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Abstract:



Soilless culture has become an effective technique to avoid continuous cropping obstacles in protected horticulture. The reliable measurement of substrate moisture and a rational irrigation are difficult tasks because of the low water-holding capacity of the substrate. Our objectives were to study the irrigation scheduling based on the ECH2O moisture sensor(EC-5), using a matched model of wetting pattern and lettuce root zone in the substrate under drip irrigation. The EC-5 sensor was designed to connect to a controller, and a threshold value of 0.14 cm3/cm3 was set for irrigation scheduling. The controller turned on the irrigation system via communication with a solenoid valve on the irrigation line and with the EC-5 sensor in response to a threshold value and stopped when the overlap area of the wetting pattern and crop root zone was more than 90%. The EC-5 sensors were installed at a horizontal distance from each plant and depth of 3 and 4 cm, respectively, under the substrate surface to the check substrate moisture for lettuce cultivation, and at (3,15) cm or (6,15) cm to monitor leakage. These parameters were determined by simultaneously considering the distance from the plants, the depths of effective root water extraction, and the region of substrate wetted volume under drip irrigation. Leakage occurred during each irrigation process, but the leakage ratewas15.7% lower than that of conventional irrigation, as a result of irrigation scheduling in the presence of the EC-5 sensors.
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1. Introduction


In recent years, regulations on agriculture water use have become stricter because of increased urbanization and population growth [1] and are becoming worse because of the recent rapid expansion of land area occupied by greenhouses [2]. Several institutions have gained more utility to organize plant water use and to properly schedule agricultural, municipal, and residential irrigation by taking environmental measurements such as of evapotranspiration and of soil water content [3,4,5]. This method not only mitigates the severe water deficit, but also saves growers money, by ensuring that plants are not excessively irrigated [6].



However, most of these studies were conducted on soil. In fact, the soilless culture as a growing technique has been largely used in greenhouse because of its multiple advantages [7,8,9]. Greenhouse crops are commonly irrigated on the basis of the visual appearance of the substrate or plants or the use of irrigation timers, but these methods are not accurate and will not result in efficient irrigation [1]. To irrigate a crop grown in substrates with the right amount of water and achieve high yields, the water must be precisely applied to the crop because the water-holding capacity of the substrate is very low. When the volume of water absorbed exceeds the allowable water depletion of the substrate, the crop may suffer severe stress, and the yield is reduced [10]. For this reason, it is important to accurately measure the substrate water content to decide when and how much irrigation is required.



The measurements and estimates of the water content for use in irrigation scheduling in the past are not practical. The main reasons are unreliable measurements, unsuitable size, and high costs. For example, the gravimetric water content measurement is destructive and requires a lot of time to dry the samples. Neutron probes require a large space for installation and are influenced by the soil properties [11], and time-domain reflectometry (TDR) probes are expensive [12,13,14,15]. Although a tensiometer can be easily placed in a substrate with high porosity, it causes erroneous and unreliable measurements.



In recent years, electromagnetic techniques, such as ECH2O probes and Theta probes have been used to estimate the substrate water content by indirectly measuring the dielectric permittivity of the substrate [16,17,18]. Estimates of water content based on electromagnetic techniques provide real-time and in situ measurements. Probes are available in convenient sizes for substrate cultivation troughs or growbags. The electromagnetic techniques have a good application potential in the measurement of substrate water content.



The root system is the important organ to obtain water for a plant; the root growth and its distribution determine the ability of a plant to absorb the water from the wetting pattern, which then affects the crop biomass growth and grain yield [19]. The wetting pattern depends on the substrate properties and the irrigation application scheme [20]. The amount of irrigation water calculated on the basis of evapotranspiration is difficult to be administered, because the high porosity, the low bulk-density, and the initial water content of the substrate facilitate the formation of a finger stream, resulting in a reduced size of the wetting pattern and in increased losses of water, which then affects the crop root distribution and grain yield. A better understanding of the substrate wetting pattern and crop root zone are crucial for developing effective irrigation methods. However, to our knowledge, few studies have yet investigated the coupling of wetting pattern and crop root zone in substrates to design irrigation scheduling.



Lettuce is a shallow rooted and moisture-sensitive crop, and moisture stress can cause negative impacts on its yield [21]. The aims of this paper were to study the irrigation scheduling of lettuce on the basis of (i) the nondestructive monitoring of the substrate water content; (ii) the matched model of wetting pattern and crop root zone for lettuce cultivated in a substrate under drip irrigation.




2. Materials and Methods


2.1. Substrates Preparation


Aground vinegar residue (50%) and peat (50%) with a bulk density of 0.184 g/cm3was used as growth media. The saturated hydraulic conductivity was found to be 0.051 cm/s by cutting ring.




2.2. Sensor Description and Operation


ECH2O(EC-5) is often used for sensor network applications because it is cheap, easy to use, and has low energy consumption. The EC-5 sensor is small (8.9 cm length, 1.8 cm width, 0.7 cm depth) and suitable for application in greenhouses. Since the EC-5 sensor is sensitive to the substrate temperature, the compensation method was used to obtain more reliable substrate water content estimates from the sensors. The compensation model considering temperature for EC-5 sensor estimates θ(θsensor) can be described as:
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(1)




where θsensor is the substrate water content (%), U is the output voltage of EC-5 (mv), T is the substrate temperature (°C), a, b, c are constant and can be obtained by EC-5 sensor temperature calibration; the details of the process can be found in reference [16].



This study was conducted in a greenhouse with a cultivation tank (17 m length, 0.7 m width, 0.4 m depth).A filter collection device under the cultivation could be used to collect the leakage, and a high-precision water meter on each branch was used to measure the applied water. Lettuces were planted on lines, spaced 0.2 m apart, and the EC-5 sensors were installed at four different depths (4, 8, 15, and 20 cm) and at three different distances from the base of the plants (3, 6, and 9 cm) (Figure 1). In order to make the EC-5 sensor estimations and control irrigation, a solenoid valve and multiple sensors (EC-5) must be connected to a controller (WLT series products, Weiqian brand) for retrieving the sensors estimations and scheduling irrigation. A threshold value of 0.14 cm3/cm3, calibration equations, and parameters of the EC-5 sensor were saved in the controller programmatically. The irrigation water was applied at a rate of 0.15 L/h, 0.35 L/h, and 0.5 L/h through an emitter (SLD series products, ShunLv brand) by regulating the pressure. The root zone, the wetted radius, and the depth at different growth stages of the lettuce were measured by the dig method, and the actual water content was measured by the drying method. Three replications were used for each experiment.


Figure 1. Schematic diagram of the experiment; (1) Programmable controller; (2) Pressure-regulated water source; (3) Solenoid valve; (4) Drip emitter; (5) EC-5 sensors.
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2.3. Wetting Pattern Model


There are many factors affecting the substrate wetting pattern under drip irrigation. Someof these factors are: saturated hydraulic conductivity (Ks), initial volumetric moisture content (θ), irrigation amounts (V), irrigation flow (q), and emitter depth (z) [22]. The wetted radius (W) and the wetted depth (D) can be described as:
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(2)
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where W is the wetted radius (cm), D is the wetted depth (cm), V is the irrigation volume (L), Ks is the saturated hydraulic conductivity (cm/h), q is the emitter discharge (L/h), z is the depth of emitter insert into the substrate (cm), A1, A2 are constants, and n1, n2 are exponents of equation.



The models (2) and (3) are for predicting the wetted radius of the substrate surface and the wetted depth in the substrate. The wetting pattern under the substrate surface was estimated by an empirical model, according to the experiment data and as demonstrated, as:
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where X and Y are the wetted radius and the wetted depth at a specific application time and at any position of the wetting front, and α is the angle between the wetted radius (W) and the wetted depth (D).




2.4. Root Zone Model


Roots are the sole part of the crops that take up water and nutrients from the soil. Root growth and distribution are important plant traits, highly dependent on the environment where the crop is growing [23]. The root depth and root zone radius are used to describe the root system, are often found to increase with temperature [24], and can be described with a single function. The root depth (Z) and root zone radius (R) can be described as:
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where [image: ] is the growth rate of the root depth (cm/day−1), bz is a constant (cm°C−1day−1), Ta is the daily mean air temperature (°C), Tb is the base temperature for root growth (°C), Z is the root depth (cm), R is the root zone radius (cm), d, e, f, g are coefficients that can be described as:
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where C is an undetermined coefficient d, e, f, g, h, i, j, k are the corresponding constants of d, e, f, g, respectively, according to Table 1. DD is the cumulative temperature (°C) and can be described as [19]:
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(9)




where Tm is the maximum temperature for root growth (°C).


Table 1. The coefficients of the root zone radius model.





	
Coefficient

	
Root Zone Radius (R)




	
h

	
i

	
j

	
k






	
d

	
5.04 × 10−10

	
−5.61 × 10−7

	
4.24 × 10−5

	
0.08




	
e

	
−1.15 × 10−8

	
1.48 × 10−5

	
−4.48 × 10−3

	
−0.53




	
f

	
4.69 × 10−8

	
−7.26 × 10−5

	
2.98 × 10−2

	
−0.34




	
g

	
−2.67 × 10−8

	
3.58 × 10−5

	
−9.95 × 10−3

	
−0.46











2.5. Matched Model of Wetting Pattern and Crop Root Zone


A reasonable matching between substrate wetting pattern and crop root zone is one of the keys to irrigation scheduling using EC-5 sensors. In order to attain a reasonable match and irrigation, the following matching principles were proposed: (i) the water distribution uniformity and the overlap area of wetting pattern and crop root zone is more than 90%; (ii) the water in the crop root zone is enough for the growth of crops; (iii) the leakage from the crop root zone should be as little as possible.



The matching results directly affect the irrigation scheduling and crops growth. The substrate must be fully wet before field transplanting. The substrate wetting pattern and crop root zone were regarded as relatively evenly distributed, and a proper overlap degree section area of substrate wetting pattern and crop root zone (overlap(R,W)) was used to indicate the matching results and can be described as:
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where area(R,W) is the overlap area of substrate wetting pattern and crop root zone (cm2) and can be described by the minimal area of the piecewise curve based on the intersection points of Equations (4), (5), and (7) (Figure 2), and area(R) is the area of crop root zone (cm2) and can be described as:
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(11)






Figure 2. A diagram of the overlap area of substrate wetting pattern and crop root zone.
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3. Results and Discussion


3.1. Model Calibration


The core of irrigation scheduling is the accurate precision of the wetting pattern model, root zone model, and EC-5 sensor, which can be affected by substrate type, substrate temperature, crop species, weather conditions, and so on. Model calibration becomes an integral part of the modeling exercise to obtain the parameter values which will determine the quality of the model predictions. All the simulated values were calculated experimentally through the formulas (1) to (9) with the estimated calibration coefficients (Table 1 and Table 2); the models could correctly forecast the substrate wetting pattern, lettuce root zone, and EC-5 sensor detection value. The comparisons between the simulated and the observed values of the substrate wetting pattern, lettuce root zone, and substrate moisture are presented to show the results of our model calibration (because of the large volume of data, Table 3 shows only part of them). The simulated and observed values were very close, and the RAE (Relative Absolute Error) values were less than 12% for all calibration models. It can be concluded that the calibrated wetting pattern model, root zone model, and EC-5 sensor calibration model can accurately simulate the substrate wetting pattern, lettuce root zone, and substrate water content under drip irrigation condition, respectively.


Table 2. The coefficients of the EC-5 sensor, root depth model, and wetting pattern model.





	
EC-5 Sensor

	
Root Depth (Z)

	
Wetted Radius

	
Wetted Depth






	
a

	
b

	
c

	
bz

	
A1

	
n1

	
A2

	
n2




	
1.83

	
522.24

	
597.41

	
0.014

	
0.15

	
1.01

	
2.96

	
0.28









Table 3. Results of model calibration using experiment data obtained from lettuce cultivated in a substrate under drip irrigation.





	
Root Radius, R (cm)

	
Root Depth, Z (cm)

	
Wetted Radius (cm)

	
Wetted Depth (cm)

	
Substrate Moisture (%)




	
Sim.

	
Obs.

	
RAE (%)

	
Sim.

	
Obs.

	
RAE (%)

	
Sim.

	
Obs.

	
RAE (%)

	
Sim.

	
Obs.

	
RAE (%)

	
Sim.

	
Obs.

	
RAE (%)






	
2.06

	
2.26

	
8.85

	
5.98

	
5.95

	
0.51

	
2.92

	
2.81

	
3.92

	
3.33

	
3.15

	
5.71

	
12.35

	
13.67

	
9.66




	
3.58

	
3.47

	
3.17

	
7.74

	
8.50

	
8.94

	
3.85

	
4.20

	
8.33

	
4.43

	
4.60

	
3.70

	
23.71

	
26.93

	
11.96




	
4.58

	
4.38

	
4.57

	
9.10

	
9.43

	
3.50

	
4.43

	
4.61

	
3.91

	
5.62

	
5.23

	
7.46

	
39.01

	
35.42

	
10.14




	
5.33

	
5.61

	
4.99

	
11.07

	
12.20

	
9.26

	
5.84

	
5.24

	
11.45

	
5.69

	
6.33

	
10.11

	
44.61

	
41.14

	
8.44




	
5.26

	
5.85

	
10.09

	
13.67

	
13.15

	
3.95

	
6.71

	
7.34

	
8.58

	
6.49

	
7.03

	
7.68

	
53.26

	
50.12

	
6.27




	
6.74

	
7.52

	
10.37

	
15.24

	
16.12

	
5.46

	
7.02

	
7.84

	
10.46

	
7.75

	
7.04

	
10.09

	
64.11

	
60.90

	
5.27








RAE is relative absolute error; Sim. and Obs. represent the simulated and observed values of the relevant variables.









3.2. Sensor Number and Placement


The use of sensors for substrate water monitoring should take under consideration factors such as the number of stations for readings and their placement. The sensor number and placement are important factors affecting the efficiency of drip irrigation scheduling systems. The moisture sensor is highly priced, and their numbers increase the final cost. In addition, their poor placement that is not representative of the substrate moisture conditions in the root zone can result either in crop water stress or in over-irrigation. The sensor number and placement depend not only on the root distribution, but also on the water state in the root zone.



The concept of effective root depth and root distance taking into account 80% of total root length measured by the plant root growth monitoring system (CID Bio-Science/CI-600, Camas, WA, USA) was used to express the main root distribution. It was found that 86.37 to 100% of total root length was at depths of 0 to 9 cm, and 80.25 to 100% at a distance less than 6 cm from the plant in the longitudinal and orthogonal profiles to plant row at different times after lettuce planting (Figure 3A,B). The best region for sensor placement should be at a distance from the plants of less than 6 cm and at a maximum depth of 9 cm, on the basis of the effective root depth and root distance. However, it is not enough to define the positions where to install the sensors, the adequate position for installing the sensors should also consider the region in which variations in water content can highly influence root water extraction.


Figure 3. Percentage of root distribution at different times after lettuce planting. (A) Horizontal distanced from plant, cm; (B) Substrate depth, cm.
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The main root distribution is not enough to define the position for installing sensors by itself, because the water state at different depths in the root zone, which reflects the ability of water extraction by the root, must be considered. It can be expressed by the variability and cluster analysis, and allows to further optimize the sensor number and placement. The parameters of average value, standard deviation, and coefficient of variation in Table 4 were the average values of three EC-5 sensors, 23 h after stopping the irrigation. The coefficient of variation decreased with increasing substrate depth, the values at (3,4) cm and (3,8) cm under the substrate surface were very obvious and close, and show that the region in the range of 0–8 cm is the main region for root water extraction. This is consistent with the effective root depth and root distance and suggests that the sensors will be more accurate at distances of 3 cm from the plants and a maximum depth of 8 cm.


Table 4. Substrate water content analysis at different depth.





	
Parameter

	
Sensor Position




	
(3,4) cm

	
(3,8) cm

	
(3,15) cm

	
(6,4) cm

	
(6,8) cm

	
(6,15) cm






	
Average value %

	
16.3

	
19.8

	
21.4

	
8.6

	
12.1

	
20.3




	
Standard deviation %

	
2.5

	
2.8

	
2.2

	
1.1

	
1.5

	
2.3




	
Coefficient of variation %

	
15.3

	
14.1

	
10.2

	
12.8

	
12.4

	
11.3










The cluster analysis in Figure 4 indicated that the substrate water variables at (3,4) cm and (3,8) cm, and (3,15) cm and (6,15) cm first merged together, respectively. This means that the substrate water variables were similar at (3,4) cm and (3,8) cm, and at (3,15) cm and (6,15) cm, so an EC-5 sensor can be installed at (3,4) cm or (3,8) cm, and at (3,15) cm or (6,15) cm. When combining the region of the main root distribution and root water extraction with the EC-5 sensor detection area (cylinder with a column diameter of 4 cm), the adequate position for installing an EC-5 sensor was found to be at (3,4) cm under the substrate surface to check substrate moisture for lettuce cultivation, and at (3,15) cm or (6,15) cm to monitor the bottom layer leakage.


Figure 4. Substrate water content cluster diagram under different depths.
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3.3. Moisture Dynamic in Irrigation


The irrigation begun when the substrate moisture content detected by the sensors in the crop root was lower than the threshold value of 0.14 cm3/cm3, and the irrigation stopped when the overlap area of wetting pattern and crop root zone (overlap(R,W) was more than 90%. The substrate moisture dynamic at the depths of 4 cm and 15 cm under the substrate surface was monitored by theEC-5 sensors (Figure 5). It was observed that the water content at the depths of 4 cm and 15 cm changed in a similar manner and was always higher than the threshold value of 0.14 cm3/cm3, but the water content at 15 cm lagged behind compared with that at 4 cm. This shows that the EC-5 sensor’s ability to maintain a reasonable water content in the main root zone, the wetting pattern, and the main root zone could fulfill the real-time requirements, and when irrigation was stopped, the bottom layer leakage was already occurring. Irrigation was performed only three times within more than one month, and the maximum leakage occurred during the second irrigation, mainly because of the large emitter discharge of the second irrigation and of the substrate low water-holding capacity caused by large particles of the ground vinegar residue.


Figure 5. Substrate water content measured by EC-5 sensors at two depths of 4 cm and 15 cm.
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Although leakage occurred, the leakage ratewas15.71% lower than that occurring during conventional irrigation, as a result of precise irrigation achieved with the EC-5 sensors (Table 5). Because of this, the lettuce did not show signs of water stress and was green and healthy. In addition, compared with conventional ways of providing sufficient irrigation, this irrigation scheduling, saves irrigation water, increases the productivity of the irrigation water, and makes good use of limited water resources.


Table 5. Total irrigation, leakage, and leakage rate.





	Irrigation Method
	Irrigation Amount (kg)
	Leakage Amount (kg)
	Leakage Rate (%)





	Conventional Irrigation
	40.26
	10.48
	26.03



	Precise Irrigation
	32.45
	3.35
	10.32











4. Conclusions


In this study, a controller with EC-5 sensors and a solenoid valve was used to control irrigation in a greenhouse. The EC-5 sensor compensation model, wetting pattern model, and root zone model were used to calibrate the EC-5 sensor, simulate the wetting pattern and the main root zone of lettuce, determine the relationship between them, and calculate a threshold value 0.14 cm3/cm3, which were used to establish an irrigation scheduling that was saved within the controller programmatically. In this setting, the controller turns on the irrigation system via communication with the solenoid valve on the irrigation line and the EC-5 sensor when a threshold value is reached and stops when the overlap area of wetting pattern and crop root zone is more than 90%.



The distance from lettuce, the depths of effective root water extraction, and the region of substrate wetted volume under drip irrigation should be considered for the definition of the EC-5 sensor’s placement. The adequate position for installing an EC-5 sensor is at (3,4) cm under the substrate surface to check substrate moisture for lettuce cultivation, and at (3,15) cm or (6,15) cm to monitor the bottom layer leakage.



Even if leakage occurred during each irrigation, the leakage ratewas15.7% lower than that of conventional irrigation, when using irrigation scheduling with the EC-5 sensors, and the lettuce grew green and healthy.
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