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Abstract Water movement in a soil–plant system was evaluated based on capillary flow

in a modified subsurface irrigation system that incorporates a plant-water measuring

device. Water from a reservoir tank located underneath the plant pot was supplied to the

root zone through a fibrous medium. Evapotranspiration was measured from the water

uptake and evaluations were performed based on soil moisture distribution and mass

balance. Potential evapotranspiration was used as a reference for the plant–water uptake.

Data were obtained from a test plant provided with the modified subsurface irrigation

system. The plant was grown in a phytotron under controlled air temperature and humidity,

and a comparison was made for different levels of soil moisture condition. The experi-

mental results confirmed the operational efficiency of the modified subsurface irrigation

system for precision irrigation.
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Introduction

Recent droughts and severe floods around the world have led to increased concerns about

water shortages not only for agriculture but also for industry and daily life. The 11 March,

2011 Great East Japan Earthquake, with the ensuing tsunami and nuclear plant disaster,

caused shortages of fresh water for both human consumption and agricultural use. Water-

saving management is a key technology not only for arid and drought-prone areas but also

for disaster areas. This was the motivation to develop a site-specific irrigation system to

meet the water demand for plant growth by applying precise control.

Various methods have been developed to supply small amounts of water to the root zone

of plants. Subsurface drip irrigation has been proven to generate a higher yield and quality

of crops grown in either open fields or greenhouse farms (Camp 1998). Subsurface irri-

gation relies on the concept of irrigating only the root zone of a crop while maintaining the

soil moisture content at the optimum level (James 1988). Higher water-use efficiency can

easily be achieved by manipulating the irrigation frequency and emitter arrangement

(Camp 1998). Subsurface drip irrigation management is based on the soil moisture deficit

determined by using a soil–water balance model or the crop-water requirement estimated

using the energy balance method (Ayars et al. 1999; Jones 2004; Bonachela et al. 2006). A

new measurement paradigm in irrigation management uses a crop-based method that

enables the system to adapt to the variability in crop-water demand according to the

individual crop-water response (Jones 2004; Raine et al. 2005; Smith and Baillie 2009).

Progress has also been made by applying leaf temperature and sap flow measurement

methods (Giorio and Giorio 2003; Jones and Leinonen 2003).

However, these methods for sensing plant water-stress involve complex measuring

systems and provide minimum information on irrigation volume and timing; thus they can

only be used on an experimental scale (Jones 2004). Nevertheless, further advancement of

irrigation management strategy along this new paradigm is required. This project was

developed based on the phytotechnology platform (Shibusawa 1989) for a site-specific

irrigation system to meet the plant-water demand by applying precise control.

A recent trial using capillary flow from a water interface medium into the soil resulted

in higher quality and water-use efficiency of greenhouse peppers (Nalliah and Ranjan

2010). The outcome led to a new irrigation strategy and was very beneficial to this study.

Advancement of this method will allow precise measurement of individual crop-water

characteristics and new strategies for efficient management of irrigation supply. However,

crop-water demand and evapotranspiration from the trial results have not been determined

in detail.

The present investigation attempts to enhance and analyze the crop-based method by

using a simple modified subsurface irrigation system that enables continuous water supply

and a sensing system for the plant–water requirement. The results were evaluated based on

soil moisture distribution and mass balance approach to confirm the significance of the

proposed system.

Materials and methods

Theoretical approach

The schematic used to describe the water movement of modified subsurface irrigation in a

soil–plant system is shown in Fig. 1. In a soil–plant system, the water movement mainly
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depends on the water potential gradient (Slatyer 1967). The driving force of transpiration is

the vapor pressure gradient between the leaf surface and the atmosphere. Water lost from a

plant via transpiration is replenished by extracting water from the soil. Water moves

through the soil into the roots, xylem and leaves in response to the water potential gradient

and osmotic potential gradient between the leaves and the soil. On the other hand, daytime

radiation energy, which is balanced by the latent heat of the soil and plant, evaporates the

water and thus increases the evapotranspiration of the soil–plant system. The evapo-

transpiration volume is estimated by the Penman–Monteith equation, which is known as

potential evapotranspiration ETO (Monteith 1965). Crop evapotranspiration ETC is esti-

mated using a simplified soil–water balance model (Yuan et al. 2001) based on water

uptake Q and change of soil moisture storage. Change of soil moisture storage is deter-

mined from the mass change of the soil–plant system (Blizzard and Boyer 1980). In a

steady state, crop evapotranspiration is equal to the water uptake. In the schematic, soil

moisture content h is changed by manipulating the water supply depth Dh in the reservoir.

The change of the soil moisture content affects crop evapotranspiration and water uptake.

Thus, a steady state can be achieved at an optimum soil moisture content that depends on

suitable water supply depth. Based on the soil water balance model, daily data from the

change of soil moisture storage is used to determine the soil–plant water status. The crop

evapotranspiration and potential evapotranspiration by the Penman–Monteith equation are

used to determine the crop coefficient (Allen et al. 1998).

Experimental setup

Figure 2 shows the experimental setup. A modified subsurface irrigation system was built

for a plant pot containing commercial organic soil (9) (Masaki, RF-7, Nagasaki-shi,

Nagasaki, Japan). The soil composition was 18.8 % sand, 12.5 % silt, 12.5 % clay and

56.2 % organic compost. The soil was placed in the pot in increments of 10 cm, and each

addition was manually compressed with a steel plate, giving a packed dry bulk density of

0.18 g/cm3. The soil moisture content at the packed bulk density was 0.42 m3/m3. The soil

Fig. 1 Schematic of the system
for modified subsurface irrigation
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surface was covered with a heat insulator so that the effect of thermal conduction by the

soil was assumed to be zero. A small reservoir (10) is positioned under the pot and water

rises up to a fibrous interface (11) through a fibrous string (12). The fibrous material

characteristics are shown in Table 1. Infiltration of water to the soil above the fibrous

interface is achieved by capillary rise. The soil moisture content was determined by setting

a suitable water supply depth Dh (13) using a manual jack (6) below a level regulator water

tank (5). Two test pots, each with a fibrous interface of 22 cm in diameter were used. The

pot with a plant is denoted as Pot A and the pot without a plant as Pot B.

The water used by the soil and the plant was determined from the change in water level

in the water supply tank (4), measured with a magnetostrictive-type water level sensor (3)

(Watty, HL-G1-0200-R-S, Shinagawa-ku, Tokyo, Japan). Hereafter, this is denoted as

‘‘water consumption.’’ The microclimate parameters inside the phytotron were measured

(1)
(2)

(3)

(4)

(5)

(6)
(7)

(8)

(11)

(12)

(9)

(10)

h (13)

(12)

30 cm

16 cm

Fig. 2 Experimental setup for the modified subsurface irrigation system

Table 1 Fibrous interface characteristics in the experiment

Interface type Absorption
rate (cm/min)

Absorption
quantity
(%)

Porosity
(%)

Thickness
(mm)

Size (cm) Weight
(g/m2)

Horizontal interface
(Toyobo 7210s,
Kita-ku, Osaka, Japan)

5.5
(horizontal)

750 90 2.0 22.0
(diameter)

210

Vertical interface
(Toyobo A-1, Kita-ku,
Osaka, Japan)

2.0 (vertical) 160 80 0.8 2 9 15a 270

a Width and height of the interface in the vertical position and in two layers
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using an air temperature-humidity sensor (2) (Vaisala, HMP155, Vantaa, Helsinki, Fin-

land) and a solar radiation sensor (1) (Li-Cor, LI-190, Lincoln, NE, USA). A set of

capacitance-type soil moisture sensors (8) (Decagon, EC-5, Pullman, WA, USA) calibrated

for the organic soil were vertically positioned in order at four different soil heights at 5-cm

intervals above the fibrous interface. An electronic balance (7) (A&D, GP32KS, Toshima-

ku, Tokyo, Japan) was used to measure the change in soil and plant mass. The evapo-

transpiration rate was determined from the mass change and water consumption data.

Hereafter, this is denoted as ‘‘crop evapotranspiration.’’ A data logger (Graphtec, GL820,

Totsuka-ku, Yokohama, Japan) was used to store the data from the sensors, and the

sampling time was 5 min.

The experiment was conducted in a phytotron with dimensions of 1.8 m in height,

1.75 m in width and 1.75 m in length. The roof and walls of the phytotron are glass to

allow entry of direct sunlight, except for the back wall, which is a metal sheet. The air

temperature in the phytotron was set at 25 �C from 06:00 to 18:00 and 15 �C from 18:00 to

06:00. The air humidity was set at 70 % and the air flow from the floor was continuous at

0.5 m/s. The phytotron is located at the Faculty of Agriculture, Tokyo University of

Agriculture and Technology in Fuchu, Tokyo. The experiment was conducted from July to

September 2011 and tomato was used as the test plant. The tomato plant was prepared by a

commercial germinator (Sakata Seed, YB-38, Tsuzuki-ku, Kanagawa, Japan) and was

transplanted to the pot at the age of 30 days. Nutrients were supplied by adding liquid

fertilizer of 5-5-5 (Hyponex, Yodogawa-ku, Osaka, Japan) to the water supply tank at a

ratio of 1:1000.

The experimental schedule is shown in Table 2. The experiment was conducted as

denoted by the number of days after transplanting. During the early growth period, from

Day 1 to Day 30, Dh was set at 0 cm to provide the maximum water consumption for the

plant. From Day 31 to 55, Dh = -11 cm and from Day 56 to 90, Dh = -3 cm for each

subsurface irrigation experiment. The change in water supply depth was made at Day 56

when the plant showed symptoms of water-stress. The measurements were analyzed based

on selected Days at 45, 55, 65 and 75. The experiment was limited to the investigation of

water flow and soil moisture distribution in the soil–plant system using the modified

subsurface irrigation system.

Results and discussion

Effect of water supply depth on soil moisture content

Figure 3 shows the soil moisture content at different soil heights for Pot A and Pot B at

Days 45, 55, 65 and 75 after transplanting. The results show that the volumetric water

content (VWC) for the soil in Pot A decreased from Day 45 to Day 55. This is due to the

increase in root water uptake in response to higher plant growth, thus resulting in lower soil

Table 2 Days after transplant-
ing and corresponding water
supply depth

Days after
transplanting

Corresponding water
supply depth, Dh (cm)

1–30 0

31–55 -11

56–90 -3
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moisture content. The highest root water uptake was at a soil height of 5 cm observed from

the lowest decrease in VWC. The soil moisture increased rapidly after water supply depth

Dh was changed from -11 to -3 cm. The highest increase was observed at a soil height of

5 cm at Day 65. A slight increase in VWC was observed from Day 65 to Day 75. For Pot

B, no substantial change in VWC was observed from Day 45 to Day 55. The soil moisture

increased slightly after Dh was changed from -11 to -3 cm from Day 55 to Day 75.

However, the moisture increase in Pot B was not as high as in Pot A, which has a plant,

although the change in Dh was similar.

The phenomenon of water movement and distribution in unsaturated soil is related to

the Buckingham–Darcy flux law for vertical flow as expressed by Eq. (1):

Jw ¼ �K hð Þ dh

dz
þ 1

� �
ð1Þ

where Jw is water flux, K(h) is unsaturated soil hydraulic conductivity, and dh/dz is the

gradient of matrix potential in the z-plane of the soil. The changes in soil moisture content

and matrix potential at different soil depths in relation to the evaporation rate in the

experiment can be determined by the integral form of the Buckingham–Darcy equation

(Jury and Horton 2004). Moreover, it is important to understand the unique distribution of

soil moisture caused by root growth in the soil observed from the results on Day 65 and 75

between Pot A and Pot B at the same water supply depth Dh (Fig. 4). This can be explained

by the water flow in the soil between Pot A and Pot B. For Pot A, the driving force of water

flow in the plant was transpiration from the leaves, which generates root uptake. Thus the

driving force of water flow in the soil was evaporation from the surface and the root

Fig. 3 Soil moisture content for Pot A (left) and Pot B (right) at Days 45, 55, 65 and 75 after transplanting

Fig. 4 Difference in soil
moisture content in Pot A and Pot
B at Day 65
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uptake. The water flow may be higher in Pot A due to the evaporation and root uptake than

in Pot B, without a plant. The higher water flow may increase the potential gradient as a

result of Darcy’s Law as shown by the higher soil moisture in Pot A than that in Pot B

(Fig. 4). The relationship between soil water potential and soil moisture is described by the

soil water retention curve (Fig. 5). However, this characteristic from the experiment has

not been analyzed in detail.

Potential evapotranspiration and water consumption

The potential evapotranspiration was calculated by using a modified version of the Pen-

man–Monteith equation (Eq. (2)) by the Food and Agriculture Organization (FAO) of the

United Nations. Potential evapotranspiration was determined based on a well-watered

grass reference crop at a height of 0.12 m, a fixed surface resistance of 70 s/m and albedo

of 0.23 (Allen et al. 1998):

ETO ¼
0:408D Rn� Gð Þ þ c 37

Tþ273
u2ðes � eaÞ

Dþ cð1þ 0:34u2Þ
ð2Þ

where ETO is potential evapotranspiration (mm/h), Rn net radiation at the crop surface (MJ/

m2h), G soil heat flux density (MJ/m2h), T mean air temperature at a height of 2 m (�C), u2

wind speed at a height of 2 m (m/s), es saturated vapor pressure (kPa), ea actual vapor

pressure (kPa), es - ea saturated vapor pressure deficit (kPa), D slope of vapor pressure

curve (kPa/�C) and c psychrometric constant (kPa/�C).

Figure 6 shows the potential evapotranspiration ETO and water consumption Q of Pot A

at Days 45, 55 and 65. The results show similar responses of ETO between each day,

Fig. 5 Apparent soil water
retention curve for the organic
soil

Fig. 6 Potential evapotranspiration (continuos line) and water consumption (dashed line) for Pot A at Days
45 (left), 55 (middle) and 65 (right)
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indicating similar climatic conditions during the 3 days. At Day 45, Q = 0.05 mm/min

and was higher than that at Day 55 at Q = 0.03 mm/min. At Day 65, Q = 0.07 mm/min,

which was the highest. The variation in Q between each day shows the effect of plant

growth (from Day 45 to 55) and water supply depth Dh change (from Day 55 to 65), which

also corresponds to the soil moisture content (Fig. 3).

The relationship between the soil moisture content and the matrix potential is described

by the soil water retention curve (Fig. 5). Thus, the potential gradient that drives the water

flow in the soil–plant system can be related to the soil moisture condition. The transpiration

establishes a potential gradient between the leaves and soil, thus creating the water flow. At

Dh = -11 cm, the water flow from the reservoir was less than the root water uptake, thus

decreasing the soil moisture content and reducing the water consumption. At Dh = -3 cm,

the water flow increased and the soil moisture content recovered. The recovery is shown by

the increase in water consumption from Day 55 to 65 (Fig. 6). For Pot B, the water

consumption and soil evaporation rate were very small (\0.4 mm/day) at Days 45, 55, 65

and 75; thus their results were disregarded.

The time lag shown by the difference in the response time of the water consumption

from the potential evapotranspiration may indicate the water storage measured by the

moisture capacitance of the soil–plant system (Hunt and Nobel 1987). The time lag

observed from Day 45 and 55 was larger than that at Day 65, indicating that the capaci-

tance was lower in the first 2 days. At Day 65, the immediate flow for water consumption

with a small time lag indicates high moisture capacitance. The time lag shows that the

water flow through the soil–plant system may have deviated from the steady state as a

result of storage and release of moisture in the soil becomes significant (Nobel and Jordan

1983; Hunt and Nobel 1987). Many studies have considered the capacitance in their model

(Williams et al. 1996, 2001; Hee and Ung 2007; Larcher and Wieser 1997), which enabled

the determination of the time constant in the soil–plant system (Philips et al. 1997).

Water consumption and crop evapotranspiration

Figure 7 shows the water consumption Q and crop evapotranspiration ETC of Pot A, for

Days 55 and 65. A similar response between water consumption and crop evapotranspi-

ration was observed at Day 65. However, at Day 55 water consumption was lower than the

crop evapotranspiration. The results can be related to a soil–water balance model that

describes the relationship between the water consumption and crop evapotranspiration to

Fig. 7 Water consumption (dashed line) and crop evapotranspiration (continuos line) for Pot A at Days 55
(left) and 65 (right)
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the change of soil moisture storage. The model was used to analyze the water flow

characteristic in the soil–plant system (Blizzard and Boyer 1980; Liu et al. 1998; Coelho

et al. 2003).

The general equation describing the water balance in the soil is expressed by Eq. (3):

Dh ¼ Jwi � Jwd � ETC ð3Þ

where Dh is change of soil moisture storage, Jwi precipitation and irrigation, Jwd drainage

and deep percolation and ETC evapotranspiration. The crop-water requirement is the

amount of water required to compensate for the transpiration loss from the crop. Thus, for

the modified subsurface irrigation system, the total crop water requirement and soil

evaporation is the irrigation water requirement, which is the water consumption. From the

experimental setup, the water balance model has been simplified (Yuan et al. 2001; Moiwo

et al. 2011) and analysis of the results (Fig. 7) was made based on Eq. (4) with the

assumption that drainage and deep percolation are equal to zero.

Dh ¼ RQ� RETC ð4Þ

The cumulative water consumption RQ is the total moisture transferred to the soil–plant

system (input) by water uptake and the cumulative crop evapotranspiration RETC is the

total moisture removed from the soil–plant system (output). The water status of the soil–

plant system was determined based on the change of soil moisture storage Dh.

Table 3 summarizes the results for Day 55 and 65 with different water supply depth

Dh for a 24-h period. At Day 55 when Dh = -11 cm, the change of soil moisture storage

Dh for Pot A was -25.30 %, indicating that the rate of water loss through evapotranspi-

ration was higher than the rate of water consumption. At Day 65, when Dh = -3 cm, Dh
was ?5.24 %, indicating that the rate of water loss was lower than the rate of water

consumption. The change of soil moisture storage Dh data can be related to the soil

moisture content (Fig. 3). The decrease in Dh to -25.30 % lowered the moisture content to

an average of 0.28 m3/m3 while the increase in Dh to ?5.24 % raised the moisture content

to an average of 0.48 m3/m3. At Dh = -11 cm, the soil moisture content was low because

the water flow from the reservoir to the soil through the fibrous medium was restricted. The

crop-water requirement was limited and water consumption was unable to compensate for

the evapotranspiration loss. At Dh = -3 cm, the soil moisture content was high because

water flow from the reservoir to the soil was permitted. The crop-water requirement was

fully supplied and water consumption was able to compensate for the evapotranspiration

loss.

Figure 8 shows the relationship between water consumption Q and crop evapotrans-

piration ETC. The regression line shows that water consumption has a linear relationship

with crop evapotranspiration. The gradient indicates the average level of soil–plant water

Table 3 Summary of water balance analysis for Pot A for the 2 days

Parameter Dh = -11 cm (Day 55) Dh = -3 cm (Day 65)

RQ (mm) 5.98 8.40

RETC (mm) 7.42 7.96

Dh (mm) (%) -25.30 ?5.24

Soil–plant water status Drying Wetting
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status either in the wetting state in which the rate of irrigation is higher than the rate of

evapotranspiration or the drying state in which the rate of irrigation is lower than the rate of

evapotranspiration. Based on this relationship, the measurement of water consumption can

be used to determine crop evapotranspiration and to estimate crop-water requirement.

Potential evapotranspiration and crop evapotranspiration

Figure 9 shows the potential evapotranspiration ETO and crop evapotranspiration ETC of

Pot A at Days 55 and 65. The results indicate lower crop evapotranspiration at Day 55 than

that at Day 65. This shows the effect of the atmospheric demand on the crop where the

potential gradient is mainly between the atmosphere and the leaves. However, the water

flow from soil to atmosphere was restricted by low soil hydraulic conductivity when

Dh = -11 cm, thus significantly reducing crop evapotranspiration as shown at Day 55. At

Day 65, the water flow increased when Dh = -3 cm, thus increasing the crop

evapotranspiration.

The crop evapotranspiration at the 2 days indicates a temporal decrease at noon. The

phenomenon can also be observed on water consumption as in Fig. 7. It was shown that

when the crop evapotranspiration was enhanced during the maximum potential evapo-

transpiration, water supply was insufficient thus both crop evapotranspiration and water

consumption dropped. The phenomenon may be due to the hydraulic conductivity of the

Fig. 8 Relationship between water consumption and crop evapotranspiration for Pot A at Days 55 (left) and
65 (right)

Fig. 9 Potential (continuos line) and crop (dashed line) evapotranspiration for Pot A at Days 55 (left) and
65 (right)
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fibrous system. The water flow may be limited when the root uptake is increased thus

causing temporal reduction of water consumption to the plant. However, the water flow

characteristic by the hydraulic conductivity of the fibrous system has not been investigated

in detail.

Figure 10 shows the relative evapotranspiration of Pot A at Days 45, 55, 65 and 75. It

can be seen that the crop evaporation performance decreased from Day 45 to 55

and increased from Day 55 to 65, when the water supply depth was changed from -11 to

-3 cm.

Potential evapotranspiration calculated by Eq. (2) considered the plant and soil factors

under the standard conditions of crop evapotranspiration ETC as

ETC ¼ KCETO ð5Þ

where KC is a crop coefficient that depends on the plant characteristics, growth stage and

soil moisture content. The standard condition refers to the evaporation demand from crops

that are grown in a large field under optimum soil moisture, management and environ-

mental conditions and achieve full production under the given climatic conditions (Allen

et al. 1998). Crop coefficients are available for most plants (ASCE 1996) and generally

vary with plant characteristics, growth stage and soil moisture content.

The results from Days 55 and 65 were used to determine the crop coefficient KC from

the linear regression of potential evapotranspiration and crop evaporation based on Eq. (5)

as shown in Fig. 11. The regression coefficient in the figure indicates that the crop coef-

ficient differed for each day. The crop coefficient for Pot A at Day 55 was at 0.65 and at

Day 65 at 0.85. From the results, it was understood that the crop coefficient increased when

the soil moisture content increased. The FAO determined the crop coefficient for tomato

Fig. 10 Relative
evapotranspiration for Pot A at
Days 45, 55, 65 and 75

Fig. 11 Regression of potential and crop evapotranspiration at Days 55 (left) and 65 (right)
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with a reference height of 0.6 m in three stages (ASCE 1996). The crop coefficients for the

initial and middle stages are 0.61 and 1.15, respectively. For the final stage, it ranges from

0.7 to 0.9. The crop height for tomato is usually between 1.5 and 2 m and the crop

coefficient may increase to 1.2 in the middle stage. The calculated crop coefficients in this

experiment at 0.65 and 0.85 for a crop height of 1.6–1.7 m were within the reference crop

coefficients by the FAO.

Root distribution

Figure 12 shows the root distribution of the plant in Pot A above the fibrous interface

medium. The root distribution was uniform and covered almost the entire area of the

interface. These findings suggest that root water uptake was very active in this area, which

had the highest soil moisture content (Gregory 2006) near the interface and the water

uptake may have been directly from the fibrous interface medium. This may be the reason

for the immediate increase in water consumption during high evapotranspiration with

minimum effect of soil moisture capacitance in the soil–plant system.

Conclusions

The crop-based irrigation system that combines both a continuous water supply and a

sensing system for the plant-water requirement evaluated in this study based on -11 and

-3 cm of water supply depths. The results showed that the soil moisture content, crop

evapotranspiration and water consumption were affected by the change in water supply

depth in the reservoir. Thus, the optimum irrigation supply for the plant can be achieved by

selecting an appropriate water supply depth. The irrigation management required from the

modified subsurface irrigation system was successfully demonstrated. This system can be

used as a water-saving tool for subsurface irrigation, which has a built-in crop-based

measuring system for crop-water requirement and undisturbed irrigation supply. The

objective of this study, which was to propose a simple strategy for precision irrigation to

meet the plant–water demand, was met. In the future, this study will focus on modeling the

water movement and distribution in the soil–plant system based on the modified subsurface

irrigation system.

22 cm  

Fig. 12 Root distribution above
fibrous interface in Pot A
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