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Abstract.

The soil water movement under different biochar treatments of the black soil region in Northeast China
was simulated by the Hydrus-1d software in this paper. The simulation errors were between -5.12% and
9.15%, within the £10% range. with the increasing amount of biochar applied, the residual soil moisture
content and the shape parameter were decreasing, while the saturated soil moisture content and the
reciprocal of air inlet value were increasing. The difference between the saturated and residual water
content was getting bigger with the increasing amount of biochar applied, which improved the available
soil moisture content, a beneficial factor of crop growth. With increasing the amount of biochar applied,
the moisture rate in the soil profile clearly increased, soil water redistribution curve right shifted
significantly, which indicated that biochar can greatly improve the water retention ability of the soil.
Furthermore, the soil moisture content increased when the soil depth was more than 50 cm. The effects of
biochar on soil moisture diminished rapidly.

Keywords: farmland, Northeast China, soil water distribution, simulation model application, biochar
application

Introduction

Hydrus-1d is a software for the simulation of water, energy and solute movements in
saturated and unsaturated porous media, developed by US Salinity laboratory. It has
been widely used in the analysis of the processes of water movement and solute
migration in unsaturated and porous media. Simunek et al. (1999) and Simunek et al.
(1996) used it to calculate the parameters of soil water movement and solute migration.
Tang et al. (2011) simulated the soil water infiltration process of the snow melting in
the desert region based on the Hydrus-1d, and the simulation deviation was small. Chi
et al. (2014) used the modified Richards equation to simulate soil water infiltration and
solute migration processes. Ma et al. (2011) studied field water cycle regularities in
Huabei Plain by means of Hydrus-1d, and the simulation precision of the model was
high. Liu et al. (2018) simulated the soil water infiltration process for different soils,
and revealed the relationship between the soil water distribution, soil types, and amount
and rate of irrigation water after 24 h of irrigation.
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Biochar is a substance in the state of solid particles, which is produced from some
wastes such as crop straw, animal manure, etc. under high-temperature and hypoxia
(Wei et al., 2018b). Many studies showed that biochar application could both increase
and decrease the bulk density and the total porosity of the soil separately, and these
changes could affect its water capacity (Wei et al., 2018a). Furthermore, due to the
higher moisture absorption ability of biochar, soil water capacity could be increased
(Xiao et al.,, 2015; Qi et al., 2014), along with the improvement of plant growth
(Oguntunde et al., 2008). In addition, it also could affect soil organic matter, aggregate,
pH value, etc. to some extent. It would also be possible to influence soil water
diffusivity, dispersion coefficient and unsaturated hydraulic conductivity significantly,
which in turn would affect soil water storage and movement (Mukherjee et al., 2013;
Mankasingh et al., 2011; Novak et al., 2012; Wei et al., 2016; George et al., 2012; Li et
al., 2014). As a result of previous studies some researchers are turning their attention
towards the effects of biochar on soil water movement. When biochar is applied to clay,
the soil water contents, soil water infiltration rates and accumulated infiltration water
amount could all be increased (Cen et al., 2016). By changing the amount of biochar
soil water infiltration rate and the amount of accumulated infiltration water were
influenced at varying rates under different salinization degrees (Liu et al., 2017). When
the soil moisture content was lower than 0.4 cm®cm?, biochar could lower the soil
water diffusivity, and when it was higher than 0.4 cm3/cm3, the results were the opposite
(Liu, 2017). Few researches have studied and simulated soil water movement in the
black soil region of China, and this research could prove helpful for soil water
management in the region.

The soil water movement simulation and analysis in this paper would provide a basis
for the efficient utilization of soil and water resources, and the protection of the black
soil region in northeastern part of China.

Materials and methods
The experimental area

The experiment area was located in a sloping farmland with a 3 degree slope gradient
in the Hongxing state farm of Heilongjiang province, China (Fig. 1).
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Figure 1. Location of the experimental site
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The soil type was meadow black soil with 21.93% of sand (>0.02 mm), 44.21% of silt
(0.02~0.002 mm) and 33.86% of clay (<0.002 mm) in mass fractions, 86.3 g/kg organic
matter content, 18.5 mg/kg, 18.5 mg/kg of ammonium nitrogen, 58.5 mg/kg of available
phosphorus, 151 mg/kg of available potassium, and the pH value was 6.3 (Wei et al.,
2016). The raw material of the biochar was corn straw and was purchased from the
Jinhefu agricultural development company of Liaoning province near the experimental
site. It was formulated under 450 °C temperature and anaerobic conditions. The particle
size of the biochar was 1.5~2.0 mm, the contents of total C, total N, total P and total K
were 70.21%, 1.58%, 0.73% and 1.66% respectively, and the pH value was 9.36 (Wei et
al., 2016).

Experimental design

Five different amounts of biochar were applied (0, 25, 50, 75 and 100 t/hm?) in
different field plots with 5 m of width and 20 m of length, named CK, C1, C2, C3 and
C4 treatments respectively, among which CK was the control treatment.

Before seeding, the top 0-25 cm of the soil layer was loosened, followed by the
artificial mixing of biochar into the soil, after which a waiting period took place until
the seeding of the soybeans. The soybean variety used was Heihe number 3.

The fertilizer supply was as follows; NPK compound fertilizer with 13% of N, 25%
of P20s and 10% of K>O was supplied at the seeding stage, with a supply amount of 450
Kg/hm?,

The items and methods of the observations

Soil matric potential was measured using tensionmeters installed in the soil layers at
10, 20, 40, 60, 80, 100, 120 and 140 cm below soil surface.

Meteorological data was measured using automatic weather station located in the
experimental site.

Soil water content was measured using the TRIME-T3 Pipe Soil Moisture
Measurement System made in Germany.

Simulation calculation
Brief introduction of Hydrus-1d

Hydrus-1d is a model annunciated by the international center of ground water
simulation (Liu et al., 1998) with 5 modules used for different calculations, including
water movement, solution migration, heat conduction, plant-root water uptake and plant-
root growth. The water movement module can be specifically used for unsaturated soil
water movement simulation, and not only does it take plant-root water uptake into
consideration, but also modifies the lagging of soil water holding capacity. It’s widely used
in soil water movement simulation (Wang et al., 2005, 2012; Lai et al., 2015) and the
results are more precise. The boundary conditions of the model are comprehensive, in
which the upper boundary conditions include constant water head, constant water flow,
atmospheric boundary, variable water head, variable water flow and atmospheric boundary
condition surface with run-off; while the lower boundary conditions include constant water
head, constant water flow, variable water head, variable water flow, freedom drainage,
deep layer drainage, leached surface and horizontal drainage. Some boundary conditions
are variable-boundaries and correspondent variable conditions should be imputed.
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For the calculation of water movement the classical equation of Richards was used,
taking the soil surface as the abscissa while the direction of the Z axis is downwards,
then the basic equation of unsaturated soil water movement is as follows.

00 _ 2 (), K(0)
E_az(D(e)éz)Jr e +S (Eq.1)

Where 6 is soil water content; h is suction head; k is unsaturated soil water
conductivity; S is plant-root water uptake, which would be 0 when no plants are
present in the soil surface; and D(6) is soil water diffusivity.

The model can be divided into a single pore model and a double pore model, and the
Van Genuchten-Mualem model which was developed from the single models of Van
Genuchten (1980) and Mualem (1975), its basic equation is as follows:

aaulﬁif%ph<o
o (=" li+an) (Eq.2)

0,,h>0

Where, 6, is the residual soil moisture content; 6, is saturated soil moisture content;

h is pressure water head.

Considering the effect of suction head on plant-root water uptake, Feddes function
was used to calculate the actual transpiration rate according to the potential transpiration
rate. Its basic equation is as follows:

0,h=h, h<h;

m_h,mshsm;
hl_hz

alh)= Lh,<h<h,: (Ea-3)

h—h,
h,—h,

h, <h<h,;

Where, h is soil water potential, cm; h, is the negative pressure value when the soil
pores are full of water; h, is a negative value when the soil water reaches the water
holding capacity; h, is a negative value when the capillary bond is disrupted due to
plant consumption and evaporation from the soil surface; and h, is a negative pressure
value when permanent wilting occurs.

Definite conditions

1) Initial conditions
The initial condition is the negative pressure value of every soil layer in the
beginning.
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h(z,0)=hy(z).2>0 (Eq.4)

2) Boundary condition
The experimental plots were in a sloping farm land with a 3 degree gradient, thus the
soil surface boundary condition was:

il

~| = q(z.t) (Eq.5)

7l

There should be no surface water when the rain intensity is lower than the infiltration
intensity, which is:

- k(H)(% +1j =R(t),z>0 (Eq.6)

And surface water will accumulate when the rain intensity is higher than the
infiltration intensity, which is:

h(0,t)=H(t)t>0,z=0 (Eq.7)

Where, q(z,t) is the water flux density in the soil surface boundary; Ri(t) is the rain
intensity; and H(t) is the depth of surface water.

The parameters to be measured are residual soil moisture content 6, ; saturated soil
moisture content &, ; reciprocal of air-entry value a and shape factor n; soil water
content @ ; pressure water head h; saturated water conductivity K ; soil texture and

soil layer thickness d ; inclined degree of soil layer; times at which the simulation is
started and finished, etc..

The above soil hydraulic parameters were obtained from soil water characteristic
curves which were determined using a Hitachi CR-21G3 centrifuge manufactured in
Japan. 8 levels of speed were set (500, 1000, 1500, 2000, 3000, 4000, 5000 and
6000 r/min), and the centrifugal time for each speed level was 100 min. Ks was
measured with the double-rings method in the field plots, and the Ky value was

calculated according to Daxi law, K¢=0.75 cm/h.
Unsaturated soil water conductivity was determined with the following equation:

(Eq.8)

The water diffusivity D(@) was determined using an infiltration method of
horizontal columns.
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Results and analysis
Soil hydraulic characteristic parameters

Soil water holding capacity is reflected in the soil water characteristic curves. The
Van Genuchten model in Hydrus-1d had good fitting effects for the experimental area
(Liu, 2017; Wang, 2016), thus it was used to fit the soil water characteristic curve of
every treatments. The fitting results of soil hydraulic characteristic parameters was
shown in Table 1. The VG model was more effective, the fitting precision was higher
than 0.995, the values of RMSE for every treatment ranged from 0.516 to 1.219, thus all
the parameters can be used for soil water movement simulation.

With the increase of the amount of biochar applied, the residual soil moisture content
and the shape parameter were decreasing, while the saturation moisture content and the
reciprocal of air inlet value were increasing. The difference between the saturated and
residual water content were getting higher with increasing the amount of biochar
applied, which greatly improved the available soil moisture content, a beneficial factor
for crop growth.

Table 1. Parameters for the Van Genuchten model

Residual soil Saturated soil | Reciprocal of air Shape
Treatment | water content 6-| water content 6s inlet value a p Fitting goodness R? RMSE
3 3 33 " parameter n
(cm*cm™) (cm*cm™) (cm™)
CK 0.10787 0.42188 0.00818 1.66675 0.9956 0.852
C1l 0.10712 0.43591 0.00918 1.61491 0.9972 1.295
Cc2 0.08200 0.45146 0.01166 1.47769 0.9995 0.516
C3 0.08061 0.47913 0.01416 1.45699 0.9996 0.793
Cc4 0.07313 0.48606 0.01506 1.41372 0.9995 1.141

Model validation

The CK treatment and the rain with 26 mm of total rain-water and 2 h duration
occurred on the 22" of July 2015 were chosen for the model validation. Compare the
actual soil water redistribution curves and their simulation results, and calculate their
errors to check the model’s reliability and accuracy. Figure 2 shows the soil water
redistribution at 20 min, 12 h, 24 h and 48 h after rain and their simulations. The actual
value and simulation value were close.

The simulation errors were showed in Table 2. The simulation errors were between -
5.12% and 9.15% which were within £10%. The results showed that the simulation
model was reliable and accurate, and that the model could be used for soil movement
simulation.

Table 2. Simulated and measured soil water redistribution data and its errors

Depth 20 min Errors 12h Errors
(cm) Measured | Simulated (%) Measured | Simulated (%)
10 0.3391 0.3540 4.39% 0.3412 0.3261 -4.43%
20 0.311 0.3205 3.05% 0.3021 0.3294 9.04%
40 0.3082 0.3036 -1.49% 0.3381 0.3303 -2.31%
60 0.2913 0.3016 3.54% 0.3083 0.3252 5.48%
80 0.3059 0.2996 -2.06% 0.3278 0.3177 -3.08%
100 0.2921 0.2976 1.88% 0.3010 0.3131 4.02%

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(2):4183-4192.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1702_41834192
© 2019, ALOKI Kft., Budapest, Hungary



Wau et al.: Simulation of soil water movement under biochar application based on the Hydrus-1d in the black soil region of China
- 4189 -

Table 2. (cont.) Simulated and measured soil water redistribution data and its errors

Depth 24 h Errors 48 h Errors
(cm) Measured | Simulated (%0) Measured | Simulated (%0)
10 0.3021 0.3130 3.61% 0.2921 0.301 3.05%
20 0.2981 0.3168 6.27% 0.3221 0.3044 -5.50%
40 0.3381 0.3208 -5.12% 0.2964 0.3099 4.55%
60 0.3253 0.3222 -0.95% 0.3263 0.3139 -3.80%
80 0.3301 0.3221 -2.42% 0.3138 0.3164 0.83%
100 0.3171 0.3217 1.45% 0.2907 0.3173 9.15%
Soil moisture content (cm?cm>) Soil moisture content (cm?cm3)
0.25 0.3 0.35 0.4 0.45 0,25 03 0,35
0 0
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30 30
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Figure 2. Calculated and measured soil water redistribution after rain for the CK treatment
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Simulation results

The rainfall with 19 mm of total rain-water and 1 h duration occurred on the 22" of
July 2015 was chosen to simulate the soil water distribution at 48h after rain. The
results was shown in Figure 3. The figure showed that with increasing the amount of
biochar, the curves right shifted, especially in the case of the soil layer at a 0-50 cm
depth, which means that the soil water content in the profile was increasing as well.
However, below the soil depth of 50 cm, the soil water content changes were not
significant, the reason for which is the fact that the biochar was applied to the upper
layer of the soil, which made the soil porosity of the upper layer higher than that of the
deeper layers. Thus with the depth increase, the soil water content reduced sharply, and
with the increase of the amount of biochar applied, the soil water contents were also
increasing by a small increment.

Soil moisture content(cm3-cm™)
028 0285 029 0295 03 0305 031 0315 032
0

Depth (cm)
[=)]
[an]

CK Cc1 c2 3 —(C4

Figure 3. Simulation results of water content in the soil profile for different treatments

Conclusions

(1) With the increasing amount of biochar applied, the residual soil moisture content
and the shape parameter were decreasing, and the saturated soil moisture content and
the reciprocal of air inlet value were increasing. The difference between the saturated
and residual water content increased with the amount of biochar, which greatly
improved the available soil moisture content. Moreover, biochar treatment can improve
soil water redistribution conditions, increasing the soil water holding capability in the
cultivated layer, which should be beneficial to the growth of crops.

(2) The errors of soil water movement simulation based on the Hydrus-1d software
were between -5.12% and 9.15% which is within £10%. It could be used for soil water
movement simulation under biochar application in the black soil region of Northeast
China.

(3) The results above have a great significance for soil and water resources utilization
and the protection of the black soil region of Northeast China. However, the research
was limited to a farmland with a 3 degree slope gradient, thus it is necessary to do
similar researches on lands with a 5 degree gradient, because 3 and 5 degree farmlands
are the two main types of sloping farmlands in the region.
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