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Abstract: Soil erosion has become a major global environmental problem and is particularly
acute on the Loess Plateau (LP), China. It is therefore highly important to control this process
in order to improve ecosystems, protect ecological security, and maintain the harmonious
relationship between humans and nature. We compared the effects of rainfall and land use
(LU) patterns on soil erosion in different LP watersheds in this study in order to augment and
improve soil erosion models. As most research on this theme has so far been focused on
individual study areas, limited analyses of rainfall and LU patterns on soil erosion within dif-
ferent-scale watersheds has so far been performed, a discrepancy which might influence the
simulation accuracies of soil erosion models. We therefore developed rainfall and LU pattern
indices in this study using the soil erosion evaluation index as a reference and applied them
to predict the extent of this process in different-scale watersheds, an approach which is likely
to play a crucial role in enabling the comprehensive management of this phenomenon as well
as the optimized design of LU patterns. The areas considered in this study included the
Qingjian, Fenchuan, Yanhe, and Dali river watersheds. Results showed that the rainfall ero-
sivity factor (R) tended to increase in these areas from 2006 to 2012, while the vegetation
cover and management factor (C) tended to decrease. Results showed that as watershed
area increased, the effect of rainfall pattern on soil erosion gradually decreased while patterns
in LU trended in the opposite direction, as the relative proportion of woodland decreased and
the different forms of steep slope vegetation cover became more homogenous. As watershed
area increased, loose soil and craggy terrain properties led to additional gravitational erosion
and enhanced the effects of both soil and topography.
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1 Introduction

Soil is a key basic ecosystem component and therefore an important raw material for human life
and production (Cerda et al., 2015; Mabit et al., 2015). Soil erosion has, however, become more
and more widespread globally in recent years and is especially prevalent on the Loess Plateau
(LP), China; this phenomenon is now one of the major ecological environmental issues world-
wide that is likely to influence the survival and development of humans (Cerda et al., 2014). It is
therefore vitally important to prevent and control soil erosion in order to improve the environ-
ment, protect ecological security, and to enable harmonious and sustainable development be-
tween humans and nature (Govers, 2014; Prosdocimi, 2015).

Research on the impacts of rainfall and land use (LU) on soil erosion has recently become hot
topics. For example, Ochoa et al. (2016) analyzed the relationship between a number of causa-
tive factors including climate, topography, and land cover (LC) at small-scale watersheds and
demonstrated the impacts of these factors on soil erosion. In earlier work, Paroissien ef al. (2015)
established a model to simulate the impacts of LU and climate change on soil erosion at the basin
scale, and applied this approach to an analysis of annual mean rate of soil erosion in Mediterra-
nean region. The impacts of LU/LC on soil erosion on the LP of China were discussed by Wei et
al. (2006) who considered the influence of different rainfall patterns; the results of this study
showed that the main rainfall factors influencing soil erosion included concentration as well as
high intensity and short duration events. Thus, a series of LU types with the ability to resist run-
off erosion were ordered in this study from most to least in the sequence of sea-buckthorn, weed,
Chinese pine, alfalfa, and wheat. In addition, Zhuang ef al. (2012) applied the universal soil loss
equation (USLE) model to analyze the impacts of LU and rainfall changes on soil erosion in the
Xiaojiang River Watershed, part of the Jinsha River in southwestern China. The results of this
study highlighted the fact that high intensity soil erosion was mainly distributed at altitudes be-
tween 1,600 m and 2,800 m in the downstream part of the Xiaojiang River Watershed. Notewor-
thily, the bulk of previous research on this topic has been focused mainly on individual water-
sheds (Iserloh et al., 2013; Shi et al., 2013; Arhem and Fredén, 2014; Jomaa et al., 2014;
Gessesse et al., 2015); few comparative analyses that address the impacts of rainfall and LU on
soil erosion at multi-scale watersheds have been performed. Thus, exploring soil erosion patterns
and their variations with rainfall and LU impacts in different watershed areas is important, not
only to the research on soil erosion but also to the comprehensive management of regions sus-
ceptible to these processes.

Thus, adopting “scale-pattern-process” theory as the basis for research in this area, and con-
sidering LU, topography, soil, rainfall, and other factors, the soil loss (SL) evaluation index was
initially proposed via the application of methods for calculating related factors in the context of
the Revised Universal Soil Loss Equation (RUSLE) model (Zhao et al., 2008). A number of pre-
vious studies have suggested, however, that the SL index can only provide an approximation of
the main processes of soil loss as a component of erosion evaluation; Fu et al. (2006) utilized this
index in earlier work at small-scale watersheds, calculating it step-by-step based on relevant
landscape ecology theory and the main processes of soil erosion. This led to the proposal of a
multi-scale SL index (Fu et al., 2006), while Zhao et al. (2012) provided an additional method
for assessment of the vegetation cover and management (C) factor between the SL index and the
RUSLE model in their study in the Yanhe River Watershed within the hilly and gully area of the
LP. The results showed that compared to the C factor, the SL index could more accurately de-
scribe the impacts of LU patterns on soil erosion while at the same time providing clear scientific
reference data enabling reductions in land losses via pattern adjustments within watersheds.
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The SL index was improved in this study and applied to the unique hilly and gully terrain area
on the LP in northern Shaanxi Province, China. The aim of this study was to explore the effects
of rainfall and LU patterns on soil erosion at different watershed scales.

2 Study area P
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of annual runoff can be resulted from just a few rain- cluding watersheds, hydrological and rainfall
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3 Data collection and methods
3.1 Data

Horizontal and vertical distance as well as slope data were extracted from a digital elevation
model (DEM) generated from a 1:5,000,000 scale topographic map using the software ArcGIS
9.3. This enabled the calculation of annual average values for vegetation cover from 2006 to
2012 using Normal Differential Vegetation Index (NDVI) data at a spatial resolution of 500 m
extracted from moderate-resolution imaging spectroradiometer (MODIS) (http://www.gscloud.
cn/) data. Rainfall, sediment discharge, and other hydrological data collected at 57 rainfall ob-
servation stations within the study area were extracted from the China Hydrological Yearbook:
Hydrological Information of the Yellow River Watershed. The locations of hydrological and rain-
fall stations are shown in Figure 1.

3.2 Methods

Rainfall and LU patterns refer to the distribution of these parameters in terms of slope and hori-
zontal and vertical distance from river systems. Thus, the closer, more topographically varied,
and higher the rainfall and LU pattern unit, the greater the contribution of LU and rainfall
pattern to the sediment output of the watershed, and vice versa. We therefore utilized the LU
and rainfall pattern indices based on the SL index (Zhao et al., 2008), as outlined below.
The SL index was calculated as follows:
Sl = f(R,K,T,C)

f(R,K,T) M
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where R denotes the rainfall erosivity factor, C denotes the vegetation cover and manage-
ment factor, K denotes the soil erodibility factor, T denotes the terrain feature factor, and
denotes the function of the SL index at different scales. In this context, SL is a dimensionless
factor with values that range between 0 and 1; thus, a larger SL value implies a greater con-
tribution of LU pattern to soil loss, and vice versa.

The rainfall pattern (SLg) index was calculated based on R and its potential capacity to
contribute to soil erosion based on the SL index, as follows:

_2S><H><D><R

SLr ZSXHXD

()
where S denotes the slope factor index, while H and D are the horizontal and vertical dis-
tance indices of soil loss, respectively.

The LU pattern (SL¢) index was calculated based on the C factor and drawing on the SL
index, as follows:

_ZSXHXDXC
Y. SxHxD

SL. 3)

Calculation of R in this study was based on a simple algorithm for rainfall erosivity within
the hilly and gully area on the LP (Zhang, 2003; Zhong, 2015), as follows:

R:0.849xazl;:1(Xj)ﬁ ~29.651 (4)

where R denotes the monthly rainfall erosivity [MJ-mm/(ha-h)], while X; denotes erosive rainfall
on day j. Erosive rainfall request rainfall is greater than, or equal to, 12 mm, if it is erosive rain-
fall equal to rainfall, or is otherwise calculated as zero; thus:

f=0.8363+18.44P," +24.455P, )
and

a=21.5864"""" (6)

where P, denotes daily average rainfall greater than, or equal to, 12 mm, while P, refers to the
annual average daily rainfall greater than, or equal to, 12 mm.

The relationship between the C factor and crop coverage is complicated. Thus, the first of
these two variables was calculated as follows (Cai ef al., 2000):

F, =(NDVI —NDVI,,,.)/ (NDVI,,. — NDVI .) @)
Cc=1 F.=0 ®)
C=0.6508—-0.34361gF, 0<F,<783% )
Cc=0 F.=783% 10)

where F. refers to the extent of vegetation coverage, while ND VI, and NDVI ., denote the
minimum and maximum values of the NDVI within the study area, respectively.

The soil loss distance index reflects differences in the degree of contribution of various
LU types to river sediment as a function of distance from the water system (Zhao et al., 2008).
These LU type distances can be further divided both horizontally and vertically (Figure 2); thus,
d; denotes the horizontal distance of soil erosion at point / in a small watershed, while /; denotes
the vertical distance at the same point. Applying the Straight Line function of the Spatial Analyst
tool in the software ArcGIS v9.3 enabled us to extract the horizontal distance of point i from the
river system based on the spatial distribution map. In contrast, extracting a measure for vertical



WANG Jun et al.: The influence of rainfall and land use patterns on soil erosion in multi-scale watersheds 1419

soil erosion was relatively more complicated,
and was achieved in a series of distinct steps.
Water vector data was first converted to a
raster format and a grid value of 1 was defined
prior to application of the raster calculator
module in ArcGIS v9.3. The water grid was
then multiplied with DEM data to obtain a map
comprising elevation values which were then
extended outwards so that the water surface
covered the entirety of a small watershed (i.e.,
the surface of a river system). Finally, a verti- Figure 2 Schematic diagram of horizontal distance (/;)
cal distance map of soil loss was obtained by and vertical distance (d;) of soil loss (Zhao et al., 2008)
subtracting DEM data from values for water level elevation; horizontal (D) and vertical (H) dis-
tance indices were then calculated based on corresponding soil losses.
Values of D were calculated as follows:

River

D. = max i (11)

where D, denotes the soil erosion distance index at one point within a watershed, while Dy,
denotes the maximum value of this index within a watershed, and d; denotes the soil erosion dis-
tance at a given point within a watershed. Soil erosion distance in this context refers to the min-
imum straight line distance from one point along the sediment transport path to the water system
within a watershed.

Values of H were calculated as follows:

H. = max i (12)

where H; denotes the soil erosion vertical distance index at one point within a watershed, while
H.,.« denotes the maximum value of soil erosion vertical distance, and 4; denotes the vertical dis-
tance of soil erosion at a given point within a watershed.

Values of S were calculated as follows (Liu et al., 1994).

S/ =21.91sin60-0.96 (13)
and
_ (Si’ - Si’min )
Si B (Si,max - Si,min> (14)

where S, denotes the slope factor index, 6§ refers to the slope gradient, S/ refers to the slope fac-

tor, and !, and S, denote the minimum and maximum slope factors, respectively, within

the watershed.

4 Results

4.1 Characteristics of factors in SLz and SL,
4.1.1 Characteristics of rainfall erosivity factor (R)

Values of R for 57 rainfall observation stations within the hilly and gully study area on the LP for
the period from 2006 to 2012 were calculated by using the simple algorithm presented by Zhang
et al. (2003), and a distribution map was generated (Figure 3). Results showed that R values for
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Figure 3 The spatial distribution of R factor from 2006 to 2012 within the hilly and gully area on the LP

the Yanhe and Dali river watersheds remained generally low, while the opposite was the case for
the watersheds of the Qingjian and Fenchuan rivers. Similarly, R values for upstream regions of
the Fenchuan and Qingjian river watersheds remained relatively high while those for downstream

regions were relatively low over the time period of
this study; the opposite pattern was detected in the
Yanhe and Dali river watersheds. Two upstream
zones with high R values were identified within the
Qingjian and Fenchuan river watersheds, while low
value zones were identified in the upstream area of
the Dali River Watershed and in the mid-upstream of
the Yanhe River Watershed. The inter-annual varia-
tion in R within the study area was illustrated in Fig-
ure 4; these data showed that R tended to increase
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Figure 4 Inter-annual variation in R within the
hilly and gully area on the LP from 2006 to 2012
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from 2006 to 2012 (P=0.05), although values were relatively low in both 2008 and 2010 because
the volume of rainfall was also relatively small in these years.

4.1.2 Characteristics of C

The distribution of C values was shown in Figure 5. The results suggested that C values for the
Dali River Watershed in the north of the study area remained relatively high throughout the study
period while those of the Fenchuan River Watershed in the south were relatively low. At the same
time, C values tended to decline along a north-south transect across the study area over the
course of this research. The results presented in Figure 6 were generated by calculating annual
average C values and reveal an overall downward trend from 2006 to 2012 (P=0.05). This LP
study area is noteworthy because it has experienced the implementation of a policy to return
farmland to forests and grasslands since 1998; the results of this process have been remarkable as
vegetation coverage has significantly increased, and ecological environmental quality has sig-
nificantly improved since 2000. Vegetation coverage in this region has also consistently in-
creased year by year due to the continuous return of farmland to forests and grasslands (Zhong

(a) 2006 (b) 2007 (c) 2008

(d) 2009 (e) 2010 (H 2011

(g) 2012

0 100 km

Figure 5 The spatial distribution of C within the hilly and gully area on the LP from 2006 to 2012
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. 76 1
between the C and vegetation coverage 075 1 e C
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Figure 7 The patterns of D, H, and S within the hilly and gully area on the LP

4.2 The impact of rainfall patterns on soil erosion within multi-watersheds

Values of SLp from 2006 to 2012 for 13 . ¢3;
small watersheds were calculated as part g . 074 @ o Correlation cocfficients between
of this study. These results enabled % 2 0.6 . SLy and sediment discharge
evaluation of the impact of rainfall pat- g 05{ % 7 Ere“d of correlation coefficients

. . o .4 \ e Detween SLg and sediment discharge
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multi-watersheds via the calculation and % § 031 Qo N
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analysis of correlation coefficients be- g@ gf ° ..\._
tween SLr and sediment discharge data %E ’0 e e, _
for the 13 small watersheds (P=0.05). g 0 1000 2000 3000 4000 5000 6000
Figure 8 revealed that the impacts of © Watershed area (km?)

rainfall pattern on soil erosion gradually Figure 8 The effect of rainfall pattern on soil erosion in
decreased as watershed area increased different watersheds in the hilly and gully area on the LP
In other words, the smaller the watershed area, the greater the contribution of rainfall patterns to

soil erosion, and vice versa.
4.3 The impact of LU patterns on soil erosion in multi-watersheds

Values of SL¢ from 2006 to 2012 for 13 small watersheds were calculated as part of this study.
These data enabled evaluation of the impact of LU patterns on soil erosion within
multi-watersheds via calculation and analysis of correlation coefficients between SLc and sedi-
ment discharge data for the 13 small watersheds (P=0.05). Figure 9 showed that the impact of LU
patterns on soil erosion gradually increased in concert with watershed area. In other words, the
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The data presented in Figure 10 was
Watershed area (km?)

generated by comparing the correlation Figure 9 The effect of LU patterns on soil erosion in different
coefficients between either SLg or SLc watersheds within the hilly and gully area on the LP

and sediment discharge (Figure 10).

These data show that correlation coefficients between SLy and sediment discharge were greater
than those seen for SL¢ in the case of the seven watersheds in Caoping, Xinghe, Qingyangcha,
Zaoyuan, Lijiahe, Zichang, and Linzhen, while the opposite was true for the six watersheds
within Ansai, Suide, Xinshihe, Yan’an, Yanchun, and Ganguyi. Indeed, watershed area increased
from left to right along the horizontal axis (Figure 10); this meant that the effect of rainfall pat-
tern on soil erosion was larger than that of LU pattern when a watershed was relatively smaller,
and vice versa at relatively larger sizes.

08
0.7} SLc-Sediment discharge SLg-Sediment discharge
0.6
05
04}
03

Correlation coefficent

0'& Watershed

Figure 10 Comparison of the effects of rainfall and LU patterns on soil erosion in 13 watersheds within the hilly
and gully area on the LP

4.5 Causal analysis

It is clear that soil erosion is the combined result of rainfall, LU, topography, soil type, and other
factors. A great many variables influence this complex process; the results presented in this study
showed that the influence of rainfall on soil erosion was greater than that of LU pattern when the
watershed area was smaller. While, the influence of LU pattern on soil erosion was more domi-
nant as watershed area increased; it is clear, for example, that different patterns of LU influence
the emergence of runoff by changing underlying surface features. In order to ensure ongoing
survival and development, humans have constantly modified their land surface environments,
and such changes in LU patterns are one of the important ways that anthropogenic activities
adapt to the environment (Wu et al., 2014). Thus, the influence of LU patterns on soil erosion
actually reflects human activities; the return of farmland to forests and grasslands has been the
dominant human activity within this study area since 1998 and has led to significant increases in
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vegetation coverage, largely changing local LU patterns.

Ding et al. (2015) have noted that vegetation cover types tend to be monospecific as watershed
area increases within the hilly and gully area on the LP in northern Shaanxi Province when the
proportion of grassland increases in concert with a reduction in forested land and farmland. And
compared to grassland and cultivated land, forests tend to have much better soil-water storage
and conservation capacities. This change of vegetation is the main reason for the increase of the
effects of LU pattern on soil erosion as watershed area increases. This also indicates that the ef-
fect of human activities on soil erosion increases when watershed areas are relatively larger.

It has also been noted in previous work that soil erosion within a watershed is mainly the result
of splash, sheet, and rill erosive effects (Liu, et al., 2004). Specifically, rills cut down into the
soil and subsoil and gradually develop into shallow gullies; runoff therefore collects in these gul-
lies, cuts down into their base, and extends channels and heads of gullies stretch upwards to form
broken dissected surface owing to the gully erosion. The amount of sediment yield caused by this
process nevertheless remains small and stable when splash erosion dominates, while the direct
impacts of rainfall are relatively more significant. It is the case, therefore, that the sediment yield
caused by erosion increases when these processes are dominated by shallow gully mechanisms;
under such situations, rainfall, soil, and LU are all significant factors influencing erosion, while
sediment is mainly derived from the collapse of cut channel walls and the development of
trenches. The sediment yield that results from erosion increases significantly when linear proc-
esses, including gravity erosion, become dominant (Jia et al., 2005); consequently, soft soil and
the crisscrossed ravine networks that form increase the probability of gravitational erosion and
enhance the impacts of both soil and topography.

5 Discussion

In their earlier work, Hu et al. (2014) proposed that the value of R factor had decreased from the
south to the northwest between 1971 and 2012 in Shaanxi Province. The results of this study lend
themselves to a similar conclusion; calculated R values for the Yanhe and Dali river watersheds
in the northern part of the study area were relatively smaller while values for the Qingjian and
Fenchuan river watersheds in the south were relatively higher. Numerous scholars have exam-
ined the spatiotemporal characteristics of vegetation coverage on the LP and have suggested that
an increase occurred from 2006 to 2012 (Liu ef al., 2011; Wei et al., 2017). And it was also
shown that vegetation coverage is high in the southeast and low in the northwest of the plateau.
Because the negative correlation in vegetation coverage and C factor, the C factor has tended to
decline from 2006 to 2012 and was low in the south and high in the north. The conclusion of Wei
et al. (2006) that there is great difference between runoff and soil erosion given different rainfall
and LU patterns is supported by this study.

The SL index includes soil erosion spatial distribution information and also reflects loss proc-
esses at different scales. However, the relevant factors that comprise this index remain too nu-
merous and complicated to calculate. Horizontal and vertical distance from the river system as
well as slope factor following deletion of the superfluous factor in LU pattern were used in this
study to generate an alternative LU pattern index that could reflect the effects of this variable on
soil erosion. A further rainfall pattern index was also proposed in this study that was based on the
LU pattern index. Data for these revised indices are easy to collect, and they are relatively simple
to calculate; use of these approaches can therefore more accurately reflect the impacts of rainfall
and LU patterns on soil erosion.
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Soil erosion is the combined result of rainfall, LU, soil type, topography, tillage, management,
and other factors. The emphasis in this paper has been on analyzing the impacts of rainfall and
LU patterns on soil erosion without taking their spatial correlations into account. Thus, examin-
ing the spatial distribution patterns of rainfall, LU, soil type, topography, tillage, management
methods, and other factors, as well as considering the relationships and correlations between
them and their influence on soil erosion as watershed areas change should be explored in future
work.

6 Conclusions

Building based on the SL index, and combining horizontal and vertical distance from the river
system in tandem with slope factor, pattern indices for rainfall and LU are developed in this pa-
per and their impacts on soil erosion in multi-watersheds on the LP in northern Shaanxi Province
are discussed. A number of clear conclusions are presented as a result of this research.

(1) Values for R from 2006 to 2012 within the study area tended to generally increase, while
the opposite trend was seen in C values.

(2) As watershed area increased, the impact of rainfall pattern on soil erosion within the study
area tended to gradually decrease, while the impact of LU pattern gradually increased. When the
watershed area was small, the impact of rainfall pattern on soil erosion tended to be larger than
that of LU pattern. The opposite was suggested when watershed area was large.

(3) As watershed area increased, the proportion of forested land tended to decrease and vege-
tation cover types tended to be monospecific. This phenomenon was the main explanation for an
overall increase of the effect of LU patterns on soil erosion within watersheds. At the same time,
the effect of rainfall on soil erosion tended to be relatively large when a watershed was relatively
smaller, while the impacts of soil and topography on erosion increased in concert with watershed
area.
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