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Abstract

:

Proper irrigation management, especially for tomatoes that are sensitive to water, is the key to ensuring sustainable tomato production. Using a low-cost sensor coupled with IoT technology could help to achieve precise control of the moisture content in the plant root-zone soil and apply water on demand with minimum human intervention. An IoT-based precision irrigation system was developed for growing Momotaro tomato seedlings inside a dark chamber. Four irrigation thresholds, 5%, 8%, 12%, and 15%, and two irrigation systems, surface and subsurface drip irrigation, were compared to assess which threshold and irrigation system referred the ideal tomato seedling growth. As a result, the 12% soil moisture threshold applied through the subsurface drip irrigation system significantly (p < 0.05) increased tomato seedling growth in soil composed of a main blend of peat moss, vermiculite, and perlite. Furthermore, in two repeated experiments, a subsurface drip irrigation system with 0.86 distribution uniformity used 10% less water than the surface drip irrigation system. The produced tomato seedlings were transplanted to open fields for further assessment. A low-power wide area networking Long Range Wide Area Network (LoRaWAN) protocol was developed with remote monitoring and controlling capability for irrigation management. Two irrigation systems, including surface and subsurface drip irrigations, were used to compare which system resulted in higher tomato yields. The results showed that the subsurface drip irrigation system with 0.74 distribution uniformity produced 1243 g/plant, while each plant produced 1061 g in the surface drip irrigation system treatment. The results also indicated that the LoRaWAN-based subsurface drip irrigation system was suitable under outdoor conditions with easy operation and robust controlling capability for tomato production.






Keywords:


irrigation scheduling; surface and subsurface irrigation; soil-water balance; LoRaWAN; soil moisture sensor












1. Introduction


Climate change, the overgrowing human population, and increasing water scarcity challenge irrigated agriculture and bring a critical time for agricultural production management in many parts of the world. Among the challenges, the impacts of climate change may further enhance drought severity, particularly in arid and semiarid regions. Ragab et al. [1] have highlighted that arid and semiarid regions, including North Africa and some parts of the middle east, may experience 20–25% rainfall reduction, especially during the dry season (April-September), by 2050. This decrease in rainfall is associated with a temperature rise of 2–2.75 °C in those areas [1]. Additionally, in the Thar Desert (India-Pakistan-Afghanistan), estimations suggest that the annual average temperature may increase from 1.75 to 2.5 °C [1]. The increase in temperature results in a higher evapotranspiration rate and plant water requirements. Higher evapotranspiration has a severe impact on vegetable production, such as tomato, which is a water-sensitive plant. Tomato is one of the most popular and water-demanding vegetables [2,3] grown across the world and has the greatest area under cultivation [4]. Water is the key factor governing tomato plant growth and yield [5,6].



Water deficit is the main factor affecting tomato crop production throughout the growing season in arid regions. The frequent watering needs for tomato crop, irrigation is the main source for meeting plant water requirements in arid regions where limited amounts of rainfall are prominent. This condition calls for adopting effective irrigation systems for tomato production by which water use efficiency is maximized while water loss is minimized. Different irrigation technologies have been practiced for growing tomatoes, including overhead irrigation systems [7,8], which are highly associated with waste of water and nutrients [9], and sub-surface irrigation technologies, which have the potential to limit runoff of water and fertilizers, but there is a chance of water loss through evaporation [10]. Furthermore, microirrigation systems, which have been shown to be a promising technology since they reduce nitrate leaching and runoff by 40–50% compared to overhead irrigation technologies [11].



Microirrigation systems, including drip irrigation, are effective irrigation technologies for growing vegetables [12]. In this type of irrigation system, water losses are usually minimized due to the high-water application efficiency and effective water delivery [2,13]. Jiang et al. [14] found that tomato yield increased by 10% using a drip irrigation system under the conditions of 50% and 55% lower water and nitrogen fertilizer applications, respectively, compared to common farming practices. Additionally, drip irrigation systems have the benefit of reducing water and N supplies while increasing water and N use efficiency as opposed to furrow irrigation systems [15]. Due to the mentioned benefits, microirrigation technology has been widely used for different crops, including broccoli [16], sugar beet [3], cucumber [17], eggplant [15], potato [18], and tomato [19]. However, the task of irrigation remains a challenge for producers. This problem can be addressed using IoT-based technology in monitoring and controlling irrigation systems. Employing IoT technologies in irrigation operations not only reduces labor requirements but also saves water by up to 90% compared with traditional irrigation practices [20]. Moreover, IoT technologies incorporating soil moisture sensors have significant potential using Arduino microcontrollers. Soil moisture reading systems with capacitive sensors connected to microcontrollers have been used in monitoring networks with LoRa (Long Range) transmission from real-time evaluation of soil permeability [21,22].



IoT-based technologies make the challenging task of irrigation easier and more precise by employing low-cost sensors and controlling modules. The system can help to obtain a precise measurement of soil moisture in the plant root zone and apply the required proportion of water at the right time. Water stress may damage metabolic processes and photosynthetic apparatuses, leading to a decrease in crop growth [23]. Ors et al. [24] found that water stress conditions can permanently damage plant growth by disrupting root and stem development and by reducing the width and number of leaves. With the presence of limited water in the root zone, plants undergo a chemical environmental change in their roots, which impacts the rate of photosynthesis [25]. On the other hand, applying an excess of water adversely affects the active oxygen metabolism of plants, which affects the photosynthetic proportion, developmental stages of plants, and crop production [26]. Liu et al. [27] studied drip irrigation scheduling for tomatoes in a greenhouse and found that pan crop coefficients of 0.9 and 1.1 had no significant impact on yield. Thus, applying the correct threshold at the right time is vital for reasonable tomato production. The amount and timing of irrigation is determined through a process called irrigation scheduling. Weighing [28,29] and modified Penman–Monteith approaches are the common irrigation scheduling methods for indoor tomato production. These methods are quite challenging due to labor, the large amount of data requirements, and being time-consuming, which make them impractical most of the time.



Additionally, most studies focused on other stages of tomato, such as vegetative, flowering, and total yield [30,31,32], and usually overlooked the seedling and germination stage, which is the most crucial stage of tomato growth since this stage will impact other stages of tomato, including total yields. Thus, under the scenario of growing water scarcity, climate change, and labor shortage, developing and employing efficient irrigation technology that runs based on cost-effective and user-friendly soil moisture sensor feedback are the key to quality and higher tomato production.



Therefore, the objective of this study was to develop a precise irrigation system to minimize water losses and determine the correct threshold for soil moisture content in an irrigation system for growing and transplanting seedlings from indoor to outdoor conditions.




2. Materials and Methods


2.1. Indoor Experiments for Seedling Germination


The research was conducted at the Laboratory of Bioproduction and Machinery, Tsukuba Plant Innovation Research Center (T-PIRC), Japan. Momotaro tomato seeds, which are very famous in Japan due to their high yield and quality, were collected and used in this study. Tomato seeds were germinated inside a dark chamber in the laboratory. The dark chamber consisted of three main layers and three trays were placed in each layer (Figure 1). Soil for germination was the main blend of peat moss, vermiculite, and perlite with a pH of 6 and had a high-water holding capacity. Seeds were placed at a depth of 1 cm in the soil, and later irrigation was carried out. Throughout the germination time, environmental parameters such as air temperature, humidity, light intensity, and soil moisture conditions were monitored. Irrigation was performed using four soil moisture thresholds, 5%, 8%, 12%, and 15%, three times over the whole growing season. The moisture level was kept at 5%, 8%, 12%, and 15% or over throughout the experiment period. The experiment consisted of two main treatments comprising the irrigation system and irrigation threshold with three replications (Figure 2). Randomization of treatments was not considered since the experimental plots were adjacent to each other and water application was difficult to maintain in the small tray side by side with a different moisture content of 5%, 8%, 12%, and 15%. Additionally, the soil used for this experiment was not outdoor field soil with significant heterogeneity.



Regular watering was carried out to overcome water stress. During seedling growth, no fertilizer was applied since the soil had enough nutrients for the seedlings to grow.



Light, which is another key factor governing plant growth, was evenly distributed over the seedlings, and a timer was scheduled for 15 h per day to provide them with a sufficient amount of illumination needed for ideal growth. All treatments were provided with the same growth conditions except for the moisture level, which was different for each.




2.2. Sensor Calibration


Capacitive soil moisture sensors were evaluated and calibrated using another soil moisture sensor with high accuracy. Soil samples were collected and placed inside several small cups with different moisture percentages varying from dry to saturated conditions. The readings of each sensor were recorded separately, and finally, a comparison was made between the capacitive soil moisture sensors and other soil moisture content sensors. Using the regression, the correlation and coefficient were found for each capacitive soil moisture sensor. Consequently, these coefficients were used in programming to read the sensor data and adjust them accordingly.




2.3. Sensor and Irrigation System Installation


In three layers, three trays were used in each, and in the first layer, a surface drip irrigation system was installed, while in the second layer, a subsurface drip irrigation system was installed and in the third layer both irrigation systems were installed. Individual trays were considered as a single treatment and block with three replications since each tray was partitioned into three equal size parts. Trays had small holes at the bottom to let extra water drain away and avoid water logging. Furthermore, each tray was covered by another tray to collect drainage water and consequently deduct the drained water from the total water applied during each watering time. A small water container was placed in the first layer of the chamber where irrigation lines were connected to supply water. A mainline hose crossed the first and second layers and connected to a three-way valve where various sub-mainline hoses originated from and supplied water to each tray lateral hose. Watering was carried out based on capacitive soil moisture sensor readings, and the three-way valve was manually controlled.



Six capacitive soil moisture sensors were employed in all trays, where each tray had a single sensor. Sensors were installed in the tray at 6 cm deep and 0.6 cm from the dripper and plant. All the sensors were interfaced with a low-cost data logger or microcontroller using an Arduino Uno® (ATmega328, Auduino LLC, New York, NY, USA) that was placed inside a small plastic box. In addition to the capacitive soil moisture sensors, other sensors, including a temperature and humidity sensor (DHT11), light intensity sensor (BH1750), and WiFi module (ESP8266), were connected to the microcontroller (Arduino Uno) (Figure 3). A 12 V power adopter was also connected to the relay to provide the required power for controlling the water pump. Data were uploaded onto the cloud server (ThingSpeak) in one-minute time intervals. The cloud system was used to display and store data for accessing and retrieving later. Two LED lights were allocated to every tray or in the row of tomato seeds that was illuminated by a single light.




2.4. IoT-Based Precision Irrigation Control System


To control the developed irrigation systems, simple codes were used to make the system user-friendly and robust. The user can log into the ThingSpeak platform by entering the username and password and can remotely know the field condition. The IoT-based precision irrigation system for indoor seedling germination was operated through relay and solenoid valves (Figure 4).




2.5. Data Analysis


After 45 days, for each tray, 9 seeds were sown, and the overall germination percentage was calculated considering the total seeds compared to how many seeds emerged in the soil. Using a ruler and digital balance, other agronomical parameters were measured. Data were analyzed using IBM SPSS 28® and Ms. Excel® Microsoft Office Excel 2022. One-way analysis of variance (ANOVA) and Tukey’s HSD test (p < 0.05) were carried out.



To assess the overall performance of the developed irrigation systems, distribution uniformity was calculated using the following Equation (1) [33]:


    D U   i q   =    Q  l q      Q  m e a n     × 100  



(1)




where DUiq is the irrigation distribution uniformity, Qlq is the average of the lowest quarter of the observed discharge values and Qmean is the mean of the discharge values.



Employing Equation (2) [31] helped to calculate the overall seed germination percentage and distinguish between the two irrigation systems and the soil moisture thresholds.


  G P =   N    N 1    × 100  



(2)




where GP is the overall seed germination percentage, N is the number of germinated seeds and N1 is the total number of seeds used in the germination experiment.




2.6. Data Storage and Data Sharing


The collected data using the low-cost capacitive soil moisture sensors were uploaded to the cloud server (ThingSpeak®) on a timely basis. In ThingSpeak, the data could be shared with other people by making them public or using them only for oneself. The cloud also helped to store the data and utilize them later. To build a connection between the sensors and the cloud server, information including the channel ID and write API key was used. Using the cloud platform helped to monitor the soil moisture conditions remotely and provided water whenever the seedlings needed it, which did not allow seedlings to experience water stress.




2.7. Outdoor Field Experiments for Transplanting Germinated Seedlings


In the outdoor experiments to transplant the tomato seedlings, a similar experiment was used; however, IoT-based LoRaWAN technology was employed outdoors for watering and environmental information at the experimental farm of the Tsukuba Plant Innovation Research Center (T-PIRC) (Figure 5). The experiments were conducted in an open field at T-PIRC from July to August 2022. The experimental field is located at 36° latitude and 140° longitude with an average altitude of 67 m above sea level. The soil texture of the field was clay loam. Seedlings that were grown using a subsurface drip irrigation system with a 12% threshold inside the laboratory were transplanted outside for further assessment. In the field, seedlings were transplanted in rows with a 50 cm distance between each plant and 60 cm between each row. The components of the outdoor materials and methods are described in the following sections.



2.7.1. Experimental Field Design and Layout


The experiment had two treatments: surface and subsurface drip irrigation systems with three replications each. The field was divided into two equal parts and then irrigation treatments were arranged (Figure 6). However, the treatments were not randomized due to the easy operation of the irrigation systems. Distributing irrigation systems side by side was a convenient way to perform consecutive replications in the field experiments. Further experiments with more replications are required for randomization.



The ThingSpeak® Arduino IDE system was installed to collect the data and operate the solenoid valve using a relay that was installed at the field level with drippers arranged in the surface and subsurface drip systems (Figure 7).




2.7.2. Irrigation System Installation


In the open field, two irrigation systems comprising surface drip irrigation and subsurface drip irrigation systems were installed. Water was directed from a water outlet through a mainline hose that in turn was interfaced with a two-way solenoid valve (Figure 8). The solenoid valve was connected to the LoRa End Node that was placed inside a small waterproof box. Irrigation was carried out by sending commands from the cloud server to the end node where the irrigation system was directed to start irrigation. Each of the irrigation systems had three laterals that distributed water to drippers. In the case of the subsurface drip irrigation system, laterals were buried in the soil to a depth of 15 cm, which was the same depth as the initial depth of tomato plants. For surface drip irrigation, laterals were placed to a depth of 5 cm to protect the hose from sunlight and make them suitable for long-term use.




2.7.3. Irrigation Scheduling


Irrigation was performed based on a soil water balance model where environmental parameters, including temperature, relative humidity, wind speed, solar radiation, and rainfall, were used as input data. Before calculating the irrigation requirements, the collected environmental data were used in the FAO CROPWAT to calculate the reference evapotranspiration. Later, the reference evapotranspiration was multiplied by crop coefficients to achieve crop evapotranspiration. The general equation of soil water balance is presented as follows [34]:


  Dc = Dp + ETc − P − Irr − U + SRO + DP  



(3)




where Dc is the soil moisture deficit (net irrigation requirement) in the root-zone of plant for the current day, Dp is the soil moisture deficit on the previous day, ETc is the crop evapotranspiration rate for the current day, P is the gross precipitation for the current day, Irr is the irrigation amount infiltrated into the soil for the current day, U is the upflux of shallow groundwater into the root zone, SRO is the surface runoff, and DP is the deep percolation or drainage. However, in our study, we used Equation (3) [34], which is the modified version of the soil water balance equation. In our experimental field, the groundwater level was not shallow enough to contribute to the root zone water, and there was no deep percolation or surface runoff due to the use of drip irrigation systems.


  Dc = Dp + ETc − P − Irr  



(4)








2.7.4. Hardware Components


The hardware consisted of the LoRa gateway (LPS8), which had the capability of bridging 8 channels or nodes to the server simultaneously, and the LoRa node (Arduino Uno + LoRa shield), which had two-way relay channels and a 12 V solenoid valve were used in the experiment.



LoRa Gateway


The gateway used in this study was the Dragino model LPS8, which was purchased from Amazon. The gateway was placed inside the laboratory and connected to the power outlet and the internet via Wi-Fi. It has been configured with the Things Network (TTN) server.




LoRa Node


The LoRa node was built, and a LoRa shield with an antenna was stacked onto an Arduino UNO microcontroller unit. Two solenoid valves were connected to digital pins D8 and D11 of the Arduino UNO toward the LoRa node. The LoRa node firmware was set up by importing LoRaWAN-MAC-in-C (LMIC) sketch Arduino IDE software® Arduino IDE 2.1.0.







3. Results and Discussion


3.1. Indoor Experimental Results


In the indoor experiment, the following parameters were selected and compared to assess what irrigation soil moisture threshold and microirrigation system resulted in higher and healthier tomato seedling growth.



3.1.1. Calibration of Capacitive Soil Moisture Sensor


The capacitive soil moisture sensors were compared to soil moisture content sensors using soil samples ranging from 0% to 55%, dry and saturated conditions, respectively. It was found that capacitive soil moisture sensors with higher moisture content had better measurement accuracy compared with the moisture content sensor. The low-cost sensors used in this study were capable of detecting the general trend of the soil–water changes. As can be seen from the calibration illustrations (Figure 9), strong correlations (R2 ≥ 0.92) have been achieved. However, their measurements among the sensors varied, and this influence might be due to the texture of the soil [35,36]. It is also found that the sensors with the same physical appearance had different reading values. This problem could be overcome by conducting detailed in-situ calibrations. It was found that employing the low-cost capacitive soil moisture sensor minimized the cost and made the irrigation scheduling process efficient. Similarly, the same recommendation was made by other studies due to ease of implementation and importance [13,36].



Additionally, the developed seed germination system provided consistent light of 15 h/day, to prepare the seedlings to adapt without any challenge whenever transplanted to outdoor conditions where the temperature might be different compared to the indoor environment. The light system helped to prevent transplanting shock, which tomato seedlings usually face when taken to outdoor environments without preparing them for outdoor conditions. This is one of the first steps that has been taken toward cutting the period that is required for tomato seedlings to be prepared and be able to adapt well to the new environment or colder temperature. Another key attempt that we made was to assess which irrigation systems and soil moisture thresholds were ideal for growing healthy tomato seedlings. By repeating the experiment twice, the results indicated that applying a 12% soil moisture threshold through a subsurface drip irrigation system increased overall tomato seedling growth. The selected agronomical parameters had a positive trend with increasing soil moisture regardless of what type of irrigation systems were used. This was mainly due to the high-water holding capacity of the soil; in the presence of greater soil moisture, plants were able to absorb the required proportion of water.




3.1.2. Environmental Conditions


Environmental parameters, including temperature, humidity, and light intensity, were monitored (Figure 10). The temperature during the experiment was quite consistent since it was in an indoor environment. Similarly, the humidity level had a slight variation in both growing seasons.




3.1.3. Agronomic Results


Agronomical parameters, including the germination percentage, root length, fresh root weight, shoot length, fresh shoot weight, and fresh seedling weight, were carried out. The reactions of the selected parameters toward the irrigation amount increased regardless of whether a surface drip irrigation system or subsurface drip irrigation system was used. The amount of water applied had a significant (p < 0.05) impact on overall germination (%), where seeds had a lower germination rate in the 5% soil moisture threshold as opposed to 8% and had a significantly lower number of seeds germinated compared to 12% and 15%. Tomato seed germination followed a positive trend with increasing soil moisture threshold in both of the experiments, particularly with the surface drip irrigation system (Table 1). In the case of the subsurface drip irrigation system, the applied amount of water also significantly (p < 0.05) impacted the seed germination rate. In the experiment, the 5% soil moisture threshold had the lowest seed germination rate, while the 12% and 15% soil moisture thresholds had the highest seed germination rate. The results of the study indicated that plant growth increased until the 12% threshold was reached because, before this percentage, the seedlings were not able to absorb enough water due to the cohesion forces of the soil particles. It also can be concluded that the 15% soil moisture threshold did not result in ideal tomato seedling production due to the presence of an excessive proportion of water where seedlings were not able to absorb the required water.



Root length showed no significant reaction toward the amount of water applied in both the irrigation systems and experiments. On the other hand, root weight significantly increased with a greater amount of water application, especially in the surface irrigation system in the experiment.



Shoot length significantly (p < 0.05) increased with a greater rate of moisture application in the surface drip irrigation system, especially with the 12% moisture threshold, and achieved the greatest length compared to 8% and 5%. In contrast, in the experiment with the subsurface drip irrigation system, there was no significant increase observed with the four soil moisture thresholds, but in the second experiment, the seeds that were grown with the 12% soil moisture threshold developed the largest shoots, while the 5% tomato seedlings grew the shortest shoots. Moreover, 8% and 15% of the seedlings were between those two treatments.



Seedling shoots with the subsurface drip irrigation system were not considerably (p < 0.05) increased with the four soil moisture thresholds. The shot weight significantly (p < 0.05) increased with the surface drip irrigation system with 12% moisture application, followed by 5%, 8%, and 15%. Similarly, with the subsurface drip irrigation system, seedlings achieved significantly (p < 0.05) higher shoot weights, highest to lowest at 12%, 8%, 15%, and 5%, respectively. Seedling weight was not considerably (p < 0.05) affected by either the irrigation system or soil moisture thresholds.




3.1.4. Irrigation System Performance


In both experiments, surface drip irrigation showed better performance than the subsurface drip irrigation system. The low performance results of nearly 71% on average in terms of distribution uniformity in the subsurface drip irrigation system were due to the clogging problem (Table 2). The reaction of tomato seedlings varied slightly with the two microirrigation systems. Although it is commonly perceived that surface irrigation systems such as sprinklers usually result in better tomato seedling production since the seeds are placed almost close to the surface of the soil, this common assertion cannot be taken as a general assertion. The comparison results showed that using a subsurface drip irrigation system considerably (p < 0.05) impacted seedling growth. Given the concept of precision irrigation, where the input, including water, should be minimized, subsurface irrigation systems used 10% (Figure 11) less water than surface drip irrigation systems. The results of this study agreed with the work of another researcher [37]. Additionally, making the irrigation system fully automatic was also possible, but the problem could be associated with the controlling system, the time lag of sensors, unreliability in measurement [38], and the challenge of interpreting sensor data, particularly in micro irrigation systems such as drip irrigation, where the soil water distribution is heterogeneous [39]. However, there were limitations in this research to randomized small plots as the water distribution was easier to move to the adjacent plot. Additionally, the soil which was used in the experiment was not field soil with significant heterogeneity and suitable for germination. That’s why 5%, 8%, 12%, and 15% moisture level was chosen to continue the experiment.





3.2. Outdoor Experimental Results


In the outdoor environment, the system was also assessed to determine whether the irrigation system performance had an acceptable range of efficiency. The following sections describe the experimental results under outdoor conditions when the seedlings were transplanted into the field.



3.2.1. Environmental Conditions


Environmental parameters were monitored throughout the whole season to calculate net crop water requirements. The atmospheric temperature ranged from 15 °C to 32 °C. The relative humidity varied from 62% to 96% during the experimental season (Figure 12). Due to frequent rainfall, irrigation was carried out only four times, while at other times, sufficient rainfall was occurring to fulfill tomato plant water requirements.




3.2.2. Irrigation System Performance


Under field conditions, irrigation scheduling is commonly conducted based on three main groups: the soil–water balance method, which incorporates environmental parameters, soil water content or potential, and the method that monitors plant water status [8,24]. In this study, we carried out irrigation based on the soil–water balance equation. With this soil–water balance, an IoT system was enabled for the management of irrigation systems for monitoring throughout the growing period. In particular, the long-range controlling technology LoRaWAN was used to monitor and control precision irrigation systems. Throughout the tomato crop growing season, irrigation was carried out using The Things Network (TTN) platform without any problems. Additionally, this system needed a lower power requirement because a sleep period was set just after the completion of irrigation to minimize power consumption. Further benefits can be achieved by adding a soil moisture sensor in the outdoor environment and a water level sensor that can help the grower to know the amount of water they apply remotely. Overall, the surface drip irrigation system had better performance in terms of distribution uniformity, which was close to 0.88 (Table 2). The subsurface drip irrigation system had poor results due to clogging of the drippers or emitter. However, further field trials is required to confirm the variability of water distribution in the large plots for evaluating irrigation performances.




3.2.3. Tomato Fresh Yield


As shown in Table 2, the subsurface drip irrigation system resulted in higher tomato production. The seedling transplanting experiments under outdoor conditions had problems under local weather conditions, and rain occurred several times, which could not be adjusted for the soil–water balance method. However, in arid weather conditions, the developed system can be implemented with a long-range controlling system by adjusting weather parameters. The yield obtained by implementing this system was lower than the production level of growers producing tomatoes in Japan [40]. The low yield was mainly because the cutter pillar once attacked the tomato plants in the field. As shown in Table 3, the subsurface drip irrigation system resulted in higher tomato production. Each plant produced approximately 1243 g and 1061 g in the subsurface and surface drip irrigation systems, respectively. However, for agronomical cases, in the outdoors, further research on transplanting in different years can be conducted.






4. Conclusions


In arid conditions, tomato seedling transplantation is challenging due to the shock of transplantation by light and water stress in outdoor environments. To overcome tomato seedling transplantation shock under arid land conditions, research has been conducted to develop tomato seedling germination at a significant threshold, which can be adjusted under outdoor field conditions for higher tomato production per plant. In this research, an IoT-based sensing system was employed to develop an indoor seedling germination system where a 12% threshold of the subsurface drip irrigation system resulted in the highest seedling levels of growth based on agronomical parameters. Transplanted seedlings were grown under outdoor conditions with a comparison of two irrigation systems using soil–water balance methods with a long-range IoT control platform using the LoRaWAN system. The results showed that the subsurface drip irrigation system with 0.74 distribution uniformity produced 1243 g/plant, while each plant produced 1061 g in the surface drip irrigation system treatment. The study results suggest that a 12% soil moisture threshold was the ideal moisture content for running irrigation for tomato seedling germination and transplanting to outdoor conditions. The low-cost sensors were able to monitor the soil moisture content consistently, and the sensor measurements can be used as guidance for irrigation scheduling. In the outdoor environment, LoRa technology was capable of performing irrigation operations based on soil–water balance methods. Further research will be carried out to evaluate agronomical parameters for plant biomass development, flowering, and fruit counting systems through IoT and advanced image processing sensors during the growing periods of tomatoes under arid field conditions.
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Figure 1. 3-D design and overall setup for the indoor seed germination system. 
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Figure 2. Experimental arrangements of plots for indoor seedlings germination system. 
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Figure 3. Components of the IoT-based precision irrigation system for indoor seedling germination system. 
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Figure 4. Block diagram and flow chart of the IoT-based precision irrigation system for indoor seedlings germination system. 
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Figure 5. Experiment with an outdoor field location and LoRaWAN at the Tsukuba Plant Innovation Research Centre (T-PIRC). 
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Figure 6. Experimental arrangements for the outdoor tomato seedling transplantation and germination. 
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Figure 7. Outdoor field irrigation system for tomato seedlings transplantation and production system. 
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Figure 8. Field layout and arrangement of tomato seedlings transplanted at the outdoor conditions for surface drip irrigation and subsurface drip irrigation systems. 
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Figure 9. (a) Relationships between moisture content sensor and capacitive soil moisture sensor 1, (b) capacitive soil moisture sensor 2, (c) capacitive soil moisture sensor 3, (d) capacitive soil moisture sensor 4, (e) capacitive soil moisture sensor 5, and (f) capacitive soil moisture sensor 6. 






Figure 9. (a) Relationships between moisture content sensor and capacitive soil moisture sensor 1, (b) capacitive soil moisture sensor 2, (c) capacitive soil moisture sensor 3, (d) capacitive soil moisture sensor 4, (e) capacitive soil moisture sensor 5, and (f) capacitive soil moisture sensor 6.



[image: Applsci 13 05556 g009]







[image: Applsci 13 05556 g010 550] 





Figure 10. Environmental conditions: (a) humidity and (b) temperature for indoor environmental conditions. 
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Figure 11. The total amount of water used in the indoor seed germination system. 
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Figure 12. Environmental parameters: (a) temperature, (b) humidity, and (c) rainfall during the tomato growing season. 
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Table 1. Effect of surface and sub-surface drip irrigation systems and four soil moisture thresholds on germination percentage, root length, fresh root weight, shoot length, fresh shoot weight, and fresh seedling weight in the first experiment.






Table 1. Effect of surface and sub-surface drip irrigation systems and four soil moisture thresholds on germination percentage, root length, fresh root weight, shoot length, fresh shoot weight, and fresh seedling weight in the first experiment.





	
Treatment

	
Germination

(%)

	
Root Length

(cm)

	
Root Weight

(g Plant −1)

	
Shoot Length

(cm)

	
Shoot Weight

(g Plant−1)

	
Seedling Weight

(g Plant−1)




	
Threshold

	
SD

	
SbD

	
SD

	
SbD

	
SD

	
SbD

	
SD

	
SbD

	
SD

	
SbD

	
SD

	
SbD






	
5%

	
67 b

	
50 b

	
4.4

	
3.2

	
1.06 c

	
0.54

	
7.1 b

	
14.25

	
1.27 b

	
1.06 b

	
1.59

	
1.31




	
8%

	
84 ab

	
67 b

	
4.9

	
3.85

	
1.72 b

	
2.27

	
7.2 b

	
19.55

	
1.88 b

	
2.93 b

	
2.04

	
2.86




	
12%

	
100 a

	
100 a

	
4.8

	
6

	
2.03 a

	
2.07

	
10.2 b

	
26.75

	
4.75 a

	
8.16 a

	
2.07

	
6.02




	
15%

	
100 a

	
100 a

	
4.8

	
4.5

	
0.9 c

	
1.2

	
17 a

	
15

	
1.2 b

	
2.02 b

	
1.2

	
4




	
p *

	
<0.001

	
<0.001

	
0.983

	
0.22

	
<0.001

	
0.048

	
<0.001

	
0.494

	
0.004

	
<0.001

	
0.27

	
0.06




	
S.E 1

	
7.38b

	
11.78

	
1.23

	
1.34

	
0.23

	
0.82

	
1.27

	
7.97

	
0.99

	
2.57

	
0.62

	
1.91








a, b, c Significant at p < 0.05, indicates significant difference between treatments. 1 Standard Error, SD: Surface drip irrigation, SbD: Subsurface drip irrigation).
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Table 2. Irrigation system performance in indoor and outdoor experiments.
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Irrigation System

	
Irrigation Distribution Uniformity




	
Indoor

	
Outdoor






	
Subsurface drip irrigation

	
0.88

	
0.72




	
Surface drip irrigation

	
0.92

	
0.82
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Table 3. Total tomato fresh weight (g plant−1).
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	Irrigation System
	Fresh Yield (g Plant−1)





	Subsurface drip irrigation
	1243



	Surface drip irrigation
	1061
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