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The potential for soil erosion is strongly affected by land use. A proper modeling approach should be
selected to explicitly assess the impacts of land use changes on soil erosion at a river basin scale. The relia-
bility of simulation results from erosion models is circumscribed by considerable spatial variation in many
parameters. In this study, a grid—based distributed soil erosion and sediment transport model was used in
conjunction with a laboratory rainfall simulation experiment to determine the impact of land use changes
on soil erosion and sediment yield in a river basin during individual storms. Land use changes in the Lushi
Basin, primarily in Henan, China, were analyzed by comparing the historical land use maps in 1990 and 1995.
Through comparing the results for four selected storms that were compiled using these two land use maps,
it was found that the average erosion rates increased from 1989 to 1996. The increase in average erosion
rates followed the land use changes, especially the transformation of forest to farmland. The results indi-
cated that even slight land use change, from forest to farmland or vice versa, had a significant effect on

regional soil erosion rates and sediment supply to rivers.
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INTRODUCTION

Soil erosion is a very serious environmental concern
as it removes soil rich in nutrients and increases the
level of sedimentation in rivers, which reduces the life
span of the river channel. Natural as well as human-—
induced land use change has significant impacts on
regional soil erosion. Since the last century, human activi-
ties often tended to accelerate soil erosion creating seri-
ous environmental problems. Soil erosion has a manifold
environmental impact by negatively affecting water sup-
ply, reservoir storage capacity, agricultural productivity,
and fresh water ecology of the region (Sharma et al.,
2011). In China, soil erosion affects an area of about
3.6X10°%km?* covering nearly 37% of the total land area
of the country. Among all the erosion affected regions,
the Yellow River basin, and especially the middle reach,
contributes more than 30% of the total soil loss in China.
Human impact, such as land use changes, was found to
be the dominant factor in affecting soil erosion rates in
this region (Ni et al., 2008). Similarly, many researchers
(Toy et al., 2002; Houben et al., 2006) have found that
changes in land use and climate were two important fac-
tors affecting soil erosion and sediment delivery to rivers.
In recent years, many studies concerning soil erosion
focused on the effect of global change, especially the
effect of climate change, on erosion at the basin scale
(Nicks et al., 1994; Favis—-Mortlock and Boardman, 1995).
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Also, Ludwig et al. (1995) and Singh et al. (2012) found
that land use change had the same important roles in
altering soil erosion potential in river basins. One way to
assess the impact of land use change on soil erosion
involves using historic satellite images to analyze land
use in relation to change in soil erosion potential of basin
or sediment discharges at basin outlets (Jordan et al.,
2005). In recent years, a number of studies have been
carried out to estimate the effects of land use change on
soil erosion at different spatiotemporal scales (Pruski
and Nearing, 2002; Dunjo et al., 2004; Jordan et al.,2005;
Jain and Das, 2010; Chou, 2010). All these studies veri-
fied the strong influence of land use changes on soil ero-
sion and sediment yield. Since the land use patterns were
expected to change because of human activities in the
future, it is important to examine the potential effects of
these changes on soil erosion at basin scale through a
modeling approach.

Regional scale soil erosion estimates are influenced
by complex soil erosion processes and the availability of
data describing the soil erosion factors. In the last dec-
ade, regional and national level assessments of soil ero-
sion were carried out using different approaches, rang-
ing from indicator or factor-based approaches to proc-
ess—based models (Sharma et al., 2011). Among the
approaches, the Universal Soil Loss Equation (USLE)
(Wischmeier and Smith, 1978) and its revised version,
RUSLE, (Renard et al., 1997) represent the most widely
used method for estimating long—term soil loss despite
the fact that these methods have several shortcomings.
Other more process—based models such as the Water
Erosion Prediction Project (WEPP) (Nearing et al.,
1994) and EUROSEM (Morgan et al., 1998) are availa-
ble; however, these models are often too data and com-
putationally intensive to use in many circumstances, par-
ticularly in respect to modeling soil erosion in large
basins. The USLE approach holds the advantage in such
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circumstances because of a perceived ease of parameter-
ization and use. Although originally developed as an
empirical model, revisions of the USLE could lead to a
more conceptual model that provides a capacity to extend
well its use beyond the conditions experienced in the
associated data set (Kinnell, 2005). Ricker et al. (2008)
analyzed the spatial distribution of soil erosion and sedi-
ment fluxes in two tributaries of the Rappahannock River
using a combined RUSLE/SDR (Sediment Delivery Ratio)
method. While the combined RUSLE/SDR considered
sediment transport, the RUSLE was still found to over-
estimate the low levels of soil erosion occurring when
the soil surface has a high capacity to allow rainfall to infil-
trate (Risse et al., 1993) although the degree of overesti-
mation falls as the capacity of the soil to produce surface
runoff increases. An important reason behind the over-
estimation is the lack of a runoff factor in the USLE.
Kinnell (2003) designed the USLE-M model which solved
this limitation by incorporating an event erosivity factor.

This paper presents a modeling structure that allows
assessment of the effect of land use changes on soil ero-
sion. Laboratory rainfall simulation experiments were
also conducted in this study. The experimental data were
analyzed to process the soil related parameters, espe-
cially the soil erodibility factor, for the erosion model.
The erosion model emphasizes a good prediction of soil
erosion patterns and an integration of different erosion
types while process description is rather simple. The
erosion model was verified to be capable of modeling the
impact of land use changes on soil erosion through a
case study in the Lushi Basin, China.

MATERIALS AND METHOD

Study area

The Luo River drains the Lushi Basin, a mid-basin
tributary of the Yellow River mostly within Henan, on
China’s mainland (see Fig. 1). The 4,423 km® basin has
31 rain gauging stations located along the river. The dis-
charge gauging station at the Lushi site lies at the outlet
of the basin. Annual precipitation in the Lushi Basin aver-
aged 703 mm from 1971 to 1996. Lushi Basin suffers from
severe erosion problems caused by the concentrated
rainfall characteristics and the land use changes in this
region. About 60% of the annual precipitation is concen-
trated in numerous rainstorms during the rainy season
from June to September. Hourly precipitation data
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Fig. 1. Map of the Lushi Basin, China.

recorded at the 31 rain gauging stations and hourly dis-
charge data recorded at the Lushi site are available for
this study (Wang et al., 2010). The topographic charac-
teristics of the Lushi Basin were extracted using Shuttle
Radar Topography Mission DEM (Digital Elevation Model)
data. The DEM data in Lushi Basin allowed generation of
a mean slope of about 11 degrees, although about 7% of
all the grids have slopes greater than 25 degrees.

The land use patterns of Lushi Basin were relatively
stable in the 1970s and 1980s, while they changed rapidly
since the 1990 as a result of rapid economic growth in this
region. Based on the land use maps interpreted from
Landsat 5 Thematic Mapper (TM) data in 1990 and 1995
(see Fig. 2), the dominant land use type in the basin was
several types of forests (61% of the total area) followed
by grasslands (28%) and farmland (21%).

The erodible nature of Lushi Basin soils aggravates
erosion problems. Soils in the basin were identified from
the Chinese national 1:4,000,000 scale soil map provided
by Chinese Academy of Sciences (see Fig. 3) and were
classified into two major types. The major soil types are

Land use map in 1990
B farmland
forest
11 high-coverage grassland
B hill farmland
low-coverage grassland
I middle-coverage grassland
B shrub forest °
B sparse forest

Land use map in 1995
B farmland
forest
[ high-coverage grassland
B hill farmland
low-coverage grassland
I middle-coverage grassland
I shrub forest N

) 20 40 Kilometers
B sparse forest

Fig. 2. Land use map of the Lushi Basin in 1990 and 1995.

Soil map

0 13,000 26,000

Fig. 3. Soil map of the Lushi Basin.
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zonal from areas with elevations ranging from up to
3,600m down to about 400m, changing from the
Cinnamon Soils, which cover about 70% of the basin to
Typic Burozems making up the other roughly 30% (Hao
et al., 2004).

Numerical modeling of rainfall-runoff

Understanding the surface and subsurface charac-
teristics that drive the mechanisms for runoff and soil
erosion is required to explicitly describe the erosion proc-
ess. In this study, the erosion modeling is integrated with
a grid-based distributed hydrological model, BTOPMC
(Block-wise use of TOPMODEL), which simulates the
rainfall-runoff process and generates hydrologic inputs
for the erosion model. The BTOPMC model was devel-
oped for hydrological simulations for the meso— and
large—scale river basins (Takeuchi et al., 1999; Wang et
al., 2007). In this model, runoff generation is based on
TOPMODEL (Beven et al., 1995) and flow routing is car-
ried out by the Muskingum-Cunge method (Ao et al.,
2000). Drainage networks are generated using the auto-
mated pit-removal method (Ao et al., 2001).

BTOPMC defines the soil profile as having three ver-
tical zones; a root zone, an unsaturated zone and a satu-
rated zone. Similarly to TOPMODEL, BTOPMC is based
on the saturation excess runoff mechanism. Wang et al.
(2007) further improved the BTOPMC model by incor-
porating an infiltration model that combines the Philip
(1957) equation with the time compression approxima-
tion (TCA) method (Sherman, 1943). Under the new
model structure, Hortonian flow g,,(¢) (m h™) occurs if
the infiltration rate f*(¢) (m h™) is less than the rainfall
intensity 7, (m h™).

g, =max {I- (1), 0} )

The infiltrated rainfall enters the root zone and
changes its soil water content S,_(¢) (m) to:

S,.0=8,.(t-D+f(®)-At subject to 0=S,.(N=S,,.. (2)
where S, () is the maximum water storage of the root
zone. Once S, is reached, more infiltrated rainfall
leads to a storage excess in the root zone, EX(¢) (m), that
drains into the unsaturated zone under gravity.

EX(@) =[S, (-1 +f*(t)-At-S,,,, subject to EX(t)=0

@)

rmax

The unsaturated zone is reclassified from an inactive
area to an active area. The field capacity in the inactive
area is static, while the active area receives excess water
from the root zone and fills the unsaturated zone storage
S,.(t) (m). Meanwhile, water in the unsaturated zone
drains into the saturated zone at a rate ¢, (1) (m h™).

S,.M=S,.t-D+EX()-q,() At subjecttoS,.=0
4

The recharge rate to the saturated zone q,(t) (mh™)

can be calculated as:
g, =K, exp[-SD(®)/m,] if q,()-At<S,. (1) 5)

where SD(t) (m) is the saturation deficit in the unsatu-
rated zone, K, (m h™) is the saturated hydraulic conduc-
tivity and m, (m) is a parameter describing the exponen-
tial decay in the transmissivity of the soil column. The
saturation deficit can be calculated from:

SD()=SD(t)+m,( Y—7-InD,+In(D,)) (6)

where @(t) (m) is a block average of saturation deficit,
7 is a topographic index, D, (m h™") is the soil water
transmissivity, 7 and InD, are the block average values
of yand In(D,).

D,=U,, Do +U,..D.s +U.D.., )

clay clay sand sand

where U,,, U,,, and U, are the percentages of clay,
sand and silt present in the particular grid cell, respec-
tively. Since soil texture inside a grid is assumed to be
homogeneous, the coefficients of D, , D,,,, and D, could
represent additional soil textural properties. SD(¢)(m)

is obtained from:

silt

SD(t+1)=SD(t)-[q,(1)—q,(D]-At-[S,.(1)-S,.(t-1)]
©)

where ¢, (m h™) is the base flow, and ¢,(¢)(m h™), g,(®)
(mh™) and S,.(1)(m h) are the spatially averaged g, (%),
q,(t) and S,.(t) values in a block, respectively.

If water recharge to the unsaturated zone exceeds
the saturation deficit SD(#-1) (m), the additional por-
tion of the water recharge is considered to be the satura-

tion excess overland flow g, (m h™).

2,0 At=EX([1)+(q,(D-q,(1)) At=SD(t-1) ®

In the saturated zone, the soil moisture content does
not change. However, the saturated zone receives
recharge water from the unsaturated zone and releases
a base flow. q,(t) (m h™) is represented as:

q,()=D, tan Bexp[-SD (t)/m,] (10)

where tan S is the hydraulic gradient of the saturated
Zone.

Numerical modeling of soil erosion

Defining the critical conditions needed for rill occur-
rence is usually difficult. In this study, instead of simu-
lating interrill erosion and rill erosion separately, the two
erosion types are lumped together and simulated by the
USLE-M model, which was improved from USLE by
redefining the equation factors (Kinnell, 1997).

The classic USLE method was developed to estimate
event level soil loss A (kg m™) using rainfall, soil, land use,
topographic and management practice data. A can be
estimated as:
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A=R-K-L-S-C-P (1)

where R (MJ mm m™® h") is the rainfall erosivity factor,
K (kg h MJ"' mm™) is the soil erodibility factor, L is the
slope length factor, S is the slope gradient factor, C is the
cover management factor and P is the support practice
factor. The factors L, S, C and P are unitless and dimen-
sionless. The primary factor in USLE, the R factor, is the
product of storm rainfall energy and the maximum
30-minute rainfall intensity 7,, (m h™). In RUSLE2
(Daniel et al., 2003), the traditional USLE structure has
been verified as being applicable under stepwise rainfall,
and the R factor for a particular event is then described as
the sum of the stepwise R, (MJ mm m™ h™) factors that
are derived from a function of the energy per unit rain-
fall amount e, MJ m™), /, (m h™) and 7,, (m h™).

7 7
R=Y R=Y ¢ I At I, (12)
=1 =1
where T represents the time steps in an event. While in
USLE-M, a storm erosivity factor (R,) is proposed based
on the concept that event erosion is given by the product
of runoff amount and bulk sediment concentration for
the event (Kinnell, 1997). Therefore, B, (MJ mm m~h™)
can be represented as:

T
R=Q:R=2 Q. R (13)
t=1

where @, is the runoff ratio and (@Q),), reflects the runoff
ratio during time step ¢. @, is a reduced variable that var-
ies between 0 and 1, which can be calculated from the
BTOPMC model.

The inclusion of direct consideration of an event run-
off in the R, factor improves the capacity of the USLE-M
to simulate event erosion (Kinnell, 2003). However, as
with USLE, the USLE-M is an empirically derived model.
Changing the erosivity factor leads to a concern that the
same parameter values for other factors may not be
directly used, especially the K factor, which is tightly
related to the integrated effect of rainfall, runoff and infil-
tration on soil loss. In USLE-M, the event erodibility fac-
tor K, (kg h MJ"' mm™) is determined from runoff and
soil loss experiments on bare plots as:

A7
— = (14)
( _ZIR(,L, XLS )

J=

M=

K="

e

where A, (kg m™®) and R,; (MJ mm m™ h™") represent the
plot—-measured A and R, factor values, respectively. j rep-
resents storm event and 7 is the number of storm events.
In this study, rainfall simulation experiments were con-
ducted in designed soil flumes to measure the K, factors
for the dominant soil types in the study area.

The grid-based description of the L factor proposed
by Kinnell (2005) is used, which improves the Desmet
and Gover method (1966) by distinguishing actual runoff
from storm rainfall in determining the L factor. This gives
an approach to describing the L factor that is consistent
with calculating the R, and K, factors. Thus, the L fac-

tors can be estimated for a grid as:

Q)'O (CZ + dl) mt l—Qmam+ 1
Pu, (22 . 1 S)W;dm +zx‘m

(15)

where @,, (mm™) is the runoff passing across the lower
boundary of a grid cell, @,, (mm™) is the runoff passing
across the upper boundary, d (m) is the length of a grid
cell, a (m*) is the upstream basin area of a grid cell, P,
(mm ™) is rainfall amount per unit area during the event,
2 is a factor that is dependent on flow direction and m is
the slope length exponent. The equation enables the
USLE-M model to account for the effect of variations of
runoff in terms of determining the slope length factor.
The S, C and P factors in USLE-M are determined in the
same way as in USLE. The sediment transport process is
described using one—dimensional continuity equation of
sediment mass in the surface flow regime (Wang et al.,
2010). The continuity equation is given as:

aq, a(c.h
L GO (16)

ox at ¢

where ¢, (kg h' m™) is the sediment discharge per unit
width of flow, & (m) is the water depth of channel flow,
0, (kg m™) is the mass density of sediment particles, ¢,
(m? m™) is the sediment concentration by volume and D,
(kg h'' m™) is the sediment detached from the grid. D,
includes both interrill and net rill erosion rates and is
calculated using the USLE-M equation. The dq/dx term
represents the change in sediment flow rate along a slope
and 0.d(c)/dt represents the change in sediment stor-
age over time. The sediment transport process is control-
led by both the amount of sediment available for trans-
port and the transport capacity of the flow. Deposition
of sediment occurs if the sediment load exceeds the trans-
port capacity of the flow. Beasley et al. (1980) compared
different relationships for transport capacity and sug-
gested simplified formulations for two—stage transport
capacity as a function of discharge @, (m’ h' m™) and
slope tan 8 for laminar and turbulent flows. Transport
capacity of flow T, (kg h”' m™) is calculated from:

T 161 tanB- @, for @, <2.76(m’h™" m™)
© 116320 tan 8- Q,,° for @, <2.76(m’h" m™)

ch

7

Erodibilty experiment at laboratory using rainfall
simulation

Laboratory rainfall simulation experiments were con-
ducted to quantify a number of erosion related parame-
ters under certain controlled conditions, such as erodi-
bility and soil water content. Of all these parameters,
event soil erodibility factor K, was found to affect soil ero-
sion estimation significantly. In this study, the K, factor
was obtained for the model simulation from these labo-
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Fig. 4. Schematic map of the rainfall simulation.

ratory rainfall simulation experiments. The experiments
were carried out using a soil flume and a rainfall simula-
tor. The schematic representation of the experimental
setup is presented (Fig. 4).

The soil flumes were constructed with 2.0 m long X
0.75m wide X 0.5 m tall metal sheets. Surface runoff and
drainage water were collected at the end of the flume.
Since slope is one of the critical factors controlling soil
erosion by overland flow (e.g., Bryan and Poesen, 1989),
the structure had slope adjusting screws allowing the
control of the flume slope.

Surface layers of Cinnamon and Burozem soil, soils
with similar properties, were collected from Lushi Basin
for the experiment. The initial soil properties of the two
soil samples are provided in Table 1. After collection, the
soil was processed using standard procedures involving
pre—sieving through a 4.75mm aperture square—hole

sieve to remove coarse rock and organic debris. The soils
were uniformly spread in the flumes, followed by gently
taping with a wooden block and scraping the surface to a
uniform thickness of 0.4 m, aiming to attain uniform den-
sities matching the initial densities of the sampled soils.

The rainfall simulator was used to generate precipi-
tation with varying intensities, which consisted of three
groups of oscillating TSPT-X type nozzles. The rainfall
simulator was a 3-nozzle unit that in design, principle of
operation, and characteristics, was similar to the multi-
ple—intensity rainfall simulator described by Romkens et
al. (2001). The properties of storms generated with this
rainfall simulator were very similar to those of natural
storms of corresponding intensity. On each soil flume,
40 min rainfall simulation events were conducted at two
intensities, 60 and 120 mm h™'. Similar simulation events
were done for two bed slopes (10 and 20%). Prior to
each simulation, the soil water content in the soil flume
was adjusted to the same levels of soil samples through
operating the simulator at low rainfall intensities and the
bulk densities were quantified. During each simulated
rainfall event, runoff at the outlet was measured and sam-
pled at 5—minute intervals. Runoff sediment concentra-
tion was determined by oven drying at 105°C, total sur-
face runoff and sediment amounts of each simulated rain-
fall event were then calculated (Table 2).

Dataset

Preliminary examinations of the rainfall, discharge
and sediment concentration data integrities in time series
allow the identification of 29 events recorded from 1971
to 1996. The rainfall data recorded at 31 rainfall gauging

Table 1. Soil properties of two soil samples collected from the study area

Mechanical composition (%) Bulk density ~ Soil water pH Organic
Soil Type (g cm™) content (%) matter
>0.lmm  0.1-0.05mm 0.05-0.0lmm <0.01 mm (gkg™h
Burozems 45.33 31.40 19.94 1.32 3.68 6.7 8.66
Cinnamon soils 9.05 56.97 24.98 1.65 5.77 6.5 10.22
Table 2. Soil experimental conditions and observed results from the rainfall simulation experiments
. . R R, LS SR, LS K,
Soil type Slope .Ramfgll Surface (95 A } SA L (MJmm  (MJmm (MJ mm (kg h MJ
intensity  runoff (kgm®  (kgm® o by m*h) m*h) mm™)
(mmh?")  (mm)
Burozems 10% 60 18.1 0.45 0.14 1.54 0.07 0.03 0.35 0.23 6.69
120 30.0 0.38 0.40 0.28 0.11
20% 60 28.3 0.71 0.43 0.07 0.05 1.05
120 34.6 0.43 0.57 0.28 0.12
Cinnamon soils 10% 60 28.6 0.72 0.21 2.08 0.07 0.05 0.35 0.32 6.50
120 37.1 0.46 0.55 0.28 0.13
20% 60 33.2 0.83 0.64 0.07 0.06 1.05
120 52.6 0.66 0.68 0.28 0.18
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stations were interpolated using the Thiessen polygon
method. Discharge and sediment concentration data
were recorded at the basin outlet station at the Lushi
site. Hourly sediment flux was then obtained by multiply-
ing hourly river discharge by sediment concentration.
The numerical modeling was operated in hourly time
steps, and used for identifying the regions with high ero-
sion potential and assessing the effect of land use changes
on soil erosion. Two land use maps in 1990 and 1995
were used in the simulations to distinguish the effects of
land-use change on soil erosion. Since the land use pat-
terns of Lushi Basin were relatively stable in 1970s and
1980s, the land use map in 1990 was used for the events
recorded from 1971 to 1989. The land use map in 1995
was used for the events recorded from 1991 to 1996.

Model calibration and validation

The numerical soil erosion model was calibrated and
validated using the observed discharge and sediment
yield data at 500 m spatial resolution. The model param-
eters were calibrated manually based on the physical
basin features of land cover, soil, etc. Four storm events
recorded between 1971 and 1973 were used for model
calibration and the other recorded storm events were
used for model validation. The Nash—Sutcliffe (Nash)
coefficient of efficiency (Nash and Sutcliffe, 1970) was
used as the objective function for optimizing the model
performance. Nash is defined as:

Nash=1—21(c;)(,,—@,,)2/ Z’I(Q,ﬂ—@)z (18)

where @, (m’ s™) is observed discharge, @, (m’ s™) is
simulated discharge, % is the total number of records for
comparison, and @,(m’ s) is the mean value of the dis-
charge observed over the simulation period. The model
involved several parameters, of which the parameters
subjected to calibration were divided into two groups
responsible for runoff and soil erosion simulations, with
the parameters related to the latter calibrated first
(Table 3). In this study, K, factor was assigned with val-

ues derived from the laboratory experiments, C factor

was initialized using the recommended values in USLE
and then calibrated according to the land use types
(Table 4), and the P factor was assigned the value of 1.0
for the entire basin. Of the initial conditions, the initial
soil water content was important for simulating both
runoff and soil erosion and its values varied from event
to event depending on the initial condition settings. In
this study, the initial soil water content value was adjust-
ed slightly for the simulations during model calibration.

RESULT AND DISCUSSION

Estimation of runoff and soil erosion

The predicted cumulative discharges and sediment
yields at the outlet of the basin during the 29 events
were compared with the observed data (Table 5). Of all
the simulations, the predicted and the observed values
matched well and the model showed no consistent ten-
dency to underestimate or overestimate runoff or soil
erosion. Based on the simulated discharge results dur-
ing the calibration phase and validation phase, the model
performed better during the calibration phase (R*=0.95)
than in the validation phase (R*=0.90) (Fig. 5). The Nash
coefficients of efficiency were also calculated for each
individual event, which varied from 90.3 to 94.2% for the

12 1  ecCalibration phase
4 Validation phase

Predicted discharge (10’m3)
()]

0 : . : : . : :
0 2 4 6 8 10 12 14

Observed discharge (10'm?3)

Fig. 5. Comparison between the simulated and observed river dis-
charges during 29 events.

Table 3. Range of parameter values results from model calibration

Parameter Symbol Value range
Decay factor m, 0.01~0.1
Manning’s coefficient 7, 0.05~0.5
Maximum water storage of root zone e 0.01~0.05
Transmissivity coefficients D, Dy Dy, 0.05~2.0
Saturated hydraulic conductivity K, 0.0325~0.0851

s

Table 4. C factor values calibrated for different land use types in the Lushi Basin

Shrub Sparse High—coverage Middle—coverage Low—coverage Hill
Forest Farmland
forest forest grassland grassland grassland farmland
0.1 0.22 0.32 0.12 0.18 0.32 0.35 0.33
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Fig. 6. Hydrographs of the four selected events during model calibration and validation.

Table 5. Observed and predicted runoff discharges and sediment yields at the basin outlet

Runoff (10'm”) Deviation Sediment Yield (107kg)
Date Deviation (%)
Observed Predicted %) Observed Predicted
06/28/1971 6.77 6.13 9.5 23.36 24.90 6.6
08/21/1971 5.47 6.05 10.6 14.47 13.53 6.5
07/08/1972 5.03 5.86 16.5 12.14 12.57 3.5
06/30/1973 4.69 5.42 15.6 14.73 18.18 23.4
04/24/1975 6.97 5.91 15.2 15.25 16.82 10.3
08/22/1976 11.92 12.43 4.3 44.63 51.01 14.3
07/11/1979 3.94 4.61 17.0 18.16 20.99 15.6
07/31/1979 7.24 8.07 115 34.44 38.81 12.7
06/30/1980 10.15 11.03 8.7 70.02 66.39 5.2
07/15/1981 8.11 8.35 3.0 14.7 16.72 13.7
08/22/1981 6.17 7.41 20.1 29.57 33.32 12.7
08/14/1982 5.19 4.77 8.1 6.17 6.71 8.8
08/30/1982 6.62 6.14 7.3 21.56 24.44 13.3
06/24/1983 8.89 8.03 9.7 23.72 26.08 9.9
07/20/1983 9.8 8.78 10.4 49.82 46.22 7.2
08/03/1983 9.57 8.47 115 50.7 56.56 115
09/08/1983 7.16 6.92 3.4 32.48 31.04 4.4
07/06/1984 11.58 11.51 0.6 51.74 56.93 10.0
07/18/1984 5.83 6.46 10.8 32.75 38.95 18.9
06/05/1987 7.52 8.24 9.6 13.27 11.51 13.3
07/10/1989 12.71 10.83 14.8 55.4 51.30 7.4
08/18/1989 7.21 6.68 7.4 26.56 25.05 5.7
09/15/1991 2.83 3.54 25.1 6.64 8.19 23.3
08/13/1992 5.32 6.62 24.4 16.5 19.63 18.9
07/08/1994 6.01 7.05 17.3 31.74 34.49 8.7
07/10/1994 12.07 10.57 124 75.06 72.15 3.9
08/13/1995 3.8 4.86 27.9 30.19 34.78 15.2
08/04/1996 9.43 10.26 8.8 33.77 37.93 12.3

09/17/1996 12.17 11.7 3.9 61.1 63.47 3.9
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Fig. 7. Comparison between the simulated and observed river
sediment concentrations during 29 events.

calibration phase and from 76.7 to 94.6% for the valida-
tion phase. The average Nash coefficients of efficiency
derived for the calibration and validation phases were 92.8
and 90.7%, respectively. The four discharge hydrographs
prepared during the calibration phase and validation
phase demonstrate the model’s ability to simulate the
temporal variations in runoff during storm events (F'ig.
6). The Nash coefficients for the events on June 28, 1971,
August 21, 1971, July 10, 1994 and August 4, 1996 were
94.2,90.3, 93.4% and 91.2%, respectively.

The averaged deviations of sediment yield simula-
tions during the calibration and validation phases' were
10.0 and 11.2%, respectively (Table 5). Bingner et al.
(1989) suggested that if the under—prediction or over—
prediction of soil erosion was within 20% of the observed
values, the simulation could be considered acceptable.
On this basis, the simulated erosion results were gener-
ally within acceptable limits during the calibration and
validation phases (Fig. 7). The predicted sediment yields
showed a good match with the observed values during
both the calibration phase (R°=0.93) and the validation
phase (R°=0.91). The Nash coefficients of efficiency of
soil erosion simulations varied in the range of 80.6% to
89.7% and 58.9% to 88.2% for the events during calibra-
tion and validation periods, respectively. The average
Nash coefficient of efficiency of the 29 individual event
simulations was about 70.4%. The sediment hydrographs
for the events on June 28, 1971, August 21, 1971, July
10, 1994 and August 4, 1996 are provided in Fig. 6. The
comparison between the simulated and observed sedi-
ment concentrations shows that the erosion model pro-
vided a good simulation of the overland soil loss and sed-
iment outflow as long as the hydrological parameters
generated from the rainfall-runoff model were accurate.

Spatial patterns of soil erosion and sediment dep-
osition

The spatial distribution of soil erosion and deposition
were analyzed for the selected events to investigate
trends in erosion/deposition distribution, which was
helpful in identification of areas prone to erosion in the
study area. Net erosion patterns for different events were

calculated by subtracting the deposition rates for each
grid cell from the gross erosion rates for the correspond-
ing grid cell. The net erosion estimated on a grid basis
for the basin was grouped into the following erosion
classes in this study: slight (0 to 10t kmm™), moderate (10
to 20t km™®), high (20 to 40 t km™), very high (40 to 80t
km™®) and severe (>80t km™). The map for deposition
of sediment for the event of July 10, 1994 (Fig. 8) shows
negative values on the soil erosion map for areas where
sediment deposition occurred (i.e. true sediment deposi-
tion), whereas positive values corresponded to grid cells
with net soil erosion. The erosion map indicates severely
eroded areas were mainly located in the region with poor
vegetation cover and erodible soil properties. Statistics
related to the above erosion classes are presented and
classified into the percentage of area, slope and land use
composition in the Lushi Basin for the selected event in
Table 6. About 61.4% of the entire basin was found to
be experiencing net erosion, among which the high ero-
sion class encompass the largest percentage of the area.
The areas with severe erosion class covered only 0.19%
of the basin area and mainly included grids slopes of
more than 25 degrees, but these severely eroded grids
were the main erosion sources during all the simulated
events. The erosion levels were closely related with
slopes and areas with slight erosion had smaller average
slopes than severely eroded areas (Table 6). Net depo-
sition areas had an average slope of about 7 degrees and
the areas with net erosion had an average slope of about
14 degrees, which revealed that soil erosion in the study
area was tightly affected by topographic features.
Detailed analysis related to land use composition and the
distribution of soil erosion indicated that severely eroded
areas were mainly located in the regions with poor vege-
tation cover and erodible soils. Sediment is usually depos-
ited on areas of flatter slopes with dense vegetation cover.
The net erosion areas had larger percentages of farm-
lands and low grassland coverage, while the net deposi-
tion areas had larger percentages of forest and high—cov-
erage grassland (Table 6). This verified that grids with
forest and high—coverage grassland land—use types gen-
erally had less soil erosion and more deposition, while
grids with farmlands and low—coverage grassland land—
use types were the main sources of soil erosion. Of all

0 10,000 20,000

40,000 Meters

Fig. 8. Spatial distribution of soil erosion/deposition during the
event of 10 July 1994
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Table 6. Statistics related to the percentage of area, slope and land use composition of grids in the Lushi Basin
Statistics <-80 -80- {10 —40--20 -20 - 7,10 -10- .O 0-10 10— 2}0 20-40  40-80 > 80
(tkm® (tkm® (tkm® (tkm® (tkm®) (tkm®) (tkm®) (tkm®) (tkm?)  (tkm?)
Percentage of area 3.74% 9.87% 8.88% 6.79% 9.32% 12.89% 17.711%  23.85% 6.75% 0.19%
Slope (degree) 3.92 5.85 8.29 9.39 10.75 11.74 12.93 13.49 13.88 14.22
Forest 37.65%  36.95%  38.06%  39.37%  32.50%  21.61%  15.45% 9.15% 2.74% 0.86%
Shrub forest 5.88% 7.91% 6.55%  10.256% 7.61% 6.38% 4.71% 2.86% 1.60% 1.93%
Sparse forest 17.66%  18.27%  20.67%  11.40% 8.40% 7.83% 6.94% 4.70% 4.16% 1.13%
High—coverage grassland 5.88% 6.14% 4.86% 6.34% 7.31% 7.53% 8.68% 6.42% 2.62% 0.48%
Middle—coverage grassland 10.00% 6.99% 9.31% 10.76% 15.09% 18.78% 19.34% 18.87% 12.14% 9.00%
Low—coverage grassland 2.94% 3.37% 4.69% 4.55% 6.56% 8.43% 10.33% 13.91% 17.10% 20.4%
Hill farmland 15.00%  17.42%  14.83%  16.18%  20.12%  25.83%  29.83%  39.14%  50.63% 54.3%
Farmland 5.00% 2.95% 1.14% 1.15% 2.41% 3.61% 4.71% 4.96% 9.01% 11.9%

land use types, farmlands were major sources of soil ero-
sion; and forests had the largest areas of deposition.
Land use changes, especially between farmlands and for-
ests, were shown to have important impacts on soil ero-
sion in the Lushi Basin.

Effects of land use changes on soil erosion

Land use patterns, or the spatial structure of different
land units, have an impact on soil erosion and sedimen-
tation. For example, an increase in farmland area nor-
mally leads to a higher soil erosion risk. To explicitly
evaluate the effects of land use change on soil erosion,
the land use transition matrix was used to show the land
use change between 1990 and 1995. The transition
matrix of land use change processes in Lushi Basin from
1990 to 1995 was obtained (Table 7). The total forested
area decreased by 10% from 1990 to 1995, while the areas
of grassland and farmland increased by 6.7 and 3.3%,
respectively, a total area of land use change between
covering about 787.3 km®. Changes mainly involved for-
ests with about 461.8 km® of forested land being trans-
formed into farmland and grass land. The newly culti-

vated farmland was mainly located in an area of the down-
stream plain near Lushi Station that was suitable for
agricultural activities. To examine the soil erosion varia-
tions caused by different land use maps, four events
recorded on July 10, 1989 (Storm 1), August 18, 1989
(Storm 2), August 4, 1996 (Storm 3) and September 17,
1996 (Storm 4) were selected for comparison because
these four storm events included time periods which were
close to the points in time used for the land use maps.
These were also selected because the cumulative rain-
falls and total runoff volumes are similar between the
two pairs of events, Storm 1 and Storm 4, Storm 2 and
Storm 3 (Table 5), which excluded the interference of
different rainfalls on analyzing the impact of land use
changes on soil erosion. The durations of the selected
four events were all about 72 hours and the spatially
averaged peak rainfall intensities recorded during the
four events were all within the range of 10.0-12.0 mm h™.
The similar cumulative rainfalls and peak rainfall intensi-
ties between the two pairs of storm events (Storm 1 and
Storm 4, Storm 2 and Storm 3) caused similar erosivity
R factors. Therefore, the significant influences of R fac-

Table 7. Transition matrix of land use change processes in Lushi Basin from 1990 to 1995 (km®)

Forest Shrub Sparse High— Middle- Low-— Hill Farmland 1990 Ratio
Land use type forest forest  coverage coverage coverage farmland total %)
grassland grassland grassland

Forest 182.3 25.8 23.7 63.1 157.8 13.8 49.8 143.0 1659.3 375
Shrub forest 4.9 279.6 2.0 7.9 1.5 0.3 4.0 2.0 302.2 6.8
Sparse forest 1.8 4.7 470.4 5.7 5.7 3.0 7.6 8.4 507.3 11.5
High—coverage grassland 3.0 4.4 1.0 242.6 5.3 2.4 3.6 2.1 264.4 6.0
Middle—coverage grassland 2.6 4.2 2.3 13.9 381.5 48.0 10.8 3.9 467.2 10.6
Low—coverage grassland 0.6 0.7 0.5 6.6 6.7 332.2 11.6 0.8 359.7 8.1
Hill farmland 0.8 2.0 3.4 7.0 20.6 57.9 418.1 11.8 521.6 11.8
Farmland 1.4 1.8 0.4 2.2 1.5 1.0 3.6 3291 341.2 7.7
1995 total 1197.6 323.3 503.7 349.1 580.6 458.4 509.2 501.2 4423.0 100.0
Ratio (%) 27.1 7.3 114 7.9 13.1 104 115 118 100.0
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Table 8. Contributions of different land use types to soil erosion or deposition in the Lushi Basin

Area Total contributions to soil erosion (+) Average soil erosion (+) or deposition
Land use type changesbetween or deposition (-) in the basin (-) on a grid cell (kg)
two years (km®) 1989 1996 1989 1996
Forest -461.8 —-85.06% —72.18% -1941.7 -1756.2
Shrub forest +21.04 6.87% 6.04% +881.4 +803.9
Sparse forest -3.62 21.65% 18.72% +1654.3 +1597.3
High—coverage grassland +84.62 -12.46% -20.22% -1785.3 -1687.3
Middle—coverage grassland +113.47 -3.64% -6.12% -294.9 -307.1
Low-coverage grassland +98.65 13.15% 14.60% +1417.3 +1369.5
Hill farmland -12.36 43.19% 39.14% +3210.1 +3304.7
Farmland +160.0 16.11% 21.35% +1829.1 +1831.4

tors on final soil loss were excluded from the comparison.
Meanwhile, the K, L, S and P factors could be consid-
ered to be unchanged for the same basin, and thus land
use changes played an important role in determining the
soil loss and river sediment concentration through C fac-
tor. Soil erosion and deposition results over the whole
Lushi Basin were summarized on the basis of land use
types and the spatially averaged net erosion (or deposi-
tion) rates and total contributions to erosion (or deposi-
tion) of each land use type in 1989 and 1996 (Table 8).
Differences between net erosion and deposition rates in
the two years were not obvious with the deviations of
these differences falling within a small range, 0.13-
9.55%, and the average deviation was 4.73%. However,
the temporally averaged sediment concentrations were
estimated to be 4.57, 4.32, 6.91 and 7.36 kg m™ at the
outlet for the Storms 1, 2, 3 and 4, respectively. This
implied that the averaged sediment concentration during
the storm events recorded in 1996 increased by 60.5%
from the 1989 level. The results showed that a decrease
in the percentage of forested land had generally led to
an increase in the area of arable land prone to erosion,
and that the erosion risk increased if a forest was trans-
formed into farmland. The results also showed that low—
coverage grassland and sparse forest were potential soil
loss sources, and that appropriate management was
needed to improve their environmental functions.

CONCLUSIONS

In this paper, an integrated erosion model was pre-
sented that was developed based on the distributed
hydrological model and applied to assist in assessing the
impact of land use changes on soil erosion potential.
Through a case study in Lushi Basin between 1971 and
1996, the model gave good results in simulating river dis-
charge, soil erosion and sediment transport at hourly time
intervals. The comparison of two historical land use maps
showed that some parts of the Lushi Basin experienced
deforestation and increased agricultural activities and
associated land degradation, which altered the total ero-
sion amount and the average erosion rate. The reason is
that the responses of soil erosion and sediment delivery

to land use changes were non-linear, a small change in
landscape results in relatively large changes in erosion
risk and sediment delivery. Also, sediment delivery was
more sensitive to land use changes than soil erosion
because of the sediment trapping effect of forested areas.
Through the grid-based distributed modeling, it was
found that not only the composition but also the spatial
position of land use parcels were similarly important in
soil erosion. The model supplies a tool supporting inte-
grated management practices in a meso—scale river basin.
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