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Abstract
The movement of water into soil is the primary driving force in nutrient transport for crops, and the laws governing this 
movement can be affected by crop roots and plough pans. The main objectives of this study were to monitor the movement 
of water during rain along a soil profile influenced by soybean roots and a plough pan and to assess whether these factors 
influenced the efficacy of using the Richards equation to simulate the transport of soil water along a profile associated with 
a single rain. Experiments and model simulations were carried out. Our results suggested that the soybean field soil may 
have had preferential flow paths. Soybean stems and leaves transferred rainwater that otherwise would have fallen farther 
from the central stalk. The transmission of rainwater by the branches and leaves had a larger effect than the interception of 
rainwater by the branches and leaves. The effect of the root system on the soil particles may increase soil capillary action 
and ultimately increase saturated hydraulic conductivity. Saturated hydraulic conductivity was higher near the surface than 
at depth, because the transmission of water by the root system and the effect of large gaps were greater in the soil near the 
surface. Saturated hydraulic conductivity for both bare land and land covered with soybean plants decreased linearly from 
depths of 0–15 cm along the soil profile, particularly in the presence of a plough pan. We developed a linear equation to 
represent the variation in saturated hydraulic conductivity in the 0–15-cm layer in the black soil area of northeastern China. 
Using our linear model for saturated hydraulic conductivity as a parameter, the Richards equation more accurately simulated 
soil water transport along a profile influenced by soybean roots and a plough pan in rainy conditions.
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Introduction

Rainfall infiltration is an important process that results in 
the formation of soil water. Infiltration is affected by vari-
ous rainfall characteristics as well as by the physical and 
chemical characteristics of soil. The biological environment 
of the soil can also be an important factor (Huang et al. 
2010). Because of the number of factors that influence cul-
tivated land, soil moisture transfer is an important area for 
agricultural scientific research and of great significance to 

agricultural production. The movement of nutrients is also 
important for research into soil water movement, which 
could help scientists and farmers to develop site-specific 
agricultural practices.

Plant roots and plough pans are particularly important 
factors affecting the vertical movement of soil water. Plant 
roots have clear positive effects on the vertical movement 
of soil water. The root network and the consolidation of soil 
with single-particle bonding improve the granular struc-
ture and porosity of soil near the roots, directly influenc-
ing soil permeability (Czarnes et al. 2000; Hagedorn and 
Bundt 2002). However, microgrids are formed at connection 
points to prevent the movement of soil particles. The parti-
cles deposited in these connections enable the direct in situ 
infiltration of runoff (Wang et al. 1996). The presence of 
plant roots increases the number of large gaps in the soil 
layer where roots are distributed. The distribution charac-
teristics of large gaps vary greatly (Qu et al. 1999; Cullum 
2009; Lamandé et al. 2011; Mooney 2002) and decrease 
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with increasing depth (Noguchi et al. 1997; Pierret et al. 
2002), further enhancing the differences in soil hydraulic 
conductivity along the soil profile (Pierret et al. 2002). A 
study by Roberto proposed a model for water infiltration in 
the presence of large gaps (Greco 2002). However, the model 
cannot be applied to scenarios that include plant roots and 
plough pans. The compacted soil of plough pans decreases 
vertical movement (Wilkinson and Aina 1976; Ankeny et al. 
1990, 1995; Freese et al. 1993; Potter et al. 1995; Mohanty 
et al. 1996; Vervoort et al. 2001; Martínez et al. 2008; Ber-
tolino et al. 2010), saturated hydraulic conductivity (Logs-
don et al. 1992; Liebig et al. 1993; Arvidsson 2001), and 
porosity (Alakukku 1996a, b; Richard et al. 1999; Radford 
et al. 2000) and increases bulk density (Horn et al. 1995; Xu 
and Mermoud 2001). There is extensive literature address-
ing the morphological evidence for soil compaction (Horn 
et al. 1995; Gantzer and Anderson 2002), but few studies 
address this evidence as it relates to plough pans (Boizard 
et al. 2002) and their hydrological effects (Bertolino et al. 
2010). The emergence of a plough pan adds complexity to 
the internal soil structure, and with the additional effects of 
crop roots, significant differences in soil water migration 
were observed for homogeneous soil.

The objectives of this study were to determine the effects 
of soybean roots and plough pans on soil water movement 
along a profile during rain by a field experiment and model 
simulation and to test the applicability of the Richards infil-
tration model under the influence of soybean roots and a 
plough pan.

Materials and methods

We focused on water transport during rainfall in soil char-
acterized by a soybean root system and a plough pan. In the 
conceptual model, the soil in the study field was divided 
into two vertically distributed horizontal layers: the soybean 
root system layer and the underlying soil (bulk density of 
the plough pan was 1.38 g/cm3, much higher than the soil 
above the plough pan). Under the influence of large gaps and 
a soybean root system, the saturated hydraulic conductivity 
decreases gradually from the surface in the soybean root 

system layer. Saturated hydraulic conductivity changes very 
little in the plough pan and is much lower than in the plough 
layer above it. By disregarding increases in water supply 
around the root zone due to the interception and conduction 
of the stem and leaf, we assumed that saturated hydraulic 
conductivity decreases linearly in the soybean root system 
layer when large gaps and soybean root systems are present 
and is constant in the plough pan.

Experimental methods

Due to many years of cultivation, a plough pan has been 
formed in the black soil region of Northeast China, one 
of the world’s three largest black soil areas. Experiments 
were carried out in Anda City, in the black soil region of 
Northeast China, located in Heilongjiang Province (46.12°N, 
124.99°E). The experimental soil is classified as a loam in 
the USDA Soil Taxonomy System. The growing season lasts 
for approximately 120–130 days. The effective accumulated 
temperature, defined as days with temperatures ≥ 10 °C, was 
2700 °C for the growing season, and annual rainfall was 
approximately 400 mm. The ground slope is 1/600. The 
basic agricultural soil conditions are shown in Table 1. To 
determine the effects of the plough pan, soybean roots (with 
stem leaf and without stem leaf), and soybean leaves and 
stems on soil water movement, we designed 8 experimental 
treatments and completed 3 replicates of each for a total of 
24 test plots; the area of each trial plot was 40 m2. Treatment 
1 was characterized by bare land, not affected by sowing, or 
soybean coverage; the land remained under natural condi-
tions. Plough pan depth was approximately 13 cm ± 2 cm 
(ridge), plough pan bulk density was 1.38 g/cm3, and soil 
bulk density was greater than 1.23 g/cm3. Treatment 2 areas 
were ploughed deeply enough to break the plough pan, 
with a tillage depth 28 cm ± 4 cm. This treatment had a soil 
bulk density of 1.23 g/cm3 and was characterized by bare 
land with no sowing. Treatment 3 was under natural con-
ditions but with soybean coverage. Plough pan depth was 
approximately 13 cm ± 2 cm (ridge), and plough pan bulk 
density was 1.38 g/cm3. Soil bulk density was greater than 
1.23 g/cm3, and an artificial rainfall intensity of 0.121 cm/
min was applied. Treatment 4 was pre-processed using the 

Table 1  Chemical properties of the soil

Depth (cm) Particle size distribution (%) Organic 
matter  %

Total 
nitrogen 
g/kg

Total phos-
phorus g/kg

Alkaline 
nitrogen mg/
kg

Available phos-
phorus mg/kg

Available 
potassium mg/
kg

pH

Clay Silt Sand

< 0.002 0.002–0.05 > 0.05

0–20 11.23 61.08 27.69 1.52 1.34 0.68 83 29.2 123 7.65
20–40 15.11 65.26 19.63 1.48 0.99 0.62 54 25.0 112 7.67
40–60 15.34 66.11 18.55 1.39 0.78 0.57 53 18.9 118 7.62
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same methods as treatment 3, but soybeans were cut along 
their cotyledon marks before rainfall. Treatment 5 also had 
the same conditions as treatment 3 but with an artificial 
rainfall intensity of 0.121 cm/min. Treatment 6 was the 
same as treatment 4 but with an artificial rainfall intensity 
of 0.148 cm/min. Treatments 7 and 8 used the same pre-
processing methods as treatment 3 but with natural rain-
fall intensities of 0.073 and 0.113 cm/min, respectively. All 
treatments used a planting density of 26.8 million plants per 
hectare. Urea and diammonium phosphate were each applied 
at rates of 55 kg/hm2 before sowing, and the high yield-
ing Suinong 21 variety of soybean was used. Small farm 
tractors had continuously cultivated the field for 21 years 
before the land was tested, and the ploughing depth could be 
adjusted. Furrow ridges were formed after compaction to a 
height of 16 cm ± about 2 cm, and the ridge-till system had a 
ridge width of 0.67 m. The same field management practices 
were used for all treatments. Artificial rainfall experiments 
and natural rainfall observations were completed during the 
grain filling stage of the soybeans.

To observe root characteristics during the grain filling 
stage, plants were cut at the first sign of a cotyledon, and a 
drilling method was used (Jin 2007; Dong et al. 2017). Each 
sample plot included 3 groups, and each group included 
random samples from 3 plots. Plots were located 5.0 cm 
from plants, and sampling depths were 0–15 cm, 15–30 cm, 
30–45 cm, and 45–60 cm with a drill diameter of 15 cm. 
Samples were soaked in water for 12 h. Roots were slowly 
rinsed in a stream of water, and a 100-mesh sieve was placed 
underneath to prevent the loss of roots washed away by the 
water. The plant root analysis system LA-S (wseen) was 
used to determine the characteristics of the root system 
(Liu et al. 2015a, b). Washed root samples were placed in 
a 30 cm × 40 cm Plexiglas tank and injected with water up 
to 3–4 mm deep, with roots fully spread. A double-sided 
light scan analysis was used to determine root length, sur-
face area, volume, and diameter (Jin 2007). Root biomass 
was measured after drying roots in an oven set to 70 °C. 
To sample the soil moisture profile, fields were covered 
with a canopy immediately after rainfall, and 1 soil sample 
was taken every centimetre along the vertical soil profile 
from depths of 1–20 cm. A soil drill (Xing Xing instrument 
equipment, Yangling, China) was used to collect samples 
for determining the initial soil water content before a rain 
(Table 2), with one sample collected every 3.0 cm from 
depths of 1–6 cm and one sample collected every 5.0 cm 
from 7 to 20 cm. To measure the soil moisture content using 
the drying method (Dong et al. 2017), the oven temperature 
was set to 105 °C for more than 12 h. One rainwater sample 
per minute was collected using a gauge 20 cm in diameter 
(TPJ-32). Soil samples were collected immediately after the 
rain stopped along a vertical section at 10-mm intervals to 
analyse their water contents from 1 to 25 cm along the soil 

profile. The main components of the rain simulator (artifi-
cial rain experiments) (NLJY-09-2, Nanlin Electronics Tech-
nology, Nanjing, China) were a set of nozzles 4.0 m above 
the soil surface. Rain intensity could be adjusted from 0 to 
150 mm h−1. The length and width of the controlled area 
of the apparatus were 400 and 200 cm, respectively. The 
target field was covered with a 600 × 300 cm canopy before 
each rain to minimize the influence of natural rain inten-
sity. The canopy was quickly removed when the intensity 
became uniform. Saturated water content, bulk density, and 
porosity (capillary:pores with obvious capillary action; large 
gap:pores without capillary action, and the water movement 
in the continuous large gap is dominated by the gravity 
potential) (Beven and Germann 1982) along the profile were 
determined as described by Liu and Li (1983). The position 
of the plough pan was determined by the bulk density. Water 
retention was determined as described by Fu et al. (2008). 
The other soil parameters were obtained for the vertical and 
horizontal (Wang et al. 2002) soil columns using infiltration 
experiments and the double-ring method (Yuan et al. 1999).

Water movement equations

The one-dimensional vertical movement of soil water is usu-
ally described by the Richards equation (Wallach et al. 1988; 
Gao et al. 2004, 2005; Dong and Wang 2013):

where t  is time (min), θ is water content (%), D(θ) is the 
soil–water diffusivity  (cm2/min), K(θ) is the unsaturated 
hydraulic conductivity (cm min−1), θ(z, t) is the water con-
tent at depth z (%), and z is the vertical depth of the soil (cm). 
The initial and boundary conditions imposed on Eq. (1) are

where �i is the initial soil–water content (%) and i is the 
infiltration capacity of the soil (cm/min).

(1)
��(z, t)

�t
=

�

�z

[

D(�)
��(z, t)

�z
− k(�)

]

(2)
𝜃 = 𝜃i t = 0 z ≥ 0

D(𝜃)
𝜕𝜃(z,t)

𝜕z
− k(𝜃) = −i t > 0 z = 0

𝜃 = 𝜃i t > 0 z → ∞

Table 2  Initial soil moisture content for multiple rainfall treatments

Depth (cm) Treatments 3, 
4, 5, 6 (%)

Treatment 7 (%) Treatment 8 (%)

1–3 14.3 13.1 15.2
4–6 19.4 18.2 17.4
7–9 22.3 22.1 21.7
10–15 22.4 22.3 21.8
16–20 22.3 22.3 21.8
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The soil–water diffusivity, D(θ), and the unsaturated 
hydraulic conductivity, k(θ), for the hydraulic properties 
of porous media were determined using the Brooks–Corey 
model (Brooks and Corey 1964):

where n and m represent shape parameters (m = 2 + 3n), hd 
is the air entry suction, l is the pore tortuosity (2 in the 
Brooks–Corey model), θs is the saturated water content 
(%), θr is the retention water content (%) measured with the 
method used by Fu et al. 2008, and θ is the soil water content 
(%). θs and θ are measured directly. Vertical and horizontal 
infiltration was determined using soil column experiments 
following the method described by Wang et al. (2002) to 
determine the parameters Ks (saturated hydraulic conductiv-
ity), n, and hd (Table 3).

According to Parlange (1971, 1972), the boundary con-
ditions from the start of rainfall to soil saturation can be 
expressed as (Dong and Wang 2013):

where �0(t) is the water content of the soil surface (%). Equa-
tion 6 is given by the Parlange transformation of Eq. 1. The 
boundary conditions of the surface soil water content were 
obtained by combining D(θ) and K(θ) with Eq. 6. The water 
movement in the soil (Eq. 1) could then be determined using 
a number of different numerical methods.

Consistency between the model simulations and the 
measured soil water content data were quantified using 
root mean square errors (RMSEs) (Willmott 1982). The 
RMSE can be expressed as:

where N is the total number of data points, Pi is a simulated 
data point, and Oi is a measured data point.

(3)K(�) = Ks�
m

(4)D(�) =
KShd�

l+1∕n

n(�s − �r)

(5)� =
� − �r

�s − �r

(6)�
�
0
(t) = −

i

�0(t) − �i

K[�0(t)] − i

D[�0(t)]

(7)RMSE =

�

∑N

i=1
(pi − oi)

2

N

Results and discussion

Changes in infiltration rates

Figure 1 shows changes in saturated hydraulic conductivity 
along the soil profile and linear regressions for saturated 
hydraulic conductivity from 0 cm to 15 cm along soil pro-
files for treatments 1, 2, and 3. Compared to Fig. 1a–c, the 
saturated hydraulic conductivity for the three treatments 
is more variable and covers a wider range (treatment 1: 
0.0241–0.0261 cm/min; treatment 2: 0.0217–0.0262 cm/
min; treatment 3: 0.0212–0.0280 cm/min). The saturated 
hydraulic conductivity decreased from 0.024 to 0.021 cm/
min in the presence of a plough plan (Fig. 1a, b), as dem-
onstrated in the previous studies (Wilkinson and Aina 
1976; Ankeny et al. 1990, 1995; Freese et al. 1993; Potter 
et al. 1995; Mohanty et al. 1996; Vervoort et al. 2001; 
Martínez et al. 2008). The maximum saturated hydraulic 
conductivity was nearly the same both above the plough 
pan and without soybean root influence at 0.026 cm/min. 
With the addition of soybean roots and stem leaves, the 
saturated hydraulic conductivity was higher than when 
measured without soybean coverage (0.028  cm/min). 
These results suggest that saturated hydraulic conductivity 
is reduced by plough pans and increased by soybean roots. 
Czarnes et al. (2000) suggested that the stabilization of the 
soil structure around the root system was due to two inter-
active effects: an increase in the bond strength between 
particles and a decrease in the wetting rate. The effect 
of the root system on soil particles (Czarnes et al. 2000) 
may increase soil capillary action, ultimately leading to 
an increase in saturated hydraulic conductivity. Hagedorn 
and Bundt (2002) reported predominant flow paths in the 
forest soil of their study. Our results also suggested that 
our soybean field soil may have had preferential flow paths 
(Hagedorn and Bundt 2002).

The plough pan located approximately 13–24 cm deep 
demonstrated the most obvious change in hydraulic con-
ductivity (Fig. 1a–c). The saturated hydraulic conductivity 
decreases linearly in the soil layer above the plough pan for 
three treatments, as shown in Fig. 1. Figure 1d–f shows the 
measured saturated hydraulic conductivity from the surface 
to a depth of 15 cm compared with values generated from 
a linear model. The modelled data for saturated hydraulic 
conductivity were highly correlated with the measured data 
(Fig. 1d–f). The RMSEs for simulated and measured data are 
0.013 cm/h, 0.035 cm/h, and 0.021 cm/h. The coefficients 
of determination are 0.96, 0.91, and 0.98. This demonstrates 
that the linear model accurately captured temporal variations 
in saturated hydraulic conductivity.

Some researchers have noted that soybean roots are pri-
marily present in the top 15 cm of soil, particularly when 

Table 3  Soil parameters for the model

Soil θs (%) θr (%) n l hd

Loom 46.1 5.7 0.12 2 33.67
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a plough pan is present (Mitchell and Russell 1971; Jin 
et al. 2007). Due to the alternation of wet and dry condi-
tions and temperature changes when the surface of soil 
is broken, water conductivity is enhanced. The distribu-
tion of large gaps was higher in the 0–15-cm layer than 
below 15 cm (Table 4) in 2014 and 2015, especially with 
a plough pan. The distribution of large gaps in the 15–30-
cm layer with a plough pan averaged 0.40 times that of the 
soil without the plough pan for both years. The plough pan 

intensified the differences between the 0–15 and 15–30-cm 
layers. The increase in soil macropores in the 0–15-cm 
layer may have been influenced by interspersed plant roots, 
except for turning the ploughing. The characteristics of 
the distribution of soil macropores were consistent with 
previous conclusions (Noguchi et al. 1997; Pierret et al. 
2002) on the increase in the number of large gaps caused 
by plant roots. Under the influences of transmission by a 
soybean root system and large gaps (Table 4), the saturated 

Fig. 1  Saturated hydraulic 
conductivity along the soil 
profile for no soybean coverage 
or plough pan (a); no soybean 
coverage with a plough pan (b); 
and soybean coverage and a 
plough pan (c) conditions and 
linear regressions of saturated 
hydraulic conductivity along a 
soil profile from 0 to 18 cm for 
three conditions (d–f)
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hydraulic conductivity of soil near the surface was greater 
than that at deeper depths; Pierret et al. (2002) reported 
that the magnetic characteristics of large gaps increased 
the differences in soil hydraulic conductivity along the soil 
profile. Our results further indicated that the relationship 
between saturated hydraulic conductivity and depth was 
linear (Fig. 1d–f). The linear equation for depth and satu-
rated hydraulic conductivity with soybean coverage and a 
plough pan for our experiments was:

where Ks is the saturated hydraulic conductivity (cm/min) 
and x is the depth along the soil profile (cm). The coefficient 
of determination for the model and experimental data was 
0.93.

(8)Ks = − 0.0006x + 0.0303

The linear equation could more accurately represent the 
variation in saturated hydraulic conductivity (Ks) in the 
0–15-cm layer in the presence of soybean coverage and a 
plough pan. The constant Ks was typically used as a param-
eter in earlier studies (Gao et al. 2004; Deng et al. 2005; 
Dong and Wang 2013). Figure 2 shows a comparison of 
simulated soil moisture using a linear function and the aver-
age value of saturated hydraulic conductivity. From depths 
of 0–10 cm, the soil moisture content modelled with a linear 
function is higher than the average value, with the reverse 
being true from depths of 11–25 cm. This is because the 
average value was less than the modelled value from 0 
to 10 cm and higher than the modelled value from 11 to 
25 cm. One particular concern is the discrepancy between 
simulated and average times from the start of rainfall to the 
first observation of runoff. The numerical values obtained 

Table 4  Soil porosity with and without a plough pan (PP)

Depth (cm) 2014 2015

No PP PP No PP PP

Large gap (%) Capillary 
porosity (%)

Large gap (%) Capillary 
porosity (%)

Large gap (%) Capillary 
porosity (%)

Large gap (%) Capillary 
porosity 
(%)

0–15 24.12 27.34 23.59 27.11 24.34 27.31 24.02 27.42
15–30 16.89 28.45 6.78 27.28 17.03 28.56 6.82 27.47
30–45 9.53 28.45 8.83 28.74 9.58 28.55 8.79 28.80
45–60 8.48 29.95 8.51 29.88 8.52 29.85 8.58 29.78
60–75 8.31 30.52 8.48 29.99 8.36 30.34 8.45 30.01

Fig. 2  Model simulation values were compared with either the average saturated water conductivity or the linearly varying saturated water con-
ductivity as a parameter
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by the average saturated hydraulic conductivity are 17 min 
and 13 min; thus, a notable discrepancy occurs. To obtain a 
more accurate measure of tp (the time from the beginning of 
rainfall to observed runoff), saturated hydraulic conductivity 
(Ks) is a key parameter to use in calculations.

The air entry suction changed with soil bulk density and 
had a profound impact on infiltration. The bulk density 
above the plough pan varied little, and the properties of the 
soil were similar along the profile in our experiments. We 
thus assumed that air entry suction was constant.

Soil water content in the soil profile

The saturated water conductivity varied linearly as depth 
increased when using the numerical method to simulate 
soil water movement in the profile (Eq. 8). Six experiments 
(treatment 3 to treatment 8) were used to test the model. 
The measured and simulated times from the start of rain-
fall until the start of runoff (tp) and RMSEs are listed in 
Table 5. The time step in the simulations was 1 min, the spa-
tial step was 1 cm along the soil profile, and the simulated 
data agreed very well with the experimental observations, 
as shown in Table 5. Time to the onset of runoff (tp) is a 
very important parameter, particularly in the calculation of 
runoff volume (Gao et al. 2004; Deng et al. 2005; Dong and 
Wang 2013). If the saturated hydraulic conductivity is larger 
than the actual saturated hydraulic conductivity, the infiltra-
tion of water and the time (tp) of runoff setup will increase, 
which will decrease the runoff volume. In contrast, if the 
saturated hydraulic conductivity is smaller than the actual 
saturated hydraulic conductivity, the infiltration of water 
will decrease, the runoff setup time (tp) is shortened, and 
the runoff volume will be larger. The comparison between 
simulated and measured values (tp) and RMSEs (Table 5) 
shows the superiority of the model parameters which used 
linear variation in saturated hydraulic conductivity to further 
illustrate that the linear model of saturated hydraulic con-
ductivity can accurately reflect the water movement process. 
Soybean branches and leaves protect the soil surface during 
rain, which minimizes the destruction of soil particles and 
maintains surface soil porosity. Liu et al. (2015a, b) reported 
that the maximum interception capacity of soybean was 

122.84 g/m2. The time to the onset of runoff, tp, would thus 
be shorter without than with stems and leaves. Our results, 
however, suggested the opposite (Table 5), perhaps because 
the conduction of water by the branches and leaves played 
a role. Soybean stems and leaves affected the uniformity of 
the water supply to the surface of the soil and transferred the 
rainwater that would otherwise have fallen on other locations 
of our experimental sampling points.

Figure 3 shows a comparison between the model results 
and the measured experimental soil water content for two 
different rainfall intensities (artificial rainfall at 0.121 cm/
min and 0.148 cm/min) after 35 min and 25 min of rainfall, 
respectively. Figure 3 demonstrates that the simulated data 
show a high level of correlation with temporal changes in 
soil moisture content for the two experiments. The changes 
in soil moisture content occurred above a depth of 15 cm 
in both experiments. In these two experiments, the wetting 
fronts only slightly contact the plough pan. Rainfall in the 
study area was heavy and of short duration, so it was dif-
ficult for the wetting front to reach the plough pan after a 
single rain event. In soil 0–8 cm deep, modelled soil mois-
ture content was lower than measured soil moisture content 
(Fig. 3). This may be due to the increased water supply to the 
area around the roots caused by interception and conduction 
by the stem and leaves. These results agree with those in 
Table 5. Overall, the effect of the soybean stems and leaves 
was to transmit the rainwater that should have fallen on other 
locations by diverting water from the ground sampling area 
near the plant. The RMSEs values for modelled values and 
measured values for two simulated rainfalls were 1.11% and 
1.18%.

Figure 4 shows a comparison of model results with the 
measured experimental soil moisture content for two arti-
ficial rainfall experiments in which stems and leaves were 
removed. By comparing Figs. 3 and 4, we can observe that 
the model better predicted values for scenarios with stems 
and leaves removed than with stems and leaves intact; the 
RMSEs are 0.60% and 0.93% (Table 5). The measured times 
in the runoff setup were 11.96 min and 12.03 min, closer 
to modelled values than those with stems and leaves intact 
(Table 5). These results further illustrate that using a linear 
model for saturated hydraulic conductivity is the superior 
approach.

Figure 5 illustrates a comparison of model results with 
the experimental soil moisture content for two natural 
rainfall experiments. The measured and simulated tp and 
RMSEs are shown in Table 6. These results show that the 
model captured temporal variations in water content in 
the soil profile under natural rainfall conditions. Because 
of uneven rainfall intensity, this model is less accurate 
than the artificial rainfall experiments. However, the 
results still indicate that by using a linear model of satu-
rated hydraulic conductivity as a parameter, the Richards 

Table 5  Measured and simulated times (tp) and the RMSEs during 
two simulated rainfall events

Rainfall intensity (cm/min) Meas-
ured tp 
(min)

Simu-
lated tp 
(min)

RMSE (%)

With stems and leaves 0.121 11.59 13 1.11
0.148 11.62 11 1.18

Stems and leaves removed 0.121 11.96 13 0.60
0.148 12.03 11 0.93
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equation can be used to simulate water transport in soil 
profiles with soybean roots and plough pans.

Sensitivity analysis

This study primarily focused on changes in saturated 
hydraulic conductivity in systems affected by the presence 
of soybean roots and plough pans and how these changes 
influence the soil water transport model. In the study 
area, saturated hydraulic conductivity ranged from about 
0.021 to 0.028 cm/min. Thus, we investigated changes 
in soil water content as saturated hydraulic conductivity 
changed from 0.021 to 0.028 cm/min. Figure 6 shows 
that the simulated data changed with variations in satu-
rated hydraulic conductivity. The tp for three conditions 
is 8.0, 9.0, and 11.0 min (0.021 cm/min, 0.023 cm/min, 
and 0.025 cm/min). These results suggest that the wetting 
front simulated by the Richards equation reaches a greater 
depth along a soil profile when saturated hydraulic con-
ductivity is increased from 0.021 to 0.025 cm/min and 
that the Richards equation is sensitive to the change of 
saturated hydraulic conductivity.

Conclusions

In the study area, the wetting front for a single rainfall is 
distributed nearly above the plough pan. In the outdoor 
fields, both bare land and land covered with soybeans had 
a decrease in infiltration rates from 0 to 15 cm along the 
soil profile, particularly when a plough pan was present. 
Saturated hydraulic conductivity decreased linearly. This 
is due to the soybean root system transmission and the 
effect of large gaps on the soil near the surface, which 
resulted in a greater saturated hydraulic conductivity 
near the surface than at depth. Soybean stems and leaves 
affected the uniformity of the water supply to the surface 
of the soil and transferred the rainwater that would oth-
erwise have fallen on other locations near the bases of 
the plants. The effect of the transmission of rainwater by 
the branches and leaves was larger than the interception 
of rainwater by the branches and leaves. The effect of the 
root system on the soil particles may increase soil capillary 
action, further leading to an increase in saturated hydraulic 
conductivity. The soil of the soybean field may have had 
preferential flow paths. A linear equation can accurately 

Fig. 3  Comparison of model results with the experimental soil moisture content for two artificial rainfalls with both soybean coverage and exist-
ing plough pan conditions
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Fig. 4  Comparison of model results with the measured experimental soil moisture content for two artificial rainfall experiments with stems and 
leaves removed

Fig. 5  Comparison of model results with the experimental soil moisture content for two natural rainfall experiments
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reflect variation in saturated hydraulic conductivity above 
plough pan. Using a linear model for saturated hydraulic 
conductivity as parameter, the Richards equation can accu-
rately simulate soil water transport a long a soil profile 
under rainfall conditions.
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