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Abstract 

Soil erosion is one of the most widespread ecological problems with the most serious 

damage worldwide. In the present study, the influence of soil erosion thickness on 

soybean yield of black soil in Northeast China is studied. With the pot experiment as the 

method, this study investigates the influence by peeling the surface black soil layer at 0, 5, 

10, 20, 25, and 30 cm to simulate different soil erosion thicknesses, establishes a 

quantitative model of soybean yield to explore the response of soybean yield to soil 

erosion thickness. The 4-D-optimum orthogonal design (416-A) is adopted to conduct the 

coupling experiment of water and fertilizers under erosion thicknesses of 0 and 15 cm so 

that the coupling modes of water and fertilizers under the two soil erosion thicknesses are 

established. The results show that soil erosion thickness has a significant influence on 

soybean growth, that is, with the increase in the soil erosion thickness, soybean plant 

height, pods and grains per plant all reduce, and soybean yield decreases in a Z-shaped 

curve, while yield reduction rate increases in a S-shaped curve, respectively. Water, 

along with N, P, and K fertilizers, affect soybean yield, but the intensity varies with soil 

erosion thickness. Under the soil erosion thickness of 0 cm, the order is: W>P>N>K. 

While under the soil erosion thickness of 15 cm, the order is: N>W>P>K. With the 

increase in soil erosion thickness and the decrease in soil fertility, the effect of irrigation 

reduces, whereas that of fertilization increases. The research results can provide the 

theoretical basis for soil erosion prevention and control in the black soil region. 

 

Keywords: black soil region, soil erosion thickness, soybean yield, coupling mode of 

water and fertilizers 

 

1. Introduction 

Soil erosion is one of the most widespread ecological problems with the most serious 

damage worldwide. It accelerates the process of land desertification, causes soil 

degradation and soil productivity reduction; affects the agricultural development and food 

security; and seriously restricts the sustainable development of society, economy, and 

ecology in the world [1-2]. The black soil region of Northeast China is the most important 

grain production base. However, this area is also one of six soil erosion regions in China 

because over half of its arable land is sloping, making it the most vulnerable part in the 

rural ecological environment and the main origin of soil erosion [3]. Serious land and 
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water loss, especially in sloping land, causes the erosion of the black soil by 0.5 cm to 

1 cm on average. As a result, black soil thickness decreases from 60 cm to 70 cm in the 

initial period of reclamation to 20 cm to 30 cm at present. In some regions, the black soil 

is eroded with the loess exposed [4-5]. Soil organic matter and nutrient contents decrease 

and soil bulk density increases with the loss of the fertile black soil layer. As a result, the 

water and fertilizer holding capacity of the soil is reduced and farmland productivity 

declines, thereby threatening the regional grain security and sustainable development of 

agriculture. 

Although scholars have investigated the effects of soil erosion on crop yield and 

quality, differences exist in the quantitative description of these effects. Some scholars 

hold that crop yield is reduced in a concave-shaped curve along with the change in the 

degree of soil erosion [6]; some believe that the curve should have a convex shape [7]. 

Still others believe that a linear relationship exists between crop yield and soil erosion 

thickness [8–9]. In addition, increasing soil erosion presents the inevitable problem of 

determining the reasonable coupling mode of water and fertilizers under different degrees 

of soil erosion, which is missing at present. This paper contributes to the experimental 

research by peeling the surface black soil layer at different depths to simulate different 

soil erosion thicknesses. With the soybean as the research object and the pot experiment 

as the method, this study investigates the influence of soil erosion thickness on soybean 

yield, establishes a quantitative model to explore the response of soybean yield to soil 

erosion thickness [10]. Soil erosion thicknesses of 0 and 15 cm are selected to conduct the 

coupling experiment of water and fertilizers on soybean because the two soils have 

significantly different degrees of fertility, such that the coupling modes of water and 

fertilizers under the two soil erosion thicknesses are established. The research results can 

provide a theoretical basis for the efficient use of water and soil resources in the black soil 

region. 

 

2. Materials and Methods 
 

2.1. Introduction of the Experiment Zone 

The experiment was carried out in the test base of Hongxing Farm, Agriculture Bureau 

of Heilongjiang Agricultural Reclamation Department, Beian Branch located in the 

typical black soil belt in Northeast China in 2012 and 2013. Located in the transitional 

region from the west of Xiaoxinganling Mountains to Songnen Plain, the experimental 

zone is an upland region, with land sloping from east to west. The slope is gentle and 

long, with a gradient of 3° to 5°. This area belongs to sub-humid continental monsoon 

climate that features hot and rainy weather in summer, with 2254.5 °C of effective 

accumulated temperature greater than or equal to 10 °C, 2364.2 hours of sunshine, and 

about 105 days of frost-free season. The average annual precipitation in this area is 

553 mm, in which the value is 401.7 mm during July and September, accounting for three 

fourths of the total precipitation throughout the year. The winter is cold and long. The 

plough layer is mainly the black soil at the depth of 30 cm. The surface layer is loose, 

with heavy and sticky subsoil and poor permeability. The vegetation in the arable land is 

mainly corn and soybean. The agricultural products have low ability to withstand natural 

disasters and are greatly affected by the weather. In addition to the concentrated rainfall 

with short duration and high intensity, the soil in the sloping land is severely eroded, 

leading to the reduction in land productivity. 
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2.2. Experiment Design 

The pot experiment was conducted in a mobile rain-proof shed. Soil erosion 

thicknesses of 0, 5, 10, 20, 25, and 30 cm were adopted to perform a single factor 

experiment to explore the influence of soil erosion thickness on crop yield in the black 

soil region. The tested crop is soybean 1778 and the tested soil is the local plough layer of 

black soil. The soil was obtained from 0, 5, 10, 15, 20, 25, and 30 cm below the surface 

layer to simulate the plough layer soil with soil erosion thickness of 0, 5, 10, 15, 20, 25, 

and 30 cm, including 7 treatments and 3 repetitions, for a total of 21 pots. Up to 10 seeds 

were planted in each pot and 4 seedlings were retained. All treatments adopted the same 

water and fertilizer management mode. The amount of fertilizer applied to each pot was 

calculated according to the recommended standard for large fields. Phosphate fertilizer, 

potash fertilizer, and 40% of the total amount of nitrogen fertilizer were used as basal to 

be spread in the pots simultaneously. The remaining nitrogen fertilizer was used for 

top-dressing in three periods: flowering period, pod bearing period, and seed-filling 

period. Irrigation was controlled according to the standard of making the soil moisture 

content account for 80% of the field moisture capacity. The soil was weighed every day 

during the whole growth period and water was added to reach the watering standard. 

The coupling experiment of water and fertilizers was conducted under the soil erosion 

thicknesses of 0 and 15 cm to explore reasonable irrigation and fertilization technologies. 

The 4-D-optimum orthogonal design (416-A) was adopted by setting nitrogenous 

fertilizer (N), phosphate fertilizer (P), potash fertilizer (K), and irrigation amount (W) as 

the four factors for 16 treatments and three repetitions. The level codes of each factor are 

shown in Table 1. 

Table 1. Level Codes of Experiment Factors 

Coded value Actual value 

1
x  

2
x  

3
x  

4
x  W (%) N( kg/hm

2
) P( kg/hm

2
) K( kg/hm

2
) 

1.685 1.685 1.685 1.784 90 280 150 180 

1 1 1 0.644 81.87 235.28 125.61 127.83 

0 0 0 -0.908 70 170 90 56.81 

-1 -1 -1 -1.494 58.13 104.72 54.39 30 

-1.685 -1.685 -1.685  50 60 30  

Note: the irrigation amount accounts for the percentage of field moisture capacity 

 

2.3. Observation Indexes and Methods 

The potassium dichromate-sulfuric acid process is adopted for soil organic matter. The 

micro-Kjeldahl method is employed for total N. The lapis causticus–Mo-Sb colorimetry 

and lapis causticus-flame photometry methods are used for total P. The alkali 

N-proliferation method is adopted for alkali-hydrolyzable N. The NaHCO 3 

extraction–Mo-Sb colorimetry and ammonium acetate extraction-flame photometry 

methods are adopted for available P. The cutting ring method is used for soil bulk density. 

The Wilkes method is employed for field moisture capacity [11]. 

All soybeans are weighed during the harvest period and measured in terms of plant 

height, number of pods, grains per plant, and 100-seed weight. 

All indexes adopt the mean values and are processed and statistically analyzed with 

Excel, SAS V9, and Mathematica 5.0.  
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3. Results 
 

3.1. Influence of Soil Erosion Thickness on Soybean Yield 

Crop yield is one of the main indicators of soil productivity [12–14]. A less eroded 

black soil layer has little influence on soybean yield (Figure 1). Soybean yield decreases 

from 52.37 g/pot to 50.52 g/pot, a reduction of 3.53%, when the soil erosion thickness is 

5 cm. The soybean yield shows the most rapid decline (29.48 g /pot, a reduction of 

43.71%) when soil erosion thickness is about 20 cm; thereafter, the soybean yield 

declines slowly. When the soil erosion thickness is 25 and 30 cm, the soybean yield is 

24.26 g/pot and 22.57 g/pot, a reduction of 53.68% and 56.90%, respectively. Given that 

the same water and fertilizers are adopted for all treatments, the difference between 

soybean yields must be caused by soil erosion thickness. The change in soybean yield 

with soil erosion thickness can be illustrated by the Z-shaped curve equation: 

x
e

y
08.0

00312.00155.0

1



  

(1) 

The change in soybean yield reduction rate with soil erosion thickness shows an S-shaped 

curve and can be expressed by equation: 

x
e

y
2552.01

0284.10170.0

1




  

(2) 

where x  refers to the soil erosion thickness (cm), y  refers to soybean yield (g/pot), 

and 
1

y  refers to soybean yield reduction rate (%). 

 

 

Figure 1. Soybean Yield and Yield Reduction Rate under Different Soil 
Erosion Thicknesses 

The same soil erosion thickness causes different yield reduction amplitudes. With the 

increase in erosion thickness, the yield reduction caused by every 5 cm of soil erosion 

shows a similar change trend with the yield reduction rate; that is, initially increasing 

rapidly, and then slightly, finally tending to be stable (Figure 2). 

 

 

Figure 2. Average Yield Reduction Caused by Every 5 cm of Soil Erosion 
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3.2. Influence of Soil Erosion Thickness on Soybean Plant Height and Indicators of 

Soybean Yield 

Plant height, number of pods and grains per plant, and 100-seed weight are important 

indicators of soybean growth [15–19]. Under different soil erosion thicknesses, the 

influence of four indexes on soybean yield from great to little is as follows: number of 

grains per plant, number of pods per plant, plant height, and 100-seed weight, in which 

the first three have significant influence on soybean yield with determination coefficients 

of 0.98281, 0.94028, and 0.91610, respectively, whereas the last one, with a 

determination coefficient of 0.16336, has an insignificant influence. 

As shown in Figure 3, soybean plant height, number of pods per plant, and number of 

grains per plant decrease and show linear relationship with the increase in soil erosion 

thickness. The regression equation between the number of grains per plant and soil 

erosion thickness has the largest slope, indicating that soil erosion thickness has the 

greatest influence on the number of grains per plant, followed by the number of pods per 

plant and plant height. The order is consistent with the influence order of the three 

indexes on soybean yield. 

 

 

Figure 3. Change in the Yield Components of Soybean with Soil Erosion 
Thickness 

3.3. Coupling Modes of Water and Fertilizers at Different Soil Erosion Thicknesses 

Soil erosion thicknesses of 0 and 15 cm are selected to conduct the coupling 

experiment of water and fertilizers on soybean. The regression models of soybean yield 

on W, N, P, and K are established as follows: 

4131214321

)1(
75.044.053.107.229.007.175.700.55 xxxxxxxxxxy   

2

4

2

3

2

2

2

1434232
28.013.332.559.239.008.030.1 xxxxxxxxxx     

(3) 

4131214321

)2(
80.057.083.177.128.034.161.539.32 xxxxxxxxxxy   

2

4

2

3

2

2

2

1434232
04.046.289.1082.343.018.161.1 xxxxxxxxxx     

(4) 

where )1(
y  and )2(

y  refer to soybean yield under the soil erosion thickness of 0 and 15 

cm, respectively; 
1

x , 
2

x , 
3

x , and 
4

x  refer to the coded value of W, N, P, K, 

respectively. 

The variance analysis results of both equations are significant, which show a good fit 

of soybean yield relative to the four factors. The results of the regression coefficient test 

show that all four factors and their interactions influence soybean yield and the two 
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equations have the same significant items, which are the linear terms of W, N, and K; the 

interactive terms of W and N, W and K, N and P; the quadratic terms of W, N, and P. 

 

3.4. Analysis of Main Factor Effects 

The analysis of main factor effects aims to identify the degree of influence of each 

factor on soybean yield [20]. Since the regression equations are multivariate non-linear 

models, the contribution rates of the four factors on soybean yield are calculated using the 

contribution rate. The results are shown in Table 2. 

Table 2. Contribution Rates of Factors 

 

)1(
y  )2(

y  

Contribution rate 
Percentage 

contribution rate (%) 
Contribution rate 

Percentage 

contribution rate (%) 

1
 （W） 3.443 29.536 3.460 27.263 

2
 （N） 2.984 25.598 3.484 27.453 

3
 （P） 3.297 28.283 3.310 26.081 

4
 （K） 1.933 16.582 2.437 19.203 

Table 2 shows that under the two soil erosion thicknesses, the influence degree of the 

four factors on soybean yield are in the following orders: 

0 cm: W>P>N >K        15 cm: N >W>P >K 

 

3.5. Analysis of Single Factor Effects 

Considering the effects of quadratic term in the regression equations (3) and (4) and 

using the dimensionality reduction method, this study determines the regression 

sub-models of W, N, P, and K on soybean yield by fixing three of the four factors at zero 

level to resolve the single-factor effects [21–24]. 

Figure 4 shows the influence of each factor on soybean yield. When the N, P, and K 

are fixed at zero level, soybean yield first increases and then decreases under different soil 

erosion thicknesses with the increase in W. By contrast, soybean yield exhibits a more 

negligible change with the change in W under the soil erosion thickness of 15 cm than 0 

cm, which indicates a reducing effect of W with low soil fertility (Figure 4(a)). Figure 

4(b) shows that when the other factors are fixed at zero level, soybean yield first 

decreases and then increases with the increase in N, reaching the minimum value within 

the vicinity of zero level. Meanwhile, soybean yield exhibits a larger change with the 

change in N under the soil erosion thickness of 15 cm than 0 cm, which indicates an 

increasing effect of N with low soil fertility. Figure 4(c) shows that when the other factors 

are fixed at zero level, the increase in P causes soybean yield to first increase and then 

decrease, reaching the maximum value within the vicinity of zero level. Meanwhile, the 

ripples of the two curves are similar, which indicates a slight change in the effect of P. 

Figure 4(d) shows that when the other factors are fixed at zero level, soybean yield 

decreases slightly with the increase in K under different soil erosion thicknesses, and 

fluctuation is relatively flat, indicating a small influence of K on soybean yield. 
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Figure 4. Analysis of Single Factor Effects 

3.6. Analysis of Interaction Effects between Factors 

The influences of the four factors on soybean yield are not isolated, but rather interact 

with one another. In regression equations (3) and (4), the regression sub-models are 

obtained by fixing two factors at zero level [21–24]. On the basis of the results of the 

regression coefficient test, the significant interaction terms of W and N, W and K, as well 

as N and P are selected to analyze the interaction effects. The coupling effect diagrams 

under different soil erosion thicknesses are shown in Figure 5 and Figure 6. 

Figure 5(a) shows that under the soil erosion thickness of 0 cm, soybean yield 

increases with the increase in W when N remains constant, whereas the yield first 

increases and then decreases with the increase in N when W remains constant. The 

maximum yield appears in the level combination of high W and high N. Figure 6(a) 

shows that under the soil erosion thickness of 15 cm, soybean yield has a more sensitive 

response to W and N. When N remains at a significantly higher level interval of (0, 1.685) 

and takes a fixed level, soybean yield increases with the increase in W. By contrast, when 

N remains in a significantly lower level interval of (-1.685, 0) and takes a fixed level, 

soybean yield first increases and then decreases with the increase of W. Meanwhile, 

soybean yield first decreases and then increases with the increase in N when W remains 

constant, and the maximum yield appears in the level combination of high W and high N. 

Adequate water can improve the utilization of N, and under adequate water conditions, 

decreased N can produce high soybean yield. However, the highest N should be selected 

to obtain a significantly higher yield, and under the level combination of high W and high 

N, soybean yield would sustain an increase with the increase in N. 

 

 

Figure 5. Coupling Effect Diagrams at a Soil Erosion Thickness of 0 cm 



International Journal of u- and e- Service, Science and Technology 

Vol.8, No.3 (2015) 

 

 

196   Copyright ⓒ 2015 SERSC 

 

Figure 6. Coupling Effect Diagrams at a Soil Erosion Thickness of 15 cm 

Figure 5(b) shows that under the soil erosion thickness of 0 cm, soybean yield 

increases with the increase in W when K remains constant, but slightly decreases with the 

increase in K when W remains constant. The maximum of yield appears in the level 

combination of high W and low K. Figure 6(b) shows that under the soil erosion thickness 

of 15 cm, the change in soybean yield with W and K is the same as that of 0 cm, and the 

maximum yield appears in the level combination of high W and low K. The difference is 

that under the soil erosion thickness of 15 cm, when W remains in a significantly higher 

level interval of (0, 1.685), soybean yield increases slightly regardless of K, indicating a 

decreasing effect of W with the decrease in K in soil fertility. 

Figure 5(c) shows that under the soil erosion thickness of 0 cm, the fluctuation of 

soybean yield is much smoother than that of 15 cm. Soybean yield first increases and then 

decreases with the increase in P when N remains constant, but first decreases and then 

increases with the increase in N when P remains constant. The maximum yield appears in 

the level combination of high N and proper P. Figure 6(c) shows that under the soil 

erosion thickness of 15 cm, the change in soybean yield with N and P is the same as that 

of 0 cm, but the yield has a more sensitive response to N and a less sensitive response to 

P. Such observation indicates a highly significant effect of N and a less significant effect 

of P with the decrease in soil fertility. 

According to the above analysis, the ideal coupling modes of water and fertilizers 

should be high N, proper P, and low K under the condition of sufficient W, which could 

help increase soybean yield. 

 

3.7. Optimum Coupling Mode of Water and Fertilizers 

The frequency analysis is used to identify the optimum coupling mode of water and 

fertilizers [20]. According to the experiment design, 500 schemes are found for the four 

factors. Among these schemes, 48 represent a case in which soybean yield is over 

70 g/pot under the soil erosion thickness of 0 cm, while 53 represent a case in which 

soybean yield is over 60 g/pot under the soil erosion thickness of 15 cm. These schemes 

are statistically analyzed to determine the optimum coupling mode of water and 

fertilizers, and the results are shown in Table 3. 

Table 3. Results of Frequency Statistics at Different Soil Erosion 
Thicknesses 

  1
x （W） 

2
x （N） 

3
x （P） 

4
x （K） 

0 cm 

Mean 1.098 1.028 0.239 -0.387 

Standard deviation 0.618 1.323 0.899 1.197 

95% confidence 

interval 

（0.919，

1.277） 

（0.641，

1.409） 
（-0.022，0.500） （-0.735，-0.040） 

15 cm 

Mean 0.835 1.049 0.267 -0.207 

Standard deviation 0.688 1.331 1.039 1.225 

95% confidence 

interval 

（0.646，

1.025） 

（0.682，

1.416） 
（-0.019，0.554） （-0.544，0.131） 
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The optimum water and fertilizers levels in Table 6 are converted into actual values 

to determine the optimum coupling mode of water and fertilizers. Under the soil erosion 

thickness of 0 cm, the W accounts for 80.91% to 85.16% of field moisture capacity, the N 

is 211.84 kg/hm
2
 to 261.98 kg/hm

2
, the P is 89.22 kg/hm

2
 to 107.81 kg/hm

2
, and the K is 

71.37 kg/hm
2
 to 103.14 kg/hm

2
. The soybean yield may be over 70 g/pot with a 

probability of 95%. By contrast, under the soil erosion thickness of 15 cm, the W 

accounts for 77.67% to 82.17% of field moisture capacity, the N is 214.52 kg/hm
2
 to 

262.44 kg/hm
2
, the P is 89.32 kg/hm

2
 to 109.73kg/hm

2
, and the K is 80.11 kg/hm

2
 to 

110.99kg/hm
2
. The soybean yield may be over 60 g/pot with a probability of 95%. A 

comparison of the optimum coupling mode under the tow soil erosion thicknesses reveals 

that the W becomes smaller, whereas the N, P, and K become greater, but the maximum 

yield is reduced by an average of 10 g/pot. 

 

4. Discussion 

Soil erosion is one of the most widespread ecological problems in the world [4]. In the 

black soil region of Northeast China, where is the most important grain production base 

and one of six soil erosion regions in China, serious land and water loss causes a decrease 

in the black soil thickness, leading to a steep decline in crop yield. The present study 

investigates the influence of soil erosion thickness on soybean yield and establishes the 

coupling modes of water and fertilizers under different soil erosion thicknesses by 

comparing the response of soybean yield to water supply and fertilizers input in the black 

soil region of China. 

Increase in soil erosion thickness reduces soil nutrients and decreases fertilizer and 

water supply abilities, thereby affecting soybean growth and resulting in a diminished 

yield. However, differences exist in the quantitative description of the influence. Some 

scholars hold that crop yield is reduced in a concave-shaped curve along with the increase 

in soil erosion thickness [6]; some believe that the curve should be in the convex-shaped 

[7], and others think a linear relationship exists between crop yield and soil erosion 

thickness [8–9]. In the present study, soybean yield decreases in a Z-shaped curve with 

the increase in soil erosion thickness (p<0.01), which is more complex than the three 

curves above (Figure 1). The influence of soil erosion thickness on soybean growth is 

mainly reflected by the reduction in plant height, decrease in the number of pods and 

grains per plant, and thus the decline of soybean yield (Figure 3). 

Soil erosion thickness can affect crop yield reduction rate as well. Bakker et al., (2004) 

[11] reported that the yield reduction rate caused by every 10 cm of erosion of soil was 

26.6%, which is greater than the result in the present study (Figure 2). Zhang et al. (2006) 

[10] found that when soil erosion thickness was 5, 10, 20, and 30 cm, the yield reduction 

rate was 3.1%, 3.2%, 33.2%, and 59.2%, respectively. In this study the yield reduction 

rate with soil erosion thickness can be significantly (p<0.01) expressed by an S-shaped 

curve (Figure 1). The yield reduction rate is close to a content of 58.82% with the increase 

in soil erosion thickness, which is attributed to the most serious erosion.  

Soil erosion thicknesses of 0 and 15 cm are selected to conduct the coupling 

experiment of water and fertilizers on soybean. The regression models of soybean yield 

on W, N, P, and K are both non-linear. All the four factors and their interactions influence 

soybean yield. The regression equations can objectively reflect the influence of irrigation 

and fertilization amounts on soybean yield under different soil erosion thicknesses and 

can serve as the basis for prediction. 

W, N, P, and K all influence soybean yield, but the intensity varies with the soil 

erosion thickness. With the increase in soil erosion thickness, the effect of irrigation is 

reduced, whereas that of fertilization increases. The ideal coupling mode of water and 

fertilizers should be high N, proper P, and low K under the condition of sufficient W, 

which could help increase soybean yield. Furthermore, to obtain maximum soybean yield 
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in the experiment zone, the optimal amount of water and fertilizers under different soil 

erosion thicknesses should be given in accordance with principles above. 
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