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Abstract: Serious soil erosion is one of the major issues threatening sustainable land use in semiarid
areas, especially in the Loess Plateau of China. Understanding the effects of land use on soil and water
loss is important for sustainable land use strategy. Two sub-catchments: catchment A (CA) and
catchment B (CB) with distinct land uses were selected to measure soil moisture, runoff and soil
nutrient loss in Da Nangou catchment of the Loess Plateau of China. The effects of land use patterns
on runoff and nutrient losses were analyzed based on soil moisture pattern by kriging and soil nutrients
using multiple regression model. The results indicated that there were significant differences in runoff
yield and soil nutrient losses between the two sub-catchments. With similar land uses, the CA
produced an average sediment yield of 49 kg ha' and 22.27 kg ha' during two storm events.
Meanwhile, there was almost no runoff in the CB with dissimilar land uses during the same events.
Buffer zones should be established to re-absorb runoff and to trap sediments in catchment with similar
land use structure such as the CA. Moreover, land use management strategy aiming to increase the
infiltration threshold of hydrological response units could decrease the frequency of runoff occurrence
on a slope and catchment scale.
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1 Introduction

Soil and water loss is one of the worldwide environmental issues threatening sustainable land use
in semiarid areas. However, soil and water loss is highly variable in space and time, and its
variability results from many factors operating at a wide range of scales influenced by soils, land
use, topography and rainfall (Bissonnais et al., 1998; Rai and Sharma, 1998; Deidda, 2000). In
order to better control soil and water loss, it is necessary to understand the spatio-temporal
variability of soil erosion under different climatic and geological conditions and at different
hierarchical space scales and timescales.

Land use is an integrator of several environmental attributes which influence nutrients export
(Young et al., 1996), and also plays an important role in affecting spatial patterns of soil erosion
(Reynolds, 1970; Ng and Miller, 1980; Francis et al., 1986; Fu and Gulinck, 1994; Fu et dl.,
2000). Many studies were conducted for the effects of land use on soil erosion in temperate and
tropical regions associated with weak soil erosion (Phillips, 1992; Bissonnais et al., 1998;
Boix-Fayos et al., 1998; Rai and Sharma, 1998). More and more attentions on soil erosion are
paid to the Loess Plateau of China. Because the Loess Plateau has been suffering from serious
soil erosion with an average 150 Mg ha'! yr' (Chen and Luck, 1989) that has resulted in an
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enormous loss of fertile surface soil and further land degradation (Wang et al., 2003). The most
important reason for soil erosion is irrational land use and low vegetation coverage (Fu and
Gulinck, 1994; Jiang, 1997). Therefore, it is very helpful to explore the land use affecting soil
and nutrient losses for erosion control in this area.

There is a runoff-producing mechanism of rain intensity exceeding soil infiltration capacity in
the Loess Plateau (Li ez al., 1995; Liu and Kang, 1999). Soil infiltration capacity and land cover
are two major factors affecting runoff and soil erosion processes. Land use (vegetation)
determines the land cover characteristics while soil moisture and soil physical properties greatly
affect infiltration capacity (Bardossy and Lehmann, 1998). Without information on soil moisture
variability, prediction and interpretation in catchment hydrology will be problematic (Phillips,
1992). Since soil moisture is a function of the soil physical and hydraulic properties (Reynolds,
1970; Nielsen et al., 1973), the spatial pattern of soil moisture combined with land use may be
used to identify contrasting areas of hydrological response and hence, the spatial arrangement of
runoff-producing areas (Fitzjohn et al., 1998).

The objectives of this study are: (1) to analyze the effects of land use patterns on runoff and
soil nutrient losses based on spatial pattern of soil moisture by kriging and soil nutrients by
multiple regression in a small catchment of the Loess Plateau of China; and (2) to discuss the
implications for land use management strategies targeting soil erosion control.

2 Materials and methods

2.1 Study area

The Da Nangou catchment (36°53'N, 109°19'E) is situated in the middle part of the Loess Plateau
in northern Shaanxi province, China. The catchment has an altitude between 1000-1350 m with
an area of 3.5 km? The region has a semiarid continental climate with an average year-round
temperature of 8.8 °C. Monthly mean temperature ranges from 22.5 °C in July to -7 °C in
January. The average annual precipitation is 562 mm with the maximum and minimum recorded
values of 645 mm (1978) and 297 mm (1974) respectively. Sixty percent of the rainfall occurs
between July and September. Soil developed on wind-deposited loess parent material in the study
area is classified as Calcic Cambisol soil.

At present, land use types consists of slope cropland, fallow land, grassland, shrubland,
orchard land and woodland in the study area (Figure 1). Four adjacent slopes spreading over two
sub-catchments, namely catchment A (CA) and catchment B (CB), were selected. The CA, with
an area of 14.25 ha, was composed of cropland (76%), grassland (22%) and shrubland (2%). The
area of the CB was 7.76 ha. Its land use structure consisted of cropland (37%), fallow land (5%),
shrub land (10%), intercropping land (43%) and woodland (5%).

2.2 Soil moisture and nutrient measurements

The CA and the CB giving 67 sampling points at an interval of 20 m and additional 28 points, a
total of 95 points were selected to determine soil moisture and nutrients (Figure 2). Soil moisture
was measured using a Theta-Probe Soil Moisture Sensor Type MLI1 (Delta-T Devices,
Eijkelkamp Agrisearch Equipment, the Netherlands). It was measured at an interval of
approximately two weeks from May to September 1999, as well as every second or third day
following all major rain events. After augering to the measuring depth, four parallel steel rods
(length 6 cm, diameter 0.3 cm, and spacing 2.5-3 cm) were inserted vertically into the soil, and
remained in position until the displayed value of the Theta Probe stabilized. Moisture was
measured at five depths: 0-5 cm, 15-20 cm, 25-30 cm, 45-50 cm and 70-75 cm. Mean soil
moisture contents over the 5 depths were calculated for each site on every occasion. Spatial
patterns of soil moisture before runoff occurrence were described by using kriging interpolation
(Wang et al., 2001; 2002). Average precipitation was recorded by five automatic datalogged
raingauges located in the catchment.

Soil samples of 0-20 cm were taken from each site using a 20 by 5 cm soil corer in July
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Figure 1 Land use types of the Da Nangou catchment
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Figure 2 Spatial distribution of sampling points in the Da Nangou catchment
(CA: the catchment A; CB: the catchment B)

1999. These soil samples were air-dried, then passed through 1.0 mm and 0.25 mm sieves for
determination of soil nutrients. Standard soil test procedures for observation and analysis in
Chinese ecosystem research network were used for the five soil nutrients (Editorial Committee,
1996). Total nitrogen (TN) was determined with the semi-micro Kjeldahl method, and total
phosphorus (TP) was determined colorimetrically after wet digestion with H,SO,+HCIO,
(Parkinson and Allen, 1975). Available nitrogen (AN) was determined by using a micro-diffusion
technique after alkaline hydrolysis (Conway 1978). Available phosphorus (AP) was determined
with Olsen method, and soil organic matter (SOM) was determined by oil bath-K,CrO, titration
method (Emteryd, 1989). The spatial pattern of SOM, TN, TP, AN and AP were estimated using
multiple regression considering on land use types and topographical factors (Qiu, 2001) (Figure
3).

2.3 Calculation of runoff amounts and sediment yield

Two dams were built at the outlet of each catchment. Runoff amounts were calculated by runoff
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Figure 3 Spatial patterns of soil
nutrients using multiple regression
model in the study area (SOM: Soil
Organic Matter; TN: Total Nitrogen;
TP: Total Phosphor; AN: Available
Nitrogen; AP: Available Phosphorus)

curve after water level and speed were determined. The collected runoff samples were measured
by volumetric cylinder glass, and then air-dried to determine sediment weight. The sediment
yield was computed as the ratio of the mass of sediment (kg) to the area of the catchment (ha).

3 Results

3.1 Land use pattern and runoff amounts

Differences existed in runoff amounts and sediment yield between the CA and the CB during the
two rain events (Table 1). Runoff occurred at the CA during both events, but not at the CB. The
average sediment yield was 49 kg ha' in the CA on 10 July when the rainfall lasted 28 minutes
and the total precipitation reached 10.64 mm. During the second rainfall on July 20, the CA
produced a sediment yield of 22.27 kg ha'. The second rainfall lasted 44 minutes and the
precipitation was 16.15 mm. The different runoff amounts between the CA and the CB may be
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attributed to a combination of differences in soil moisture, plant coverage and soil physical
properties (Qiu e¢ al., 2003). According to our investigation and analysis, cultivated land with
similar plant coverage and soil physical properties occupied 67% of the total land in the CA. Its
soil moisture exhibited an increase from the top to the footslope. However, different types of
land use resulted in significant differences in soil moisture along the slope in the CB (Wang et
al., 2001; 2002). During the rainfall event, high heterogeneity of soil moisture and physical
properties may produce differences in infiltration rate. This would result in unconnected
runoff-producing areas and would decrease the possibility of runoff occurrence on the whole
slope. Just as other scientists indicated that high land use diversity dispersed the risk of soil
erosion to prevent from the larger erosion happening (Ludwig et al., 1999; Rai and Sharma,
1998). Compared with the CA, the CB could decrease 71.27 kg ha' of soil loss under similar
rain conditions.

3.2 Differences in soil nutrient contents between sediment and surface soil

Soil nutrients experience two kinds of losses during water erosion process. One is the loss
accompanying soil loss, and the other is dissolved loss in runoff (Liu et al., 1995). Many studies
have indicated that the main model of soil nutrient loss is related to soil loss in the Loess Plateau
(Chen and Zhang, 1991; Wang and Liu, 1999). Table 2 shows the differences in soil nutrients
between the sediment and surface soil in the CA and the CB. The average surface soil nutrients
were calculated from 30 and 37 sampling points in the CA and the CB respectively. High values
of five soil nutrients were found in the CB, and Figure 2 exhibits their spatial distribution.
Values of AN (0.369 mg/100g), AP (0.519 mg/kg), SOM (0.03% ), TN (0.005% ) and TP
(0.002%) in CB were higher than that in the CA. All the soil nutrients in the surface soil had
lower values than that in the sediment in the CA on 10 July and 20 July, as has been noted by
many authors (Liu et al., 1995; Wang and Liu, 1999). This may be attributed to the sediment
coming from cultivated soil which contained many compounded particles with high nutrients.
The ratio of soil nutrient between sediment and surface soil varied significantly. The largest
difference existed in the ratio for AP among five soil nutrients on the above-mentioned two
events, with the second greatest difference in TN. AP of sediment was 5.14 and 10.84 times
higher than that of surface soil.

In general, the high nutrient contents are found in the sediment of the first soil erosion
occurrence during a year, but our results are contrary to this. At the same time, the ratio of soil
nutrient between sediment and surface soil is larger than the values from 1.2 to 2.5 indicated by
Chen and Zhang (1991) and Liu et al. (1995). There are two possible reasons for these

Table 1 Comparisons of runoff amounts and sediment yield
between catchment A and catchment B

Catchment  Area 1999-7-10 1999-7-20
(ha) Rainfal Ranintensity Runoff Sedimentyield Rainfal Rainintensity Runoff Sediment yield
(mm) (mm min) (m’) (kg ha') (mm) (mmmin?) (m*) (kg ha')
CatchmentA 1425  10.64 0.38 25.33 49 16.15 0.37 10.98 2227
Catchment B 7.76 10.64 0.38 - - 16.15 0.37

Table 2 Comparisons of nutrients between surface soil and sediment
in catchment A and catchment B

Soil organic matter (%) Total N (%) Total P (%) Available N (mg/100g) Available P (mg/kg)
*Sail S1 S2 il S1 S2 sail S1 S22 sl S1 S2 Sl S1 Ss2
CatchmentA 0463 0.714 1.12 0.031 0.090 0.107 0.058 0.066 0.067 2.726 569 837 1.631 8375 17.675
Sediment/Sail 154 242 284 338 114 115 209 3.07 514 10.84
Caichment B 0.494 - - 0036 - - 0.06 - - 3.095 - - 2.15
* Soil represents the nutrient contents of 0-20 cm surface soil. S 1 and S 2 indicate the nutrient contents of sediment 1 and sediment 2
on 10 and 20 July respectively.
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differences. First, their researches were based on artificial plot with small area and simple plant
predominating crops, but our study was natural catchment with different types of land use.
Second, the local farmers fertilized the cropland after the first rainfall. In addition, this also
indicated that high nutrient in the soil lost more than low soil when soil erosion happened.

Based on calculated soil nutrient contents of runoff and sediment, the CB would lose 653.5 g
ha'! less in soil organic matter, 69.8 g ha' less in total N and 47.4 g ha' less in total P under
similar rain conditions in comparison with the CA. This implies that the CB is a better land use
structure for soil and water conservation.

4 Discussion

Soil erosion process happens when rain intensity exceeds soil infiltration in the Loess Plateau of
China. Because soil physical properties and initial soil moisture had a close relationship with
infiltration rate (Philip, 1957), they would have a huge impact on infiltration capacity (Jiang et
al., 1997; Boix-Fayos et al., 1998). However, land use affects soil physical properties and
evapotranspiration (Zhu, 1993; Le Roux et al., 1995) and further soil moisture (Fu et al., 2000).
Moreover, the results from our study also demonstrated that there was significant difference in
spatial pattern of soil moisture and soil nutrients because of different types of land use (Wang e:
al., 2002; Qiu, 2003).

According to the spatial pattern of soil moisture combined with land use type and position,
different hydrological response units could be recognised (Flugel, 1995). For a specific
hydrological response unit, there may exist a threshold value determined by the infiltration
capacity for runoff and erosion to occur (Liu and Kang, 1999). Overland flow would occur on a
unit only when the rain intensity reaches or exceeds the critical infiltration threshold for a given
storm event. However, at the slope scale, the potential surface runoff-producing areas depend on
the spatial arrangement of the hydrological response units. If differences exist in the neighboring
units, runoff-producing areas would be spatially separated because of the differences in the time
of surface runoff occurrence. Therefore, overland flow will be re-absorbed by the higher
infiltration capacity (close drier) areas acting as sinks, and continuous flow along the slope
would not come into being. At a catchment scale, widespread runoff occurrence must exceed
most of the threshold values of the hydrological response units at smaller scales. This would
require a long-time and larger storm. Therefore, arranging a mosaic pattern of dissimilar
hydrological response areas may be an effective strategy in runoff and erosion control (Fitzjohn
et al., 1998). This pattern could be created through land use arrangement.

For a storm event, if its intensity is below the critical thresholds of hydrological units and
land uses, runoff and erosion processes would not occur in the whole catchment (Figure 4C). If
the intensity exceeds most of the infiltration threshold values of hydrological response units in a
catchment, the larger areas would produce runoff regardless of the spatial distribution of land use
(Figure 4A). The differences in initial soil moisture and infiltration rate may not be important
under this condition. However, during many rain events similar to that on July 10 and 20, the
initial soil moisture (Zhang and Liang, 1995; Western et al., 1998) and infiltration capacity (Liu
and Kang, 1999) had an important impact on the runoff-generating and erosion processes (Figure
4B).

Similar land uses along a slope displayed similar soil physical properties and an increase in
soil moisture from the top to the footslope would lead to a similar infiltration rate of response
units. This may easily create many runoff-producing areas at the same time and result in
continuous hydrological pathways in a whole slope. For example, larger areas contributed to the
runoff in the CA on the events of 10 and 20 July because the rain intensity exceeded the
thresholds of the majority of the hydrological response units. However, the hydrological response
units with dissimilar initial soil moisture and infiltration rate in a slope would induce differences
in the time and amounts of runoff, and then give rise to an unconnected overland flow way. This
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would reduce the possibility of runoff and erosion. Our results showed that there was almost no
overland flow and runoff in the CB for the two storms. Therefore, minimizing runoff occurrence
and erosion could be achieved by creating a mosaic of land use, where suitable land use is
selected, based on the spatial pattern of soil moisture. Cultivated land occupied most of the CA
area. Its soil moisture displayed a pattern of increasing values from the top to the footslope and
therefore easily produced spatial continuous flow pathway. At the same time, the CA may tend
to suffer from more wind erosion because of the concurrent harvesting of crops. Therefore, the
buffer zones (different vegetation strips) should be established to re-absorb runoff and trap
sediments from the upper slope in the CA. The establishment of buffer zones would be helpful to
not only control soil and water loss but also promote habitat diversity (Morgan, 1992; Fu ez dl.,
2000). In addition, land use management strategies aiming at encouraging infiltration rate such as
building terraces and cropland abandonment for fallow reduce the frequency of runoff occurrence
on a slope and catchment scale in this area.

Storm
occurrence
A B ic
A 4
Rain intensity exceeds most Rain intensity exceeds Rain intensity is below
of the infiltration thresholds some infiltration thresholds the infiltration threshold
of hydrological response > of hydrological response of hydrological
units units or land uses response units
Widespread runoff and
erosion occurrence No runoff produced
Similar hydrological Dissimilar hydrological
response units or land p| response units or land
uses along a slope such uses along a slope such
asthe CA asthe CB
Continuous Discontinuous
runoff-producing areas runoff-producing areas
A4
Potential widespread runoff
and eregs)i on Minimal runoff and erosion

Figure 4 Runoff-producing mechanism and conceptual model for soil erosion control
in the Loess Plateau
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5 Conclusions

(1) Irrational land use has caused serious soil and water loss in the hilly areas of the Loess
Plateau, and the effects of land use on runoff and soil nutrient losses were studied in this paper.
Land use structures of the CB consisting of cropland (37%), fallow land (5%), shrubland (10%),
intercropping land (43%) and woodland (5% ) were different from the CA including cropland
(76%), grassland (22%) and shrubland (2%).

(2) The CA produced an average sediment yield of 49 kg ha' and 22.27 kg ha' after rainfall
of 10.64 mm lasting 28 minutes and 16.15 mm lasting 44 minutes respectively, whereas runoff
did not occur in the CB. Compared with the CA, the CB could decrease 71.27 kg ha’ of soil
loss under similar rain conditions.

(3) Values of SOM (0.03%), TN (0.005%), TP (0.002%), AN (0.369 mg/100g) and AP
(0.519 mg/kg) in the CB were higher than that in the CA. The ratio of soil nutrient between
sediment and surface soil varied from 1.14 times to 10.84 times. The CB would decrease losses
in SOM of 653.5 g ha', in TN of 69.8 g ha' and in TP of 47.4 g ha' under similar rain
conditions in contrast to the CA.

(4) In order to reduce runoff and erosion occurrence, a catchment with similar land use such
as the CA should introduce buffer zones to create land use mosaic. Moreover, it is very helpful
for soil and water conservation to increase infiltration rate and critical infiltration threshold value
of land use during land use management such as building terraces and abandonment of cropland
for fallow.
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