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Summary The main purpose of this article is to analyze runoff and soil loss in relation to
land use and rainfall regimes in a loess hilly area of China. Based on 14 years of field mea-
surements and K-means clustering, 131 rainfall events were classified into three rainfall
regimes. Rainfall Regime II is an aggregation of rainfall events with such features as high
intensity, short duration and high frequency. Regime I is the aggregation of rainfall events
of medium intensity, medium duration and less frequent occurrence. Regime III is the
aggregation of events of low intensity and long duration and infrequent occurrence.
The following results were found. (1) Mean runoff coefficient and erosion modulus among
the five land use types are: cropland > pastureland > woodland > grassland > shrubland. (2)
The sensitivity of runoff and erosion to the rainfall regimes differ. Rainfall Regime II
causes the greatest proportion of runoff and soil loss, followed by Regime I and Regime
III. (3) The processes of runoff and soil loss, however, are complicated and uncertain with
the interaction of rainfall and land use. This is mainly due to the different stages of veg-
etation succession. Based on these results, it was suggested that more attention should be
paid to Rainfall Regime II since it had the most erosive effect. Shrubland is the first choice
to control soil erosion when land use conversion is implemented, whereas pastureland
(alfalfa) is not. Large-scale plantation of alfalfa therefore, should be avoided. Grassland
and woodland can be used as important supplements to shrubland.
ª 2006 Elsevier B.V. All rights reserved.
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Introduction

Soil erosion, defined as the detachment and displacement of
soil particles from the surface to another location (Govers
et al., 1990; Flanagan, 2002), continues to be a primary
cause of soil degradation throughout the world (Fu and Gu-
linck, 1994), and has become an issue of significant and se-
vere societal and environmental concern (Elsen et al., 2003;
Singha et al., 2006). Land use/cover, as one of the most
important factors, influences the occurrence and the inten-
sity of runoff and sediment yield (Hovius, 1998; Karvonen
et al., 1999; Chen et al., 2001). Non-uniform variations in
land use/vegetation coverage proved to be closely related
to hydrological responses over catchments (Siriwardena
et al., 2006). By properly adjusting of land use/land cover
patterns, soil properties can be greatly improved, conse-
quently reducing soil erosion to the allowed threshold (Fu,
1989; Chen et al., 2003), and the improved soil physical
properties can also positively affect the establishment of
vegetation (Kosmas et al., 2000). On the other hand, impro-
per land use and/or cover patterns can cause severe water,
soil and nutrient losses, and further land degradation (Luk
et al., 1989; Costa et al., 2003).

Runoff and erosion processes, however, are strongly af-
fected by many other factors besides land use/land cover.
Among these factors, the one most mentioned is rainfall.
Rainfall can cause soil erosion and runoff when it reaches
the ground (Sharma et al., 1993; Dijk et al., 2002; Kinnell,
2005). Also, the spatiotemporal heterogeneity and uneven
characteristics of rainfall play a key role in soil erosion (Li
et al., 2000; Nearing, 2001; Bürger, 2002; Endale et al.,
2006). Morin et al. (2006) found that complex interactions
exist between the spatiotemporal distributions of rainfall
systems and watershed hydrological responses. Local storm
patterns are important in determining the shape of the run-
off hydrograph (de Lima and Singh, 2002). Runoff and sedi-
ment generation in different land use types may thus vary
greatly with various rainfall types. Addressing the response
of runoff/erosion to different land use/land cover types and
different rainfall types is therefore important for land use
structure adjustment and vegetation restoration.

Rainfall classification, however, is an important prob-
lem, which needs to be solved. Most studies focused on
the response of the runoff/erosion process to single rainfall
pattern and different vegetation types (Yeh et al., 2000; de
Lima et al., 2003; Kirkby et al., 2005). Undoubtedly, con-
trolling soil erosion requires much more detailed and accu-
rate data in the real world (Elsen et al., 2003). Many studies,
however, are based on rainfall simulations, and thus the
conclusions are often not applicable to the real world. For
example, some authors have suggested that the nozzles of
rainfall simulators produce low kinetic energies relative to
natural rainfall (Luk et al., 1986). Madden et al. (1998) also
found that the kinetic energy and erosivity of rainfall pro-
duced by simulators could be lower than that of natural
rainfall. This insufficiency of energy plays an important role
in infiltration capacity, preventing surface crusting and sed-
iment detachment (Mathys et al., 2005). Other results also
show that rainfall simulators are unable to reproduce natu-
ral rainfall conditions (Aizen et al., 2000; Mazi et al., 2004;
Nearing et al., 2005). Accordingly, finding real rainfall-run-
off-sediment patterns based on measurements are impor-
tant for soil erosion control.

Soil loss and runoff studies at plot scales have been con-
firmed to be of crucial importance (Licznar and Nearing,
2003). Reliable and consistent erosion measurements and
extensive field data have played primary roles in soil erosion
analysis and prediction on larger scales (Zhang et al., 1996;
Nearing et al., 1999). In addition, soil properties are always
affected by land uses/vegetation evolution over long time
scales (e.g., months-centuries), which then further influence
runoff and soil erosion (Eagleson, 1982; Xu, 2005). For exam-
ple, the accumulation of litter under plants contributes to
increased surface roughness, higher infiltration rates, and
decreased runoff generation thresholds (Boer and Puigdefá-
bregas, 2005). Bochet et al. (1999) also found that topsoil
modification and erosion processes are mainly due to the
differential influences of species morphology (i.e., above-
ground structure) and components (i.e., litter cover and
organic matter). Moreover, the impact of plant roots on soil
resistance to erosion by water is also significant (Hou, 1990;
Zou et al., 2000; Gyssels et al., 2005; Mao et al., 2006). In
general however, these kinds of long-term consecutive
studies in arid and semi-arid areas are relatively scarce.

In this study, based on 14 years of field measurements in
plots in a semi-arid loess hilly area, 131 rainfall events that
produced runoff were recorded. On the basis of rainfall
depth, duration and maximum 30-min intensity, all the
events were classified into three categories. They were then
used to analyze the effects of varying land uses and rainfall
regimes on runoff and soil erosion. The specific objectives
were: (1) to analyze the effects of land use/land cover on
soil and water loss, (2) to determine the response of runoff
and soil erosion to different rainfall regimes, and (3) to
study the role of different land use types on soil erosion con-
trol under different rainfall regimes.
Material and methodology

Study area

Our experiments were all conducted in a small catchment,
Anjiapo Catchment, Dingxi, Gansu province, China
(35�35 0N, 104�39 0E) in the middle reaches of the Yellow
River (Fig. 1). This region is dominated by a temperate
terrestrial climate with warm-humid summers and cold-
dry winters. The average annual precipitation is about
427 mm, of which more than 80% falls from May to Sep-
tember. The potential annual transpiration, however, can
reach 1510 mm. The mean monthly temperature ranges
from �7.6 �C to 27.5 �C, with an average annual tempera-
ture of 6.3 �C. Approximately 141 days annually are frost-
free.

Local soil develops from wind-accumulated loess parent
material, which is about 40–60 m on depth. The dominant
soil in the region belongs to calcic Cambisol (FAO-UNESCO,
1974) with clay of 33.12–42.17%, organic matter of 3.7–
13.4 g/kg, and soil density is from 1.09 to 1.36 g cm�3 with-
in 2 m depth (Huang et al., 2005). This type of soil has week
resistant to erosion (Fu and Gulinck, 1994). Vegetation in
the study area is poor due to lack of water. The dominant



Loess Plateau

^

Upslope  Plot9

SL

20

Plot10

WL

20

Plot11 

CL

20

Plot12

PL

20

Plot13

GL

10

Plot14

GL

20

Plot15

GL

15

Plot1

CL

15

Plot2

PL

10

Plot3

SL

10

Plot4

CL

10

Plot5

PL

15

Plot6

SL

15

Plot7

WL

15

Plot8

WL

10

2075 2075 2100

2050

2000

2075

NAnjiapo Catchment

Figure 1 Study area and configuration of the plots in Anjiapo catchment, Dingxi, Gansu province. Note: CL, cropland; PL,
pastureland; SL, shrubland; WL, woodland; GL, grassland. Three slope degrees: 10�, 15�, 20�.

The effect of land uses and rainfall regimes on runoff and soil erosion in the semi-arid loess hilly area, China 249
plant species are: Chinese pine (Pinus tabuliformis Carr.),
seabuckthorn (Hippophae rhamnoides L.), pea shrub (Carag-
ana kansuensis Pojark.), Chinese arborvitae (Platycladus
orientalis L.), apricot (Prunus armeniaca L.), alfalfa (Medi-
cago sativa L.), sainfoin (Onobrychis vichfolia Scop.), and
bunge needlegrass (Stipa bungeana Trin.). The main crop
species are potatoes (Solanum tuberosum L.), spring wheat
(Triticum aestivum L. cv Leguan), maize (Zea mays L.) and
flax (Linum usitattissimum L.).

Experimental design

Fifteen experimental plots (Fig. 1) were planted on north-
facing hill-slopes, on which rain-fed crops (wheat, potatoes,
beans and millet) were grown before the plots were estab-
lished. To reduce the effects of position, all plots were
established on the same slope. They were oriented parallel
to the slope and adjacent to each other.

The following five land cover types with three replica-
tions (10�, 15� and 20�) in the experimental plots were
investigated. (1) Cropland (Triticum aestivum L. cv Le-
guan): Field management was similar to that used by local
farmers, and the seeds of spring wheat were sown in April
and harvested manually in early August. (2) Pastureland
(Medicago sativa L.): The seed was drilled or broadcasted
in April and harvested in late July. Alfalfa was replanted
annually from 1993 to 1999 due to low yield. (3) Shrubland
(Hippophea rhamnoides L.): Saplings of sea buckthorn were
planted in 1.0 m by 1.0 m spacing in March, 1986. The litter
remained on the plots during the experiment. (4) Woodland
(Pinus tabulaeformis Carr.): Saplings of Chinese pine were
planted in 3.0 m rows and 1.5 m columns in March, 1986.
(5) Grassland (Stipa bungeana Trin.): This natural species
was left to grow without human disturbance.
Plots used for shrubland and woodland were 10 m · 10 m,
while plots used for slope cropland, pastureland and grass-
land were 10 m · 5 m. In each plot, cement ridges (30 cm
above ground) were constructed at the borders to isolate
plot runoff and sediment. A discharge ditch was created
at the top of each plot to control runoff and sediments from
the upper slope. At the base of each plot, a marked H-flume
and two volumetric tanks were built at the outlet of each
plot for surface runoff and sediments collection.

Precipitation during the rainy season was measured by a
SM1 pluviometer and a SJ1 auto-siphon udometer. The
depth, duration and intensity of each rainfall event were re-
corded. The runoff and erosion of each rainfall event were
monitored. In total, 131 rainfall events with runoff (1986–
1999) were recorded.

The possible initial spatial variations of runoff/erosion
effects caused by slope aspect, slope position, elevation,
and the physiochemical features of local soil were not con-
sidered, since all the plots were situated in a similar
environment.

Clustering methodology

Clustering approach is a fundamental and important tool in
statistical analysis. In the past, statistical clustering tech-
niques have been widely used in such diverse scientific fields
as psychology, zoology, biology, botany, sociology, meteo-
rology, physiognomy, etc. (Anderberg, 1973; Yeh et al.,
2000). It aims to group objects based on their similarities.
There are two methods of clustering, the hierarchical clus-
tering method, and the non-hierarchical method or K-means
clustering. In the former, the number of clusters is obtained
by automatic statistical analysis (Hong, 2003). Two types of
hierarchical cluster methods are included, i.e., R type and Q
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type (Horváth, 2002; Yu and He, 2003). R type clustering is
used for variables classification, and Q type clustering for
different cases.

In this study, the non-hierarchical clustering method,
i.e., the K-means clustering was used to classify the rainfall
events. This method is suitable for a large number of cases
(Hong, 2003), and a cluster number is required before clas-
sification. To determine the number of clusters in a data
set, numerous criteria were proposed (Perruchet, 1983).
In our study, attempts were made until the most suitable
clusters appeared. Normally, the classification must meet
the ANOVA criterion of significant level (P < 0.05).

Statistical analysis

Fourteen years of consecutive data (1986–1999) were used
in this study. In order to analyze the surface runoff and sed-
iment loss, two indices including runoff coefficient (ratio of
rainfall excess to rainfall) and erosion modulus were used

C ¼ ðSR=PÞ �% ð1Þ

where C, SR and P denote runoff coefficient, surface runoff
and precipitation, respectively.

Em ¼ ðSL=PAÞn�1 ð2Þ

where Em, SL, PA and n�1 refer to erosion modulus, sediment
loss, area of experimental plot and number of years,
respectively.

All results were calculated with SPSS13.0 for windows.

Results

Rainfall regimes

Using K-means clustering, the 131 rainfall events were di-
vided into three groups based upon three rainfall eigen-
values, including rainfall depth, duration and maximum
30-min intensity (Table 1).

In general, Rainfall Regime III has the highest values of
mean rainfall depth and duration, followed by Rainfall Re-
gime I and Rainfall Regime II. Mean maximum 30-min inten-
sity, however, decreases in the order of Rainfall Regime II,
Rainfall Regime I and Rainfall Regime III. Average rainfall
eigenvalues represent the general characteristics of rainfall
Table 1 Statistical features of different rainfall regimes

Rainfall regime Eigenvalue Mean Standard deviation

I P (mm) 26.72 9.68
D (min) 932 209
I30 (mm/min) 0.14 0.12

II P (mm) 14.09 7.87
D (min) 216 166
I30 (mm/mn) 0.26 0.17

III P (mm) 31.75 7.44
D (min) 1737 296
I30 (mm/min) 0.11 0.07

P, D, I30 separately represents precipitation depth, duration and maxi
events. We thus conclude that Rainfall Regime II is the
group of rainfall events with strong intensity, frequent
occurrence of rainfall and very short duration, while Rain-
fall Regime III consists of rainfall events with low intensity,
long duration and infrequent occurrence. Rainfall Regime I,
however, is composed of rainfall events, which have moder-
ate rainfall eigenvalues, i.e., higher intensity and shorter
duration than Rainfall Regime III, but lower intensity and
longer duration than Rainfall Regime II.

During the period of measurement, Rainfall Regime II oc-
curred 89 times with a total of 1253 mm from May 1986 to
September 1999. Rainfall Regime I occurred 36 times with
a total of 962 mm. Rainfall Regime III, however, was ob-
served only 6 times.

The distributions of three rainfall regimes in different
years varied (Fig. 2). Fig. 2(a) shows the total depths of
the three rainfall regimes in different years. In most years,
the rainfall regime sequence was Rainfall Regime II > Rain-
fall Regime I > Rainfall Regime III, except for 1986, 1993
and 1999, when Rainfall Regime I had higher values than
Rainfall Regime II. This was because the frequency of Rain-
fall Regime I were the highest (Fig. 2(b)). Fig. 2(c) shows
that the mean maximum 30-min intensity of Rainfall Regime
II was the highest, followed by Rainfall Regimes I and III.

Generally, the regime and distribution of local rainfall
are highly varied in different years. Rainfall Regime III, for
example, most obviously shows the highest inter-annual
variations. All six occurrences appeared in 1989, 1990,
1993, 1995, 1996, and 1999, respectively. No such rainfall
events appeared in the other years.

Soil and water loss in different land use types

Mean runoff and soil losses differ among different land use
types based on 14 years of measurements (Table 2). Crop-
land has the highest surface runoff and soil erosion, far
more than those in the other four land use types. Second
is pastureland, followed by woodland and grassland, then
shrubland. It was found that both mean runoff coefficients
and mean erosion moduli showed similar changing trend
among the five land use types (Table 2).

In Table 3, the criterion for soil erosion classification, gi-
ven by the Ministry of Water Resources of China (SL190-96)
based on the mean annual erosion modulus, was used. It was
Variation coefficient Sum Frequency (times)

0.36 962 36
0.22 33,563
0.86 –

0.56 1253 89
0.77 19,190
0.65 –

0.23 191 6
0.17 10,420
0.64 –

mum 30-min intensity.
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Table 2 Average 14-year runoff and soil erosion indexes in the study area

Indexes Cropland Pastureland Shrubland Woodland Grassland

Runoff coefficient (%) 8.40 7.16 2.61 5.46 3.91
Erosion modulus (t km�2 a�1) 8599 3392 131 760 534

Table 3 Criterion of soil erosion severity classification on the loess Plateau

Level Feeble Gentle Middle Intense Highly intense Severe

Mean erosion modulus (t km�2 a�1) <1000 1000–2500 2500–5000 5000–8000 8000–15,000 >15,000
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found that cropland has a very high erosion modulus
(8599 t km�2 a�1), higher than the lower boundary of highly
intense erosion (8000 t km�2 a�1). Pastureland, however,
has a medium soil erosion level, and the other three land
uses have a feeble level. Shrubland is best for soil and water
control, with a 131 t km�2 a�1 erosion modulus, which can
even be neglected in most cases.

The role of mean annual runoff and erosion effects
among different land use types in different years were cap-
tured by line-drawing method under SPSS13.0 (see Fig. 3).
Fig. 3 shows the mean annual runoff coefficients and erosion
moduli from 1986 to 1999. Runoff coefficients and erosion
moduli differ in different years. For instance, the lowest
and highest runoff coefficients of cropland were 1.84 in
1991 and 8.79 in 1986, respectively. The other land use
types had the same characteristics in surface runoff and
erosion moduli. However, the lower and peak value of sur-
face runoff coefficient and erosion moduli in different land
use types were not synchronous. In most years, runoff and
soil loss ranked in order of: cropland > pastureland > wood-
land > grassland > shrubland. Pastureland (alfalfa), how-
ever, had the highest runoff coefficient in 1994 and 1995,
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and the highest erosion modulus in 1994. Woodland had a
higher runoff coefficient and a lower erosion modulus than
cropland in 1989, and grassland had the highest runoff coef-
ficient in 1997.

Soil and water loss of different rainfall regimes

The characteristics of runoff and soil loss under these three
rainfall regimes are indicated in Fig. 4. We found that the
values of the runoff coefficients and erosion moduli among
different land use types were as follows: Rainfall Regime
II > Rainfall Regime I > Rainfall Regime III. Rainfall Regime
II created the most runoff and soil erosion, far more than
that in Rainfall Regime I. Rainfall Regime III, however, cre-
ated little runoff and erosion.

Furthermore, the effects of land use on runoff and ero-
sion in different years were also captured (Figs. 5 and 6).
From 1986 to 1999, different land use types had different
responses to rainfall regimes. We found that runoff coeffi-
cients and erosion moduli fluctuated greatly over time in
Rainfall Regime II, followed by Rainfall Regime I and Rainfall
Regime III.

From 1986 to 1999, different land use types indicated
various changing trends. Cropland and pastureland showed
similar fluctuations among different years. Shrubland
showed clearly decreasing trends in Rainfall Regime II, but
not in Rainfall Regime I and Rainfall Regime III. Woodland
had a sensitive response to Rainfall Regime II. Grassland,
however, had a complex dynamic than did the other land
use types. Its runoff coefficient varied irregularly under
Rainfall Regimes I and II. Nevertheless, its erosion moduli
under Rainfall Regime II were higher for several years, and
then decreased sharply like those of shrubland and wood-
land. No decreasing trends were found in the other two rain-
fall types.

Discussion

Effects of land uses on runoff and soil loss

In this study we found that runoff and soil loss varied among
land use types (Table 2). This was explained in various ways
by different scholars. First of all, vegetation canopy was
thought to play a key role in protecting surfaces from ero-
sion (Hovius, 1998; Karvonen et al., 1999; Xu, 2005; Pizarro
et al., 2006). For example, Hou et al. (1996) found that
when the coverage rate of vegetation increased from 10%,
to 28%, 56% and 60%, soil erosion decreased from
1523 t km�2 to 527 t km�2, 218 t km�2 and 107 t km�2,
respectively. Zhou et al. (2006) also found that soil erosion
was negatively linearly correlated with vegetation coverage
(r = 0.99) in the loess hilly area. Other studies also draw the
similar conclusions (Gyssels et al., 2005).

Secondly, it was recognised that litter production and or-
ganic matter accumulation could reduce soil-water loss
(Eagleson, 1982; Boer and Puigdefábregas, 2005). Litter
not only directly protects the surface soil from splash ero-
sion, weakens the kinetic energy of raindrop, and slows run-
off velocities, but also conserves surface rainwater due to
its strong moisture holding capacity (Hou et al., 1996).
Zhu et al. (2002) found that litter depth differed among land
use types, and could intercept 6–13% of total rainfall
amount. Meanwhile, studies show that litter contributes to
humus formation, increased surface roughness, and de-
creased runoff generation thresholds (Descheemaeker
et al., 2006).
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Thirdly, plant roots can decrease soil and water loss by
increasing soil anti-scouribility, soil anti-shear strength
and enhancing penetrability (Hou, 1990; Famiglietti et al.,
1998; Mao et al., 2006). Meanwhile, roots may form a dense
network (e.g., grass roots in topsoil) that physically binds
soil particles, and the soil-root matrix has proven to be
stronger than the soil or roots separately (Gyssels et al.,
2005). A mechanical barrier to soil and water movement is
thus created (Gyssels et al., 2002; De Baets et al., 2006).
Yun et al. (2006) reports that root systems can loosen soil,
enhance its porosity, and thus reduce runoff and erosion.

Lastly, human activities play an important role in runoff
and soil erosion (Poesen et al., 2001; Ruysschaert et al.,
2005). In our study, because of its high density (Table 4)
and prickliness, shrubland is seldom disturbed by human
activity. Cropland however, is strongly affected by human
disturbance (e.g., sown in April and harvested at the end
of July), which disturbs the soil layer and reduces land
coverage.

Alfalfa (Medicago sativa L.) is widely cultivated since it
has a high yield, wide adaptability and high drought toler-
ance (Li, 2002; Yu et al., 2006). As the major plant species
of pastureland, however, alfalfa has a poor effect on soil
and water conservation (Table 2). There are two reasons
for this. Firstly, alfalfa is often harvested by local farmers
for animal use. It results in the destruction of alfalfa, mak-
ing soil sensitive to erosion. Secondly, alfalfa absorbs water
from deep soil layers creating dry soil layers (Hou et al.,
1999; Wang et al., 2003), which leads to plant degradation
(Grimes et al., 1992; Jia et al., 2006). This is unhelpful to
soil and water conservation. From this point of view,
large-scale alfalfa plantation is thus not recommended for
semi-arid areas.

Response of runoff and soil loss to different rainfall
regimes

According to our study, Rainfall Regime II is the most fre-
quent rainfall events. It has a destructive effect on the soil
surface and tends to induce higher runoff and erosion. Other
researchers have reported this as well (Zhu and Ren, 1992;
Zheng et al., 2005). Rainfall Regime III constitutes only a
small portion of total rainfall events and has slightly erosive
effects on soil. Hence, it cannot produce severe erosion and
water loss. This means that the response of runoff and ero-
sion to land uses is most sensitive to Rainfall Regime II, then
Rainfall Regime I, followed by Rainfall Regime III.

Under Rainfall Regime II, the runoff and soil losses of
land use types, such as shrubland and woodland decreased
as plants grew. In the first 3–4 years after plantation, runoff
and erosion were very serious (even higher than cropland
and pastureland in some years), then the runoff coefficients
and erosion moduli decreased sharply, and finally reached a
relatively stable low level after 1990 (Figs. 5 and 6). This
phenomenon is similar to that observed in several former
studies (Hou et al., 1995, 1996; Li and Shao, 2006).

We found that the decreasing trend under Rainfall Re-
gime II is closely related to plant succession. According to
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Figure 5 Inter-annual runoff coefficients under different rainfall regimes.
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local investigation, vegetation coverage of shrubland and
woodland gradually increased with plant growth (Table 4),
while runoff and erosion decreased. Other authors have also
drawn similar conclusions. For example, based on consecu-
tive experiments in a hilly loess area, Hou et al. (1996)
found that plant succession could gradually increase cover-
age rate, accumulate litter layer, and improve soil proper-
ties, which notably reduced runoff and soil erosion with
plant evolution. Zou et al. (2000) indicated that a significant
correlation (r = 0.998) between root amounts and fixed soil
amount existed, and root amounts increased quickly with
plant growth. The measured runoff and erosion reduction,
therefore, actually result from the combined effect of both
above-ground (canopy, stems and leaves, and litter layers)
and below-ground (roots) biomass (Gyssels et al., 2005; De
Baets et al., 2006).
The decreasing trend shown under Rainfall Regime II,
however, did not exist in Rainfall Regimes I and III. This
was mainly due to lower rainfall intensity in these two rain-
fall regimes, whereas the mean precipitation depth and
duration of single rainfall events under these two regimes
are higher than those under Rainfall Regime II (Table 2).
From this standpoint, rainfall intensity is the most impor-
tant indicator in predicting or indicating degrees of soil ero-
sion, although other eigenvalues such as rainfall depth and
duration are indispensable to determine rainfall types.
Other studies also confirmed that rainfall intensity play ed
a vital role in runoff and sediment generation (Jiao et al.,
1999; de Lima and Singh, 2002 de Lima et al., 2003). Fur-
thermore, rainfall frequency is also very important (Table
2). Low frequency combined with weak intensity can result
in less soil loss, especially under Rainfall Regime III.
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Figure 6 Inter-annual erosion moduli under different rainfall regimes.

The effect of land uses and rainfall regimes on runoff and soil erosion in the semi-arid loess hilly area, China 255
Process of soil and water loss under the interaction
of land use and rainfall regime

Our study indicates that comprehensive inter-relationships
exist between rainfall, land use/vegetation cover and soil
and water loss (Figs. 5 and 6). Due to the influence of land
cover types and vegetation development dynamics, the
relationship between rainfall and the process of overland
flow and soil loss becomes uncertain. On the one hand, rain-
fall is a destructive force to the land surface making the soil
prone to splash erosion (Jackson, 1975; Jiao et al., 1999;
Salles and Poesen, 2000; Dijk et al., 2002). On the other
hand, land use/vegetation cover has positive effects on
the surface (Braud et al., 2001), which plays a significant
role in the accumulation of fine particles and protecting soil
surface from erosion (Bradshaw, 1997, 2000).

Generally, our results indicate two cases. In the first
one, soil and water loss is dominated by rainfall itself,
and land use/vegetation plays a less important role, i.e.,
the runoff and soil loss are controlled by rainfall erosivity
rather than by erosion-resistance of land use and vegetation
cover (Xu, 2005). According to our study, the responses of
runoff and erosion in this case are sensitive to the rainfall
regimes, especially to Rainfall Regime II (Figs. 5 and 6).
Due to poor surface coverage and other factors such as hu-
man disturbance, cropland, pastureland, the initial sapling
stages of shrubland and woodland both belong to the first
case.



Table 4 Mean annual vegetation coverage rate (%) of land uses in different years

Year Cropland Pastureland Shrubland Woodland Grassland

1986 50 90 40 15 80
1987 57 85 60 24 85
1988 52 75 95 37 100
1989 62 45 98 39 100
1990 68 40 99 45 100
1991 53 50 99 55 98
1992 43 40 99 65 95
1993 36 40 99 70 93
1994 30 35 99 74 93
1995 30 38 99 78 90
1996 35 40 99 80 87
1997 46 40 99 82 85
1998 70 35 99 84 85
1999 67 50 99 86 80

Measurement: The herbaceous coverage was estimated in the maximum growth period by 5 quadrates of 1 m · 1 m within each plot; the
coverage of seabuckthorn and Chinese pine was calculated by means of the measured values of canopy width. The mean value of three
replications was used to represent coverage rate of each land use.
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In the second case, soil and water loss are dominated by
vegetation/land use, and the effect of the rainfall regime is
slight, then the runoff and soil erosion are insensitive to
rainfall and its regimes. The coverage rate of shrubland
(Hippophae rhamnoides L.) reached 99% after 1990 (Table
4), which decreased runoff and erosion significantly, and in-
duced less sensitivity to rainfall. Xu (2005) also indicated
that vegetation cover can protect surface soil from erosion.
Meanwhile, other studies have also found that vegetation
succession can improve soil physiochemical properties and
hence lower erodibility (Douglas, 1967; Hou et al., 1996;
Kosmas et al., 1997; Coppus et al., 2003; Li and Shao,
2006). After several years’ growth (after 1990, in Figs. 5
and 6) therefore, the runoff and soil erosion of shrubland
(Hippophea rhamnoides L.) and woodland (Pinus tabulae-
formis Carr.) decreased and kept at a lower level. This sit-
uation resembles the second case.

Conclusion and suggestion

In this study, three rainfall regimes were classified using K-
means clustering based on rainfall depth, intensity and dura-
tion. Rainfall Regime II is the dominant aggregation of rainfall
events, which have such features as high intensity, short
duration and high frequency. Rainfall Regime I is the aggrega-
tion of rainfall events of medium intensity, duration and fre-
quency. Rainfall Regime III is the aggregation of rainfall
events of weak intensity, long duration and low frequency.

Results showed that the runoff and soil losses of different
land uses varied greatly under different rainfall regimes.
Generally, runoff and sediment loss under Rainfall Regime
II were greatest, followed by Rainfall Regimes I and III. Fur-
thermore, the runoff coefficient and erosion modulus of
shrubland were lowest, followed in increasing order by
grassland and woodland. Pastureland had an unsatisfactory
erosion control effect, slightly weaker than cropland and
far greater than the other three land use types.

Under Rainfall Regime II, shrubland and woodland
showed clearly that runoff and sediment yields decrease
quickly with plant growth. Runoff and erosion were very se-
vere during the first 3–4 years after plantation, then de-
creased and stabilized at a low level. This indicates that
the growth periods of plant species in each land use play
pivotal roles in resisting surface runoff and soil erosion.

The findings in this study have important implications for
surface runoff and soil loss control in the semi-arid loess
hilly area. Firstly, different practical countermeasures
should be laid out according to rainfall types. More atten-
tion should be paid to the seasonal distribution of the most
erosive rainfall type in further studies, and effective mea-
sures need to be taken to control its destructive effects.
Secondly, in order to control soil erosion, the most suitable
land use types can be selected based on scientific observa-
tion. Scrubland (e.g., seabuckthorn) should be recom-
mended as the first key plant species in land use
adjustment and vegetation restoration. Grassland and
woodland, however, can be used as important supplement
to shrubland. Meanwhile, results indicate large-scale plan-
tation of alfalfa should be avoided. More studies should fo-
cus on the relationship between alfalfa’s water exhaustion
and its erosion control ability. Thirdly, more attention must
be paid to the plants’ succession stages. Due to severe run-
off and soil loss at the initial sapling stages after planting (or
seeding), other measures such as straw mulch, plastic film
or prevention of human disturbance should be taken into
account.
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