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distribution pattern of water, electrical conductivity, 

and temperature as well as their inter-correlation in 

the lettuce field soil with the cotton mulch, 

compared to those with plastic and zero mulch 

application. This information is essentially required 

for modeling water and nutrients transports within 

lettuce field soil in further steps to support the 

development of a sustainable farming system for the 

lettuce crop. 

 

2. Methodology  

 

2.1. Experimental plot and data collection 

 

The research was conducted at Field Science 

Center, Ehime University, Japan during summer of 

2009 (soil type: decomposed-granite or Masado in 

Japanese, Table 1). Three lettuce plots with 300 cm 

x 100 cm large each were prepared for cotton mulch 

(CM), plastic mulch (PM), and zero or zero mulch 

(C), respectively, and the seeds were sowed on each 

plot with interval of 30 cm x 30 cm (Fig. 1, top). 

Water content, electrical conductivity (EC), and 

temperature of soil with depth of 0-10 and 10-20 cm 

was hourly monitored at each plot by using 5TE 

moisture sensors coupled with EM50 data logger 

(Decagon Devices, Inc.) (Fig. 2, bottom). 

Undisturbed soil samples in the same depths were 

also sampled for laboratory analysis of water 

content, dry bulk density, and saturated hydraulic 

conductivity of soil. Meteorological data, mainly 

precipitation, aerial temperature, relative humidity, 

wind speed, and solar radiation was summarized 

from the local weather station. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(Ehime university farm, Japan) 

 

 

 

 

 

 

 

Fig. 1. Schematic diagram of the field monitoring for water content, temperature, and EC in the lettuce growing 

soil with three different mulches coverage. 

 

Table 1. Physical properties of Shikoku’s decomposed-granite soil 
 

Parameters Value 

Texture (Gravel/sand : Silt : Clay) (Kg Kg
-1

) 82.9 : 9.6 : 7.6 (loamy-sand) 
3)

 

Particle density (g cm
-3

) 2.67 – 2.68 
1)

 

Dry bulk density (g cm
-3

) 1.40 – 1.43 
1)

 

Porosity (%) 60 – 70 
3)

 

Hydraulic conductivity (cm d
-1

) 50.9 – 419.9 
2,3)

 

Soil organic matter or C-N ratio (%) 8.68 – 11.01 
4)

 
 

1) 
Farmanullah et al. (1998); 

2) 
Fujimaki et al. (2004); 

3) 
Dahal et al. (2008); 

4) 
Razafindrabe et al. (2010) 
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2.2. Laboratory analysis and water flow modeling 

 

Prior to field monitoring, 5TE moisture sensors 

were specifically calibrated by using local Masa or 

loamy-sandy soil to gain more representative field 

data. This step was conducted by repacking soil into 

an acrylic cylinder with 8 cm diameter and 7 cm 

height, and followed by sensor operation into sample 

for several seconds. Sensor output (in mV) was 

recorded by using Em50 data logger. Volumetric water 

content of repacked sample was then measured 

gravimetrically by using oven dryer, and then was 

plotted against the output voltage data by employing 

least square method to obtain a calibration formula. 

Soil physical properties mainly dry bulk 

density and saturated hydraulic conductivity were 

measured by using gravimetric and falling head 

method, respectively. The latter was used as one of the 

inputted hydraulic parameters in water flow (K(θ) in 

cm d
-1

) simulation based on the monitored field data 

(Fig. 1, bottom) with help of van-Genuchten model 

(Ritter et al., 2003), as shown in Eqn. (1-3).  

 

         
         

       
 

                             (2) 

 

                     (3) 

 

where, K(θ): unsaturated hydraulic conductivity, as a 

function of volumetric water content (cm d
-1

), Ks: 

saturated hydraulic conductivity (cm d
-1

), Se: effective 

saturation (cm
3
 cm

-3
), θ: actual or field volumetric 

water content (cm
3
 cm

-3
), θr: residual volume wetness 

(cm
3
 cm

-3
), θs: saturated volumetric water content 

(cm
3
 cm

-3
), and n, α, l: fitting parameters 

The hydraulic properties data is usually 

required to determine soil water and nutrients 

dynamics as well as their balance in an agricultural 

field, since the parameters are inter-correlated. In this 

study, water balance at each lettuce plot was 

determined by quantifying the incoming and outgoing 

water flow into root zone over certain period of time. 

The rainfall and irrigation add water to root zone, and 

part of them might be lost by runoff and deep 

percolation toward groundwater recharge. The water 

in the root zone might be also depleted to atmosphere 

by evapotranspiration. Therefore, the dynamic change 

in water within soil profile (∆SW) was calculated by 

using Eqn. (4). 

 

                     (4) 

 

where, P, I, Rn, Pc, and ET: added or depleted water 

by the rainfall (mm), irrigation (mm), runoff (mm), 

percolation (mm), and actual evapotranspiration 

(mm), respectively.  

The ET was determined by comparing ∆SW 

and potential evapotranspiration (ETo, in mm d
-1

) of 

Penman-Monteith (Eqn. (5)), in which if the former is 

superior to the latter, the ET was equalized to the ETo, 

instead of ∆SW, and vice versa (Eqn. (6)). 

 

     
              

   
     

         

            
 

 

     
                                                
                                                 

  (6)   

 

where, Rn: net radiation at crop surface (MJ m
-2

 d
-1

), 

G: soil heat flux density (MJ m
-2

 d
-1

), T: mean daily 

air temp. at 2 m height (
o
C), u2: wind speed at 2 m 

height (m s
-1

), es: saturated vapour pressure (kPa), ea: 

actual vapour pressure (kPa), : slope of vapour 

pressure curve (kPa 
o
C

-1
), and : psychrometric 

constant (kPa 
o
C

-1
).   

 

3. Results and Discussions 

 

3.1. Calibration of 5TE moisture sensors 

 

Fig. 2A shows specific calibration results for 

5TE moisture sensors, of which relationship between 

volumetric water content and output voltage was 

expressed in a linear regression with R
2
 of 0.90. The 

calibrated equation (Eqn. (7)) was reliable within 

range of 0.05 – 0.50 cm
3
 cm

-3
 volumetric water 

content, and was overestimated the default equation 

proposed by Decadon Devices Inc., and also the 

general calibration results of the previous dielectric 

constant-based moisture sensors such as TDR 

proposed by Topp et al. (1980) and Whalley (1993). 

The former was about 5 – 8 % higher in its calculated 

data compared to the latters. Furthermore, fitting the 

data against the gravimetric volumetric water content 

(Fig. 2B) shows that the calculated data agreed well 

with the measured ones with high accuracy (R
2
 = 

0.88) or low error and (RSME = 0.04 cm
3
 cm

-3
). This 

was similar with the results of the specific calibration 

for several upland field soils, namely andosol, 

alluvial, and regosol reported by Wijaya et al. (2003, 

2004) and Wijaya and Kuncoro (2008). The whole 

results above reveals that the specific calibration can 

be more reliable and applicable, as compared to the 

default or general ones, to use for the measurement of 

soil physical properties. 

 

                   (7) 

 

where, θ: calculated or predicted volumetric water 

content by specific calibrated eqution (cm
3
 cm

-3
), and 

v: output voltage of 5TE moisture sensors read by 

EM50 data logger (mV).  
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3.2. Spatio-temporal change in soil water content, 

EC, and temperature 

 

The distribution pattern of water content in 

lettuce growing soil profile with various mulches 

coverage at 0-10 and 10-20 cm depth in response to 

rainfall and irrigation during 20 – 46 days after 

transplanting (DAT) is presented in Fig. 3A. In 

general, the water content change was sensitively 

depended on rainfall or irrigation rate, due to the basic 

characteristics of loamy-sandy soil having high total 

macro-pore inside (Yang et al., 2004; Yamanaka, 

1999). The maximum soil water content with CM was 

higher (0.290 – 0.333 cm
3
 cm

-3
) than that with PM 

(0.297 – 317 cm
3
 cm

-3
) and C (0.267 cm

3
 cm

-3
). The 

higher capability of CM over others in intercepting 

and then distributing rainfall and irrigation water 

downward, as well as in preventing upward water loss 

through evaporation (Tolk et al., 1999) might 

corroborate above results.  

Fig. 3B shows the distribution pattern of EC in 

the lettuce growing soil profile with various mulches 

coverage at 0-10 and 10-20 cm depth during 20 – 46 

DAT. Change in the soil EC, mainly for the cotton 

mulch (CM) plot, strongly corresponded with rainfall 

or irrigation rate, in which it reached a maximum 

value of 0.30 dS m
-1

 when total water supply was in 

highest rate, i.e., 32.1 mm d
-1

. Higher decomposed-

granite content in Masado reflecting higher plasticity 

or cation exchange capacity (CEC) than common 

sandy soils (Nishikawa, 1991) might affect such 

condition. In fact, the plasticity or CEC of a soil 

generally increases with increasing its water content 

(and vice versa), since water might act as an 

electrolyte medium conducting mineral ions to move 

easily through soil pore (Rhoades et al., 1989; 

Rhoades and Corwin, 1981). Furthermore, 

Kachanoski et al. (1988) and Hartsock et al. (2000) 

reported that when clay is low, as it occurs in loamy-

sandy soil, its water content has a greater effect on 

EC. Accordingly, the higher EC value in CM soil, as 

compared to that in PM and C soil, was because of its 

better capability in transmitting the incoming water as 

well as maintaining or holding the underlined soil 

water. 

Unlike EC that had positive correlation with 

rainfall or irrigation rate, soil temperature inversely 

corresponded to both parameters, in which it was 

decreased with increasing water supply rate and soil 

water content (Fig. 4A). This was due to high capacity 

of water in conducting and then transmitting a heat 

from soil after rainfall or irrigation added to 

surrounding profile, hence reduced its temperature. 

Specifically, the soil temperature change in CM plot 

within both depth was lowest, and consecutively 

followed by PM and C plot. Lower capacity of PM, as 

compared to CM, to transmit a heat from soil to 

atmosphere might be a reason for such condition 

(Anikwe, 2007; Tarara and Ham, 1999). On other 

hand, C plot or bare soil could transmit a heat from 

soil to atmosphere as effective as CM, but it also 

absorbed a heat directly from solar radiation, resulting 

in its highest soil temperature. An effective soil 

temperature reducing by CM, mainly in hot-summer 

condition, allowed crop to be healthy grown, since 

leaf and root of the crop are sensitive to hot 

temperature (Ueno et al., 2008; Ueno, 2010).  

Moreover, change in microclimate parameters such as 

aerial temperature and relative humidity were also 

related to rainfall rate (Fig. 4B), and in turn might 

correspond to heat or water vapor rate released from 

lettuce growing soil (Diaz-Perez, 2007). 

 

3.3. Water flow pattern within Lettuce growing soil 

profile 

 

Unsaturated hydraulic conductivity (Kus) is an 

essential parameter to understand, mainly in upland 

agricultures and forests, since it represents the 

dynamic of water in its soil profile (Chen et al., 2009; 

Shinomiya et al., 2001). Having knowledge of Kus will 

help us in quantifying water and nutrient budget 

within certain cropping field including lettuce, which 

is useful to determine an appropriate irrigation 

scheduling (Leenhardt et al., 1998; Andreu et al., 

1997) as well as a suitable dosage of fertilization 

(Wang et al., 2008; Jackson et al., 1994). In this study, 

Kus was predicted by employing evaporation inverse 

analysis (i.e., van Genuchten model in Hydrus-1D) 

based on the observed volumetric water content of the 

lettuce growing soils, especially after heavy rainfall 

and irrigation during 30 – 46 DAT (Fig. 3A). As a 

result, the volumetric water contents of the soils at 10  

and 20 cm depth was fitted well with R
2
 values of 

0.982 – 0.996 (Fig. 5A and Table 2), and it was 

comparable to the results of Takeshita and Kohno 

(1993), Fujimaki et al. (2004), and Yang et al. (2004). 

Concerning with the 1:1 relation, there were a good 

agreement between the predicted and observed 

volumetric water content with R
2
 of 0.996 and RMSE 

of 0.0028 cm
3
 cm

-3
 (Fig. 5B). This suggests that such 

fitted parameters is acceptable for predicting the water 

characteristics and hydraulic conductivity as well as 

modeling water flow in the lettuce cropping soils 

under different mulch coverage. 
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Fig. 2.  Calibration of 5TE sensor: volumetric water content vs. sensor output voltage for specific and 

default/general calibrations (A), and measured vs. predicted volumetric water content (B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Distribution pattern of: water (A) and electrical conductivity (B) in lettuce growing soils with cotton, 

plastic, and zero mulch coverage. 
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Fig. 4. Distribution pattern of: soil temperature (A) and atmospheric temperature and relative humidity (RH) (B) 

in the lettuce plots with cotton, plastic, and zero mulches coverage 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5. Fitted (or predicted) vs. observed volumetric water contents (VWC) of the lettuce growing soils at 10 and  

20 cm depth concerning with: its temporal change during 30 – 46 DAT (A) and 1:1 relation (B). 

 

Table 2. Fitted hydraulic parameters of the lettuce cropping soils with cotton, plastic, and zero mulches coverage 

at 10 and 20 cm depth 
 

 Cotton mulch (CM) Plastic mulch (PM) Zero mulch (C) vG model
5)

 

Parameters 10-cm 20-cm 10-cm 20-cm 10-cm (Masa or Loamy-

sandy soil) 

r 0.138 0.144 0.032 0.0000111 0.00813 0.028 – 0.060 

s 0.298 0.344 0.308 0.317 0.267 0.314 – 0.350 

 0.116 0.272 0.106 0.094 0.0819 0.079 – 0.940 

n 1.335 1.98 1.226 1.140 1.34 1.148 – 1.611 

Ks 27.49 9.79 7.07 1.19 5.92 - 

l 0.5 0.5 0.5 0.5 0.5 - 

R
2
 0.991 0.982 0.961 0.985 0.996 0.690 – 0.820 

SSQ** 0.0000716 0.000332 0.000461 0.000209 0.0000666 - 
5) 

Takeshita and Kohno (1993); Fujimaki et al. (2004); Yang et al. (2004) 
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Fig. 6. Soil water characteristics: matric potential vs. VWC (A) and unsaturated hydraulic conductivity vs. VWC 

(B) of the lettuce soils with various mulches coverage.  
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Fig. 7. Temporal (A) and spatial pattern (B) of soil hydraulic conductivity, in relation to its dry bulk density at 

the end of cultivation period (C), in the lettuce field with various mulches coverage. 
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Fig. 8. Water balance, in term of: (A) temporal change, (B) cumulative, and (C) budget in lettuce cropping field 

with various mulches coverage throughout a cultivation period. 
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due to typically high infiltration rate of sandy soil, it 

was found that soil water loss by percolation tended to 

be higher in C plot (16.47 mm within 10 cm depth or 

5.15 mm within 0-20 cm depth) than that in CM and 

PM plot, of which the value was -3.04 mm -1.43 mm, 

respectively (negative indicated the upward or 

capillary movement of the soil water) (Fig. 8C). 

The above results suggest that the cotton 

mulch is sufficiently effective in maintaining the 

underlined soil water that is available to crop. It not 

only can transmit, and then redistribute the water 

input from rainfall or irrigation within soil profile, but 

also can prevent the upward water loss by either 

evaporation or deeper downward water movement by 

percolation. Such condition may in turn keep the soil 

temperature in suitable condition for crop growth 

(Ueno, 2010; Ueno et al., 2008). Furthermore, the 

cotton mulch is easily biodegraded in soil, which 

contributes to a significant improvement of soil 

physical properties and organic matter (Moreno and 

Moreno, 2008), hence soil water holding capacity. 

Although the plastic mulch is almost as effective as 

the cotton mulch in supporting ET and preventing soil 

loss by percolation (Zhou at al., 200), it has negative 

impact on reducing soil water storage, due to its lower 

transmissible to water input. This plot then may result 

in higher temperature within its soil profile compared 

to the cotton plot. In contrast, the zero mulch may 

allow more water to infiltrate and percolate into the 

deeper profile, thus reduces its soil water holding 

capacity as well as ET. 

Information on the water balance, like as 

shown in Fig. 8, is essentially required to support a 

better water management in a crop cultivation, 

including irrigation scheduling and fertilizer 

application to enhance good yield of the crop 

(Sangare et al., 2012, Pathak et al., 2003).  The water 

balance represents the dynamic movement of water 

within a crop and its surrounding environment over a 

cultivation period, in which the effective water uptake 

by a crop can be determined based on its WUE (water 

used efficiency) coefficient. The WUE coefficient is 

calculated by comparing the total aboveground dry 

matter yield to the cumulative ET value (Mastrorilli et 

al., 1995). In this study, it was expected that the CM 

plot might have WUE higher than PM plot, since the 

former had higher fresh and dry matter compared to 

the latter, even though both ET values were relatively 

similar. The high yield of lettuce crop in CM plot was 

affected by the typical characteristic of the cotton 

mulch, which was transmissible to water from rainfall 

or irrigation to produce an appropriate soil water 

availability and temperature for crop growth. 

Furthermore, it also was easily biodegraded to 

enhance organic matters and nutrients accumulated in 

both the sheet and underlined soil, and to suppress 

weeds in the field up to about 89%, mainly in hot-

summer condition (Ueno, 2010). 

 

4. Conclusions 

 

Water distribution as well as flow in the lettuce 

field soil under various mulches application such as 

cotton mulch, plastic mulch, and zero mulch was 

characterized and modeled with help of 5TE sensor 

specific calibration and Hydrus-1D analysis. The field 

with cotton mulch coverage had higher soil water 

content as well as water holding capacity compared to 

that with plastic and zero mulch, resulted in its higher 

soil water and nutrients availability and lower soil 

temperature than others. The application of the cotton 

mulch into the lettuce field, mainly in hot-summer 

condition might contribute to high yield as well as 

water use efficiency (WUE) of the crop, which was 

corresponded to its capability in maintaining water 

and nutrient availability, good temperature condition, 

and also in suppressing weeds, which is never seen in 

other mulches.  
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