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Abstract: Soil erosion has become a significant environmental problem that threatens eco-
systems globally. The risks posed by soil erosion, the trends in the spatial distribution in soil 
erosion, and the status, intensity, and conservation priority level in the middle reaches of the 
Yellow River Basin were identified from 1978 to 2010. This study employed a multi-criteria 
evaluation method integrated with GIS and multi-source remote sensing data including land 
use, slope gradient and vegetation fractional coverage (VFC). The erosion status in the study 
region improved from 1978 to 2010; areas of extremely severe, more severe, and severe soil 
erosion decreased from 0.05%, 0.94%, and 11.25% in 1978 to 0.04%, 0.81%, and 10.28% in 
1998, respectively, and to 0.03%, 0.59%, and 6.87% in 2010, respectively. Compared to the 
period from 1978 to 1998, the area classed as improvement grade erosion increased by 
about 47,210.18 km2 from 1998 to 2010, while the area classed as deterioration grade ero-
sion decreased by about 17,738.29 km2. Almost all severe erosion regions fall in the 1st and 
2nd conservation priority levels, which areas accounted for 3.86% and 1.11% of the study 
area in the two periods, respectively. This study identified regions where soil erosion control is 
required and the results provide a reference for policymakers to implement soil conservation 
measures in the future. 

Keywords: dynamic identification; soil erosion risk; multi-criteria evaluation; multi-source remote sensing; Yel-
low River Basin 

1  Introduction 

Soil erosion is a well-known global environmental problem (Belyaev et al., 2005; Deng et 
al., 2009). It not only seriously threatens natural resources, infrastructure construction, and 
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agricultural production (Pimentel et al., 1995; Lal, 1998; Park et al., 2011; Sharda et al., 
2013), but also directly affects human safety and quality of life. Water erosion is one of the 
most serious types of soil erosion. Water erosion can result in land degradation by removing 
fertile topsoil layers, create negative downstream effects by depositing soil materials in riv-
ers or reservoirs, and cause non-point pollution by washing pollutants attached to soil parti-
cles into natural waters (Vrieling et al., 2008; Morgan, 2005; Wang et al., 2013). Therefore, 
soil conservation is considered important for the protection of the environment and the 
economy. 

China has suffered some of the most severe soil erosion on the planet. Between 2005 and 
2007, almost 14% of the total soil erosion area in the world occurred in China (Li et al., 2009). 
Water erosion constitutes the primary type of soil erosion in China and accounts for 45% of 
the total soil erosion area (Li et al., 2008). Although the Chinese government has undertaken 
numerous soil conservation projects, the overall efficacy at improving environmental condi-
tions is low (Zhang et al., 2010). One reason for this low efficacy is that the allocation of 
limited human and financial resources for soil conservation is made based on the size of the 
watershed rather than the erosion conservation prioritization (Zhang et al., 2002; Fan et al., 
2008). The identification of soil erosion risk can help map and monitor the spatial dynamics 
of erosion and conservation prioritization. Therefore, it is important to identify dynamic soil 
erosion risk to effectively use limited resources to control soil erosion in China. 

Soil erosion is related to precipitation, land use, soil taxa, vegetation fractional coverage 
(VFC), and slope (Beskow et al., 2009; Tian et al., 2009). Water erosion is caused by rain 
and runoff, and its intensity can be expressed as the annual amount of surface soil loss 
(MWRC, 1997). Currently, both quantitative and qualitative methods are available for the 
identification of soil erosion. Among the quantitative methods, the experienced statistical 
universal soil loss equation (USLE) (Wischmeier and Smith, 1965), revised universal soil 
loss equation (RUSLE) (Renard et al., 1991), and process-based physical water erosion pre-
diction project model (WEPP) (Baffalt et al., 1996) are widely used to simulate and estimate 
soil loss. Although quantitative methods can calculate absolute soil erosion amounts, their 
outcomes are generally applied qualitatively (Vrieling et al., 2008). It is difficult to calculate 
soil erosion over long time periods or over large regions using quantitative methods because 
sufficient and accurate field validation measurements are time-consuming and expensive, and 
standard validation equipment is not easy to obtain (Stroosnijder, 2005;Vrieling et al., 2008). 
In addition, the complexities in model structure, parameters, and scale effect also cause the 
calculated and measured results to differ (Boardman, 2006; Ni et al., 2008). Compared to 
quantitative methods, qualitative approaches synthesize some important factors to show the 
relative probability of erosion. The identification of soil erosion risk using a qualitative me-
thod can usually meet the requirements, and accurate soil erosion determinations are often not 
necessary (Vrieling, 2006). With the help of a geographic information system (GIS), qualita-
tive methods can also avoid the influence of personal subjective knowledge and can quickly 
and efficiently describe trends in soil erosion risk (Zhao et al., 2002; Zhou and Wu, 2005; 
Masoudi and Patwardhan, 2006; Tian et al., 2009; Zhang et al., 2012; Zhu, 2012; Wang et al., 
2013). 

Remote sensing at a regular spatial-temporal scale can provide detailed surface information 
and contribute to the assessment of regional and national erosion (Tian et al., 2009; Siakeu 
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and Oguchi, 2000; Chen et al., 2011; Aia et al., 2013; Drzewieckiw et al., 2014; Aiello et al., 
2015). Previous research has established the multi-criteria evaluation (MCE) method inte-
grated with GIS and remote sensing as a widespread qualitative method in the field; slope 
gradient, VFC, and land use are usually considered to be the key factors to assess soil erosion 
risk and identify priority areas for conservation (Eastman, 2001; Zhou et al., 2005; Borou-
shaki and Malczewski, 2008; MWRC, 2008; Tian et al., 2009; Beskow et al., 2009; Chen et 
al., 2011; Zhang et al., 2012). Valente and Vettorazzi (2008) developed the spatial distribu-
tion of priority ranking in order to conserve forest resources in a river basin in Brazil. Zhang 
et al. (2010) identified the priority areas for controlling soil erosion in the Cetian reservoir 
area in China. Wang et al. (2013) assessed dynamic erosion risk in the Danjiangkou reservoir 
area in China using GIS and remote sensing data. 

The middle reaches of the Yellow River are located on the Loess Plateau, a region with the 
most serious soil erosion caused by water in the world (Liu and Liu, 2010; Sun et al., 2014). 
The Chinese government has undertaken numerous soil conservation projects in this region 
(Gao et al., 2011). However, little research related to the identification of soil erosion risk has 
been conducted on large scales using multi-source remote sensing data with high spatial reso-
lution. This research is particularly important because the Grain-for-Green Program, which 
began in 1998 (Fu et al., 2011), has greatly improved the ecological and environmental qual-
ity in this region and is expected to have had an effect on soil erosion risk. 

This study thus aims to use an efficient and fast MCE method that includes only three im-
portant factors to (1) analyze the dynamic trend in the spatial distribution of erosion status and 
intensity, and (2) identify the dynamic erosion risk in the middle reaches of the Yellow River 
Basin from 1978 to 2010. The results provide a scientific reference to help policy makers 
identify erosion control regions, create soil conservation measures, and implement new pro-
jects. 

2  Study area 

The study area (Figure 1) belongs to the middle 
reaches of the Yellow River Basin in China. It is 
located between 103°57′01″–112°39′50″E and 
33°40′19″–40°35′43″N and covers the region between 
Hekouzhen and Tongguan hydrological stations. 
The total area is about 25 × 104 km2. The average 
annual precipitation is 300 mm in the northwest and 
650 mm in the southeast, and most precipitation 
occurs as heavy rainstorms during the rainy season 
(Luo et al., 2013). The major soil types distributed 
from the southeast to the northwest in this region 
include clayey loess, typical loess, sandy loess, and 
eolian sand (Liu, 1964). Corresponding to the soil 
distribution, the major vegetation type changes 
from broad-leaf deciduous forest to steppe and then 
to arid desert (Yang and Yuan, 1991). Wheat, corn, 
and millet are the major crops in this region. 

 

Figure 1  Location of the study area  
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3  Datasets 

A digital elevation model (DEM) with a resolution of 90 m was used to generate the slope 
gradient. The DEM data were downloaded from the International Scientific and Technical 
Data Mirror Site, Computer Network Information Center, Chinese Academy of Sciences 
(http://datamirror.csdb.cn). 

The multi-source remote sensing images used to interpret the land-use map and invert the 
VFC information included HJ-CCD, Landsat-TM, Landsat-MSS, and others. Table 1 gives 
details of the remote sensing data. 

Table 1  Details of the remote sensing images in this study 

Name Resolution (m) Acquired time Acquired department 

Landsat-MSS 56 July to September, 1978 NASA of the US 

Landsat-TM 30 July to September, 1998 NASA of the US 

HJ-CCD 
32 

July to September, 2010 China Center for Resources Satellite Data and 
Application 

KH-11 3 July to September, 1978 NASA of the US 

ZY3-CCD 
2.1 

July to September, 2012 China Center for Resources Satellite Data and 
Application 

SPOT4 10 July to September, 1998 Yellow River Conservancy Commission in China 
 

4  Methodology 

4.1  MCE technique 

The MCE technique is an evaluation decision-making method based on a series of criteria 
(Ceballos-Silva and López-Blanco, 2003). The main purpose of MCE is to investigate the 
complex tradeoffs between alternative choices with different environmental and 
socio-economic impacts (Krois, 2014). MCE could be used to conduct a quantitative treat-
ment for the less quantifiable criteria and could synthetically consider the impact of 
multi-criteria on the object when making an objective evaluation. With the incorporation of 
GIS, MCE provides the optimal scheme for this purpose, using the weight linear combination 
and Boolean overlay. The integration of MCE within a GIS context could help users improve 
decision-making processes when solving conflictive situations for individuals or groups in-
terested in spatial context (Malczewski, 1996; Ceballos-Silva, 2013).  

4.2  Flowchart of methodology 

The slope gradient, VFC, and soil taxa, which are related to land cover, can be used to indi-
cate erosion resistance or risk; thus, land use, VFC, and slope gradient were used to assess the 
risk of soil erosion in this study (Zhang et al., 2010). 

Figure 2 shows a flowchart of the overall methodology used in this study based on the Na-
tional Professional Standard SL190-2007 (MWRC, 2008), which was used to classify the 
grade of erosion risk. The slope gradient was calculated from DEM data with the help of Ar-
cGIS software. The data for land use and VFC were mapped using remotely sensed images, as 
described in Section 3. 
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Figure 2  Flowchart of general methodology 

In this study, soil erosion risk was classified into six grades: slight, light, moderate, severe, 
more severe, and extremely severe (Table 2) based on SL190-2007. 

Table 2  Standards for the classification and gradation of soil erosion risk 

Slope (º) 
Ground cover VFC (%)

< 5 5–8 8–15 15–25 25–35 > 35 

Non-farmland >75 Slight Slight Slight Slight Slight Slight 

 60–75 Slight Light Light Light Moderate Moderate 

 45–60 Slight Light Light Moderate Moderate Severe 

 30–45 Slight Light Moderate Moderate Severe More severe 

 <30 Slight Moderate Moderate Severe More severe Extremely severe 

Farmland  Slight Light Moderate Severe More severe Extremely severe 

4.3  Land use 

In this study, the man–machine interactive visual interpretation method was first used to clas-
sify land-use types as forest, open woodland, other woodland, shrub, high-cover grassland, 
medium-cover grassland, low-cover grassland, farmland, water body, built-up land, or unused 
land, based on the land-use type classification standard of China. Subsequently, areas classi-
fied as forest, open woodland, other woodland, and shrub were further reclassified as forest-
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land, and areas classified as high-, medium-, and low-cover grasslands were reclassified as 
grassland. Figure 3 shows the changes in land-use type over 33 years in the middle reaches of 
the Yellow River Basin.  

 

Figure 3  Land-use maps in the study area in 1978 (a), 1998 (b), and 2010 (c) 

To assess the accuracy of the interpretation of land use, 129 field verification points cover-
ing approximately 32% of the study area were collected using GPS. In 2010, 129 samples 
were validated; the results showed that 121 were correctly identified, giving an interpretation 
accuracy of 93.8%. For land use in 1998, multiple types of information, including historical 
documents, maps, and interviews with local residents, were employed to determine the inter-
pretation accuracy. In addition, for land use in 1978, the KH-11 data were used to validate the 
interpretation accuracy. The results showed that the overall accuracy in both 1998 and 1978 
was approximately 85%. 

4.4  VFC 

Vegetative growth and cover can be reflected by the normalized difference vegetation index 
(NDVI). The NDVI can eliminate remote sensing irradiation errors to some extent. To re-
trieve the VFC, the following functions based on NDVI were used in this study: 

 ( ) / ( )soil veg soilVFC NDVI NDVI NDVI NDVI - -  (1) 

where VFC is vegetation fractional coverage, NDVIsoil is the NDVI of barren soil,  and 
NDVIveg is the NDVI of vegetation;  

 ( ) / ( )NDVI NIR R NIR R -  (2) 

where NIR is the reflectivity of the near-infrared band, and R is the reflectivity of the red 
band. 

To fully cover the relatively large study area, images for different days were collected and 
used to address the influence of cloud cover and satellite orbit. To minimize the errors caused 
by the imaging times of adjacent NDVI images, an adjacent image regression analysis, as de-
scribed in Zhou et al. (2015), was adopted. The accuracy of the resulting VFC for the three 
periods was assessed using the methodology of Zhou et al. (2015) and the result indicated that 
the overall accuracy was more than 86%. In addition, the accuracy of data obtained for land 
use and VFC was also identified and accepted at a meeting held by experts from the Yellow 
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River Conservancy Commission of the Ministry of Water Resources at Zhengzhou city in 
China. 

Based on SL190-2007, the VFC was reclassified into five classes, with limits of 30%, 45%, 
60%, and 75%. Figure 4 shows the changes of VFC from 1978 to 2010. 

 
Figure 4  Vegetation fractional coverage (VFC) maps in the study area in 1978 (a), 1998 (b) and 2010 (c) 

4.5  Slope gradient 

Slope gradient is an important reflection of sur-
face undulation and can change the hydrological 
velocity and the direction of surface runoff. Thus, 
slope gradient has a significant impact on surface 
hydrological processes and soil erosion (Beskow 
et al., 2009). In this study, DEM data in the 
range of 320 to 3296 m were used to generate the 
slope gradient with ArcGIS software and the 
algorithm described by Burrough in 1998. In this 
study, the slope gradient was reclassified with 
threshold values of 5°, 8°, 15°, 25° and 35° 
based on SL190-2007 (Figure 5). 

5  Results 

5.1  Identification of soil erosion risk 

The six classes of slope gradient (Table 2) in the 
middle reaches of the Yellow River Basin ac-
count for 29.01%, 12.53 %, 31.57%, 22.87%, 3.47%, and 0.55% of the total study area, re-
spectively. 

The proportions of the different classes of VFC and different land-use types in 1978, 1998, 
and 2010 are listed in Tables 3 and 4. Table 3 shows that from 1978 to 1998 the low-cover 
classes of vegetation (<30% and 30%–45%) increased by 1.83%, the medium-cover classes 
(45%–60%) did not significantly change, and the high-cover classes (60%–75% and > 75%) 
decreased by 2.21%. From 1998 to 2010, the low-cover classes of vegetation decreased by 

 
Figure 5  Ranks of slope gradient in the study 
area 
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25.22%, the medium-cover classes 
increased by 4.67%, and the high- 
cover classes increased by 20.55%. 
Compared to the changes in VFC 
between 1978 and 1998, there was a 
significant reduction in the low- 
cover classes of vegetation and an 
increase in the high-cover classes of 
vegetation from 1998 to 2010. 

The change in land use described 
in Table 4 is consistent with the 
changes in VFC detailed above. The 
change in land use was not signifi-
cant from 1978 to 1998. However, 
between 1998 and 2010, forest and 
grassland areas increased, and 
farmland area decreased. The pro-
portion of farmland decreased by 
3.90% of the total study area, and 
the proportion of farmland and forest land increased by 4.07% of the total study area. 

The distributions of soil erosion risk grades in the study area in 1978, 1998, and 2010 were 
identified using the standards in Table 2. Figure 6 shows the spatial dynamics of erosion risk 
grades from 1978 to 2010. No significant changes were observed between 1978 and 1998, and 
the overall erosion status improved between 1998 and 2010, particularly in the high-sediment 
region. One reason for this phenomenon is the large-scale implementation of the 
Grain-for-Green Program in the study area. 

 
Figure 6  Soil erosion risk grades in the study area in 1978 (a), 1998 (b), and 2010 (c) 

The accuracy of the identified erosion risk in 2010 was assessed based on randomly se-
lected field samples and judged primarily by the knowledge of experts from the Yellow River 
Conservancy Commission of the Ministry of Water Resources. The results indicate that the 
overall accuracy of estimated erosion risk was 90.5% in 2010. This accuracy level confirms 

Table 3  Proportions of different classes of VFC in the study 
area from 1978 to 2010 (%) 

Proportion (%) 1978 1998 2010 

<30 62.23 57.28 39.94 

30–45 10.30 17.08 9.20 

45–60 7.45 7.83 12.50 

60–75 6.16 5.43 12.01 

>75 13.86 12.38 26.35 

Table 4  Proportions of different land-use types in the study 
area from 1980 to 2010 (%) 

Land use type 1980 1998 2010 

Farmland 38.57 37.42 33.52 

Forestland 15.85 16.70 21.65 

Grassland 39.22 39.49 38.61 

Water 0.93 0.93 0.59 

Built-up land 2.01 2.22 2.34 

Unused land 3.42 3.24 3.29 
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that the accuracy identified for 1978 and 1998 can also be used because the erosion risk maps 
for all three periods were generated based on slope, VFC, and land use data, and the accura-
cies of VFC and land use were satisfactory, as described in the validation result in Section 3.  

5.2  Comparison of soil erosion risk 

Table 5 shows obvious changes in the proportions of erosion risk grades from 1978 to 1998 
and from 1998 to 2010, although the trends in the proportions of the severe, more severe, and 
extremely severe grades were similar in the two periods.  

Table 5  Distributions of soil erosion risk grades in the study area in 1978, 1998, and 2010 

Erosion risk in 1978 Erosion risk in 1998 Erosion risk in 2010 
Erosion risk grade 

Area (km2) Proportion (%) Area (km2) Proportion (%) Area (km2) Proportion (%) 

Slight 105516.21 42.22 103337.17 41.35 132991.81 53.21 

Light 34582.84 13.84 36547.61 14.62 56912.95 22.77 

Moderate 79221.49 31.70 82230.37 32.90 41308.32 16.53 

Severe 28114.40 11.25 25683.34 10.28 17157.76 6.87 

More severe 2356.23 0.94 2033.02 0.81 1472.78 0.59 

Extremely severe 129.89 0.05 89.55 0.04 77.42 0.03 
 

The area with a soil erosion risk grade of severe decreased from 28,114.40 km2 (11.25% of 
the region’s total area) in 1978 to 25,683.34 km2 (10.28%) in 1998, and to 17,157.76 km2 
(6.87%) in 2010. The area graded more severe decreased from 2356.23 km2 (0.94%) in 1978 
to 2033.02 km2 (0.81%) in 1998, and 1472.78 km2 (0.59%) in 2010. The area with a grade of 
extremely severe decreased from 129.89 km2 (0.05%) in 1978 to 89.55 km2 (0.04%) in 1998, 
and 77.42 km2 (0.03%) in 2010. In contrast, the total area with grades of slight, light, and 
moderate soil erosion risk increased from 219,320.54 km2 (87.76%) in 1978 to 222,115.15 
km2 (88.87%) in 1998, and 231,213.08 km2 (82.51%) in 2010. The results shown in Table 2 
illustrate that from 1978 to 2010 the overall erosion status improved in the study area.   

In order to further understand the transformations in erosion grades occurring in the differ-
ent time periods, the transformation between successive periods, demonstrated by overlaying 
the erosion risk results in two adjacent periods pixel by pixel, is expressed as a proportion for 
each erosion grade (Tables 6 and 7). 

Table 6  Proportion of transformation for each erosion grade in the study area between 1978 and 1998 

  Erosion grade in 1998 (%) 

  Slight Light Moderate Severe
More 
severe 

Extremely 
severe 

Slight 35.30 2.06 1.72 0.20 0.02 0.002 

Light 1.70 8.85 3.14 0.14 0 0 

Moderate 1.20 3.58 25.91 0.96 0.05 0.001 

Severe 0.16 0.13 2.07 8.84 0.05 0.001 

More severe 0.04 0 0.07 0.14 0.70 0.002 

Erosion grade in 
1978 (%) 

Extremely severe 0.01 0 0.004 0.003 0.002 0.03 
 

Table 6 shows the transformation matrix of the proportional distribution of each erosion 
grade between 1978 and 1998. The values located diagonally from the upper-left corner to the 
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lower-right corner represent the proportions of unchanged areas in the study area. The values 
above the diagonal represent the proportions of areas with increased erosion risk, while the 
values below the diagonal represent the proportions with reduced risk. From 1978 to 1998 
(Table 6), the unchanged proportion accounts for 79.63% of the region’s total area, with the 
unchanged proportions of areas of slight, light, moderate, severe, more severe, and extremely 
severe erosion risk accounting for 44.33%, 11.11%, 32.54%, 11.10%, 0.88%, and 0.04% of 
the total unchanged area, respectively. The high proportion of unchanged area illustrates that 
erosion risk did not change significantly between 1978 and 1998. The grades of slight, light, 
and moderate risk account for the majority of the changed area, and changes from moderate to 
slight and moderate to light represent the largest proportion (4.78%) of reduced erosion risk 
from 1978 to 1998. In contrast, the changes from slight and light to moderate represent the 
largest proportion (4.86%) of increased erosion risk in this period. These results illustrate that 
the overall erosion status was stable from 1978 to 1998, and areas of improvement and dete-
rioration coexisted. 

Table 7  Proportion of transformation for each erosion grade in the study area between 1998 and 2010 

  Erosion grade in 2010 (%) 

  Slight Light Moderate Severe
More 
severe 

Extremely 
severe 

Slight 38.06 0.35 0.13 0.07 0.02 0.004 

Light 4.66 8.78 0.29 0.05 0 0 

Moderate 5.86 12.74 14.38 0.25 0.03 0.003 

Severe 0.97 1.15 1.72 6.51 0.02 0.001 

More severe 0.08 0 0.17 0.05 0.52 0.001 

Erosion grade in 
1998 (%) 

Extremely severe 0.010 0 0.001 0.002 0.001 0.02 

 

Table 7 shows that from 1998 to 2010, the unchanged proportion was 68.27% of the total 
study area, with the unchanged proportions of slight, light, moderate, severe, more severe, and 
extremely severe risk accounting for 51.71%, 12.86%, 21.06%, 9.54%, 1.03%, and 0.004% of 
the total unchanged area, respectively. These results indicate clear changes in erosion grade 
between 1998 and 2010. In this period, the greatest reductions in erosion risk were from 
moderate to slight and light, severe to slight and light, and light to slight, which accounted for 
18.60%, 2.12%, and 1.70% of the study area, respectively. The areas with increased erosion 
risk were very small, the largest value being 0.29%. 

5.3  Trend analysis of erosion transformation 

Based on Figure 6, the erosion trends between 1978 and 1998 and between 1998 and 2010 
were mapped (Figure 7), and the statistical results for the two periods are shown in Table 8. 

Figure 7 shows the spatial distributions of changes in erosion grade from 1978 to 1998 and 
from 1998 to 2010. From 1978 to 1998, some erosion grades improved, while others deterio-
rated (Figure 7a), but from 1998 to 2010, there were 20 times more improvements in grade 
than deteriorations (Figure 7b). 

Table 8 shows that most deteriorations and improvements in the grade of soil erosion risk 
were changes of one or two grades. The total area where the erosion grade improved from 
1998 to 2010 (28.18% of the region’s total area) was obviously greater than that from 1978 to 
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Figure 7  Changes in erosion risk grades in the study area from 1978 to 1998 (a) and from 1998 to 2010 (b) 
 

Table 8  Deterioration and improvement in erosion grades in the study area between 1980 and 2010 

1978 to 1998 1998 to 2010 
Erosion grade variation 

Area (km2) Proportion (%) Area (km2) Proportion (%) 

Deterioration of 1 grade 15508.13 6.21 2303.26 0.92 

Deterioration of 2 grades 4780.16 1.91 534.25 0.21 

Deterioration of 3 grades 491.20 0.20 193.21 0.08 

Deterioration of 4 grades 51.78 0.02 56.92 0.02 

Deterioration of 5 grades 4.50 0.002 9.83 0.004 

Improvement of 1 grade 19141.65 7.66 50004.85 20.01 

Improvement of 2 grades 3481.08 1.39 17731.47 7.09 

Improvement of 3 grades 445.28 0.18 2463.94 0.99 

Improvement of 4 grades 116.81 0.05 206.87 0.08 

Improvement of 5 grades 36.21 0.01 24.08 0.01 

Summation of deterioration grades 20835.77 8.34 3097.48 1.23 

Summation of improvement grades 23221.03 9.29 70431.21 28.18 

 
1998 (9.29%). The total area that saw a deterioration in erosion grade from 1998 to 2010 
(1.23% of the region’s total area) was obviously less than that from 1978 to1998 (8.34%). 
These results indicate that the erosion condition has been improving in recent years. Although 
the area at high risk of erosion is decreasing, erosion risk should not be ignored in govern-
ment policies related to soil conservation. The results shown in Figure 7 are consistent with 
those in Table 8 and indicate the spatial areas of soil erosion measures. 

5.4  Identification of conservation priorities 

The conservation priorities of regions were identified by analyzing changes in erosion risk. 
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Table 9 shows the conservation priorities created based on SL190-2007. A higher conserva-
tion priority corresponds to a greater erosion risk and indicates that more attention should be 
given to that region. Based on Table 9, the proportion and the area of every priority level are 
shown in Table 10. 

Table 9  Multi-criteria decision rules for identifying conservation priorities 

  Erosion grade in the next period 

  Slight Light Moderate Severe More severe Extremely severe 

Slight Ⅳ Ⅳ Ⅱ Ⅰ Ⅰ Ⅰ 

Light Ⅳ Ⅳ Ⅲ Ⅱ Ⅰ Ⅰ 

Moderate Ⅳ Ⅴ Ⅲ Ⅱ Ⅱ Ⅰ 

Severe Ⅳ Ⅴ Ⅳ Ⅲ Ⅱ Ⅰ 

More severe Ⅳ Ⅴ Ⅳ Ⅲ Ⅱ Ⅰ 

Erosion 
grade in the 

previous 
period 

Extremely severe Ⅳ Ⅵ Ⅴ Ⅳ Ⅲ Ⅰ 

Table 10  Area and proportion of each priority level in the study area 

1978 to 1998 1998 to 2010 
Priority level 

Area (km2) Proportion (%) Area (km2) Proportion (%) 

1st level 627.06 0.25 298.80 0.12 

2nd level 9023.28 3.61 2464.15 0.99 

3rd level 95046.16 38.03 52536.04 21.02 

4th level 32618.80 13.05 27296.90 10.92 

5th level 9280.42 3.71 34332.97 13.74 

6th level 103325.32 41.34 132992.19 53.21 

 
 

Table 10 indicates that areas with severe erosion and at the 1st and 2nd priority levels 
comprised 9650.34 km2 (3.86% of the region’s total area) from 1978 to 1998 and 2762.95 
km2 (1.11%) from 1998 to 2010. Although the area at severe risk of erosion is becoming 
smaller, it should not be ignored and requires constant attention to ensure appropriate erosion 
measures in future projects. The 3rd and 4th levels accounted for 51.08% and 31.94% of the 
region’s total area from 1978 to 1998 and from 1998 to 2012, respectively. These two levels 
represent stable or slightly changing erosion status and indicate the need for only a minor al-
location of resources to control soil erosion. The areas represented by the 5th and 6th levels 
accounted for 45.05% and 66.95% of the study area from 1978 to 1998 and from 1998 to 
2012, respectively. These areas have low erosion risk, and the current development intensity 
should be maintained without the need for extra measures to control soil erosion. Compared 
to the period from 1978 to 1998, the control of soil erosion has been remarkably successful 
from 1998 to 2010.  

Based on the results shown in Tables 9 and 10, distribution maps of conservation priority 
levels from 1978 to 2010 were generated (Figure 8). Figure 8 can provide comparative meas-
ures for controlling soil erosion from 1978 to 2010 for government, and thus facilitates the 
efficient use of labor and funds to control soil erosion in the future. 



ZHAO Haigen et al.: Dynamic identification of soil erosion risk in the middle reaches of the Yellow River  187 

 

 

 

Figure 8  Maps showing the distributions of conservation priority levels in the study area from 1978 to 1998 (a) 
and from 1998 to 2010 (b) 

6  Discussion 

Water erosion is known to be the most important factor causing soil degradation worldwide.  
The middle reaches of the Yellow River Basin on the Loess Plateau are one of the regions 
most seriously affected by water erosion in the world. Therefore, this area is an important 
conservation region for the control of soil erosion. Sedimentation rates and human activity are 
significantly correlated. From the end of the 1970s to the end of the 1990s, a series of soil and 
water conservation projects were carried out under the support of government-sponsored pro-
grams in the area. At the same time, a strong economy led to increased deforestation in this 
period; thus, improvements in erosion were accompanied by some deteriorations. After 1999, 
the implementation of the large-scale Grain-for-Green Program greatly increased the propor-
tions of forest and grasslands in the study area and reduced the overall intensity of soil erosion. 
Therefore, analyzing the temporal and spatial distribution dynamics of soil erosion risk and 
identifying priority regions over the past 33 years is important for government policymaking 
in the future.  

6.1  Selection of criteria for the dynamic identification of soil erosion risk 

The average slope gradient can change with variation in the spatial resolution of DEM data 
(David and McCabe, 2000; Thompson et al., 2001; Wang and Wang, 2009; Fu, 2015). Previ-
ous studies (Sun et al., 2013; Sun et al., 2014) have shown that DEM data with a resolution of 
90 m can be used to calculate the erosion rate at a large scale in the Loess Plateau region. 
Thus, in order to balance the time cost and accuracy of calculation, a resolution of 90 m was 
chosen in this study. However, the spatial effects of the DEM resolution on the generation of 
erosion risk in such a large region should be identified in future research. 

Land-use factors were separated into farmland and non-farmland types to calculate the spa-
tial and temporal changes in erosion risk from 1978 to 2010. However, in reality, the soil 
conservation functions of forestland and grassland are different, even if they have the same 
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VFC. Generally, forest has deeper root length, a larger root distribution area, and a denser 
canopy than grassland. Thus, forest can more greatly reduce the percussive force of a raindrop, 
can intercept more rainfall, and is better at controlling soil erosion. Quantitative differences in 
land-use types should be considered when calculating soil erosion risk in future research.  

Three periods of remote sensing data were employed to generate land use, slope gradient, 
and VFC, which have key effects on the distribution of erosion risk. The remote sensing data 
used to generate these land-use and VFC data included Landsat TM, Landsat MSS, and 
HJ-CCD. Although the sensors of Landsat and HJ are different, Landsat and HJ have similar 
spectral ranges in the first four bands, and the difference in spatial resolution between MSS 
and TM is acceptable. In addition, the remote sensing data were obtained between July and 
August, because these data best reflect the growth status of vegetation. Therefore, it is rea-
sonable to compare the risk maps for the three time periods. 

When assessing soil erosion, the MCE used in this study does not consider rainfall intensity, 
unlike the RUSLE model (Lu et al., 2004; Alexakis et al., 2013; Fu et al., 2013). Although 
the RUSLE function reflects erosion more physically (for example, by considering the im-
pacts of climate and underground and raindrop kinetic energy), it requires more accurate input 
data and is likely to produce significant errors in a specific rainfall measurement if the region 
has complex terrain and diverse physiognomy (Wang et al., 2013). The distribution of na-
tional meteorological stations that can provide publicly available data in the study area is un-
even and scarce; thus, it is difficult to use the geographic interpolation method to obtain 
high-resolution and continuous raster data that can accurately describe the spatial variations in 
precipitation (Meusburger et al., 2012). Nevertheless, rainfall intensity and runoff should be 
considered in future risk assessment models.  

6.2  Comparison between soil erosion risk grades and estimated soil loss 

To further identify the accuracy of soil erosion risk grades, the distribution of soil risk grades 
in this study were compared with the results of Fu et al. (2011). Figure 9 shows the distribu-
tions of estimated soil loss calculated by the USLE method. The spatial patterns of soil ero-
sion risk grades in Figure 6 are generally consistent with the distributions of estimated soil 
losses shown in Figure 9. The regions classified as having slight, light, moderate, severe, 
more severe, and extremely severe erosion risk in Figure 6 basically correspond to the soil  

 

Figure 9  Spatial distributions of estimated soil loss (t km-2 yr-1) in the study area in 2000 (a) and 2008 (b) (Fu et 
al., 2011) 
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loss ranges of 0–500, 500–2500, 2500–5000, 5000–8000, 8000–15000, and >15000, respec-
tively, in Figure 9. However, there are differences between them in some areas. 

Some areas have moderate erosion risk (blue box 1) or slight erosion risk (blue box 2) in 
Figure 9, but fall in the soil loss range of >8000 in Figure 9. These areas are forestlands, and 
these discrepancies may be primarily attributed to differences in the vegetation cover data. In 
this study, the VFC values in 1998 and 2010 were derived respectively from Landsat-TM 
with a resolution of 30 m and HJ-CCD with a resolution of 32 m. In Figure 9, the maximum 
16-day NDVI data were derived from MODIS images with a resolution of 250 m. This high-
er-resolution VFC data should alleviate the soil erosion risk grade. 

Some areas have severe and more severe risk grades in Figure 6, but fall into the soil loss 
range of 500–2500 in Figure 9 (red box 1). Some areas have moderate or severe risk grades in 
Figure 6, but fall into the soil loss range of 0–500 in Figure 9 (red box 2).These areas are 
farmlands, and these discrepancies are caused by the differences in the methods used to treat 
vegetation and slope. In this study, VFC was not considered, and the absolute slope gradient 
was used when calculating the soil erosion grades for farmland. In Figure 9, vegetation was 
considered, and the percentile slope gradient was used when calculating soil erosion. Thus, 
compared to the results of this study, the soil erosion grades in the literature are lower. 

In addition, the time periods considered in this study are different from those in the litera-
ture, which could obviously affect the vegetation data and the results of the comparisons 
among different time periods. Thus, more field data should be collected to validate the study 
results. 

However, the maps showing the distributions of conservation priority levels in this study 
(Figure 8) demonstrated that the change of soil erosion control as an ecosystem service driven 
by the vegetation cover change mainly happened on the slopes. In this regard, the results of 
this study are meaningful to assess the dynamics of soil erosion risk, and thus the evolution of 
the soil erosion control service on the Loess Plateau. 

7  Conclusions 

Based on GIS techniques, this study integrated a multi-criteria evaluation approach involving 
high-spatial-resolution remote sensing data (slope gradient, VFC, and land use) to qualita-
tively identify the trends in the spatial distribution of soil erosion risk in the middle reaches of 
the Yellow River Basin from 1978 to 2010. 

The results show that erosion risk has decreased over the 33-year study period. From 1978 
to 1998, the areas categorized as having extremely severe, more severe, and severe erosion 
risk decreased by 0.01%, 0.13%, and 0.97% of the study area, respectively; the respective 
decreases were 0.01%, 0.22%, and 3.41%. The decreasing trend from 1998 to 2010 was more 
pronounced than that from 1978 to 1998. 

The results also indicate that from 1978 to 2010 the total area classed as deterioration grade 
erosion was smaller than that classed as improvement grade erosion, and that the transforma-
tion between these classes between 1998 and 2010 was smaller than that between 1978 and 
1998. From 1978 to 1998, the proportions of the region where the erosion grade changed from 
severe to slight and from severe to light were 0.16% and 0.13%, respectively, and the propor-
tions of regions where the erosion grade changed from slight and light to extremely severe 
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and severe were all less than 0.01%. From 1998 to 2010, the proportions of regions where the 
erosion grade changed from severe to slight and from severe to light were 0.97% and 1.15%, 
respectively, and the proportions of regions where the erosion grade changed from slight or 
light to extremely severe or severe were all less than 0.01%. The proportions of extremely 
severe and more severe erosion grades were all less than 0.01% of the total area from 1978 to 
1998 and from 1998 to 2010, but these values were greater from 1998 to 2010 than from 1978 
to 1998.  

Compared to the period from 1978 to 1998, the area of improvement grade erosion in-
creased by about 47210.18 km2 from 1998 to 2010, while the area of deterioration grade ero-
sion decreased by about 17738.29 km2. The changes in erosion risk indicated that the regions 
in which erosion risk increased or decreased significantly were located in the central region of 
the study area. 

The maps of the distributions of conservation priority levels indicate that conservation pri-
ority levels are significant for future eco-environment management and policymaking related 
to water and soil conservation in the Yellow River Basin. The top two conservation priorities 
accounted for 3.86% and 1.11% of the total study area. These areas should not be ignored; 
they should be given attention even though their overall erosion intensity has been reduced. 

The MCE model integrated with multi-source remote sensing data can be applied in the 
middle reaches of the Yellow River Basin. The dynamics of the spatial distribution of erosion 
risk from 1978 to 2010 can provide guidance for government agencies as they plan water 
conservation efforts and implement soil conservation projects in the future. 
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