

	
39.40 a ± 0.87

	
0.88 ab ± 0.03




	
100

	
39.03 a ± 2.93

	
0.71bc ± 0.05




	
DI

	
50

	
14.23 c ± 2.05

	
0.52 cd ± 0.08




	
75

	
26.50 b ± 4.27

	
0.62 c ± 0.13




	
100

	
32.13 ab ± 3.96

	
0.59 c ± 0.08








Data with identical letter(s) within each parameter are non-significant statistically at a 5% probability level.
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Table 5. The average values of two years of data ± standard deviation of physiochemical properties of date palm (Khalas cv.) recorded at the Tamar stage in drip irrigation (DI) and subsurface irrigation (SI) systems at 50% ETc compared with the bubbler irrigation system (control) at 100% ETc.






Table 5. The average values of two years of data ± standard deviation of physiochemical properties of date palm (Khalas cv.) recorded at the Tamar stage in drip irrigation (DI) and subsurface irrigation (SI) systems at 50% ETc compared with the bubbler irrigation system (control) at 100% ETc.





	
Fruit Characteristics

	
Irrigation Treatments




	
DI

(50% ETc)

	
SI

(50% ETc)

	
Control

(100% ETc)






	
Fruit weight (g)

	
7.13 b ± 0.41

	
9.31 a ± 0.33

	
9.55 a ± 0.56




	
Fruit length (mm)

	
31.2 c ± 0.30

	
36.2 a ± 0.34

	
37.9 a ± 0.43




	
Fruit diameter (mm)

	
23.3 b ± 0.11

	
24.3 a ± 0.12

	
24.8 a ± 0.21




	
Pulp weight (g)

	
6.51 b ± 0.21

	
7.51 a ± 0.16

	
7.89 a ± 0.23




	
Firmness (N mm−2)

	
6.38 b ± 0.29

	
2.98 a ± 0.56

	
2.90 a ± 0.32




	
Moisture content (%)

	
12.6 b ± 0.12

	
13.6 a ± 0.66

	
14.1 a ± 0.54




	
Fruit pH

	
6.8 a ± 0.21

	
6.8 a ± 0.14

	
6.67 a ± 0.23




	
TSS (ºBrix)

	
62.9 a ±0.16

	
62.9 a ± 0.24

	
62.1 a ± 0.23




	
L (Lightness)

	
34.9 b ± 2.2

	
44.9 a ± 3.2

	
44.2 a ± 3.8




	
a (Greenness–redness)

	
12.5 a ± 1.2

	
12.5 a ± 3.2

	
12.3 a ± 2.3




	
b (Blueness–yellowness)

	
19.6 a ± 2.1

	
19.6 a ± 3.9

	
20.5 a ± 3.8




	
Hue angle

	
59 a ± 3.6

	
59.3 a ± 5.2

	
59.5 a ± 6.3




	
Chroma

	
23.1 a ± 4.1

	
23.1 a ± 4.6

	
23.9 a ± 5.1








Data with identical letter(s) within each parameter are non-significant statistically at a 5% probability level.
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