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a b s t r a c t

Soil erosion is still one of major issues limiting agricultural and forestry productivity in Loess

Plateau of China. Vegetation plays an important role in controlling soil erosion, but studies

on modeling dynamics of vegetation and soil erosion and interaction between them were

hardly reported. We hypothesized that changes of vegetation coverage and soil erosion as

affected by climate factors and human activities in the Loess Plateau of China might be

simulated using appropriate models. In order to test our hypothesis and to better under-

standing the interaction between vegetation coverage and soil erosion, we conducted a

study at watershed of Zhifanggou, a typical region of Loess Plateau. Soil erosion was neg-

ative linearly correlated with vegetation coverage (r = 0.99***), while vegetation was mainly

associated with human activities. Based on climate change, ecological stress factors and

human activities, we developed a model to estimate vegetation coverage and soil erosion.

Testing the model performance indicated that dynamics of vegetation coverage and soil
Vegetation coverage erosion in the Loess Plateau of China could be precisely simulated. The importance of each

factor in the model was also evaluated. The information of this study can be useful for better

tionships between vegetation and soil erosion.
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Vegetation dynamics, in turn, affects the process of soil ero-
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understanding the rela

. Introduction

oess Plateau accounts for more than 40% of territory in the
orthwest region of China. Soil erosion in the Loess Plateau is
ne of the major issues limiting agricultural and forestry pro-
uctivity (Wu et al., 1994). Soil erosion caused the decreasing
f soil water capacity and soil fertility, which result in vege-
ation degradation. On the other hand, inappropriate removal
f natural vegetation by human activities caused severe soil
rosion and leads to problems of ecological environment. Pre-

ious studies have indicated that vegetation coverage is one of
mportant factors in controlling soil loss and improving eco-
ogical environment (Linda et al., 1995; Zheng and He, 2002;

∗ Corresponding author. Tel.: +86 29 87019107; fax: +86 29 87012210.
E-mail address: shangguan@ms.iswc.ac.cn (Z.P. Shangguan).

304-3800/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.ecolmodel.2006.04.019
© 2006 Elsevier B.V. All rights reserved.

Joseph, 2004; Zhang et al., 2004). The amount of soil erosion
decreases dramatically with the increase in vegetation cover-
age in the Loess Plateau of China (Wang and Wang, 1999).

Plant growth and vegetation development depend on
climate factors, soil conditions and land-use types. Natu-
ral and non-natural disturbances, such as global climate
changes, deforestation, afforestation and other human activ-
ities, impact vegetation development (John et al., 2002;
Casimiro et al., 2003; Potter, 2004; Li et al., 2006; Ni et al., 2006).
sion. There exists the interaction between vegetation coverage
and soil erosion. Previous studies on soil erosion in the Loess
Plateau of China mainly focused on erosion initiation, devel-
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opment and prevention (Zheng and He, 2002; Shangguan et
al., 2004). However, little is known about the effect of vegeta-
tion evolution on soil erosion and the interaction relationships
between vegetation improvement and soil erosion as affected
by climate factors and human activities. Lack of knowledge
in these aspects directly limits reconstruction of the eco-
environment and natural resource conservation policy in the
Loess Plateau of China (Zheng and He, 2002).

Although changes in both vegetation and soil erosion are
complex processes, we hypothesized that the patterns of veg-
etation and soil erosion as well as the relationship between
vegetation and soil erosion dynamics in the Loess Plateau of
China might be predicted using appropriate models. In order
to test our hypothesis and to better understand the interaction
between vegetation coverage and soil erosion, we conducted
this study at watershed of Zhifanggou, a typical region of the
Loess Plateau China.

2. Theoretical basis of model

2.1. Equation of vegetation-soil erosion kinetics

Vegetation plays an important role in controlling soil erosion
while soil loss by erosion negatively affects plant growth and
vegetation development. There exists a complex interaction
between vegetation coverage and soil erosion. Thornes (1985)
proposed a model of geomorphologic process and used the
corresponding differential equations to describe the change
rates of vegetation and soil erosion (Eqs. (1) and (2)).

dV

dt
= (a − bV)V − cE (1)

dE

dt
= dE − fV (2)

where a, c, d and f are the functions of the climate, rainfall, soil
and topography, respectively, which are constants in a given
area and can be determined based on the local existed data;
b is vegetation damage due to wild animals; V is vegetation
coverage; and E is amount of soil erosion. In our study region,
the impact of wild animals on vegetation can be ignored (i.e.
b = 0) because of intensive human activities.

However, natural disturbance and human activities were
not considered in the equations. Wang et al. (2003) investi-
gated effects of several ecological stress factors, human activ-
ity, on vegetation evolution and suggested that these ecolog-
ical factors should be considered when developing a model
to describe the relationships between vegetation and soil ero-
sion.

3. Model development

3.1. Vegetation dynamics and ecological stress

Vegetation coverage has been widely used to describe vege-

tation dynamics in many studies of soil and water conser-
vation. There are considerable differences among vegetation
types in controlling soil erosion. In general, arbors and shrubs
are superior to herbaceous plants in controlling soil erosion
g 1 9 8 ( 2 0 0 6 ) 263–268

(Zhang et al., 2003). In our study, the vegetation coverage
was defined as the percentage of ground covered by all kinds
of vegetation (i.e. forest and herbaceous) in the entire land
area. Data of vegetation coverage at our study location were
obtained from direct survey, remote sensing and other pub-
lished results.

Vegetation growth and development are directly or indi-
rectly associated with ecological stresses. Atmospheric CO2

concentration and annual average temperature are two major
factors of long-term climate change. We assumed that the
responses of vegetation coverage to these two factors are lin-
ear. The functional relationships between vegetation coverage
dynamics and CO2 concentration and temperature could be
expressed using Eqs. (3) and (4), respectively:

dV

dt
= Kg Gf = Kg

(G − Ga)
Ga

(3)

dV

dt
= Kt Tf = kt

(T − Ta)
Ta

(4)

where dV/dt is vegetation coverage in a given year or time
(t); Gf and Tf are relative changes in CO2 concentration and
temperature (see the last part of Eqs. (3) and (4) for Gf and
Tf), respectively; G and T are CO2 concentration and temper-
ature in the given year, respectively; Ga and Ta are long-term
averages of CO2 concentration and temperature, respectively;
and Kg and Kt are constants that can be determined using the
investigated vegetation and the global climate change data.

The Loess Plateau of China belongs to semi-arid region and
the limited annual precipitation is a major short-term ecolog-
ical factor influencing vegetation coverage and soil erosion.
Changes in vegetation growth and development in the experi-
mental area are closely associated with amount of annual pre-
cipitation and drought stress usually limits vegetation devel-
opment. The response of vegetation coverage (dV/dt) to annual
precipitation in a given year t can be expressed using Eq. (5):

dV

dt
= Vrain(t) = ±Kp Pf = ±Kp

[
(P − Pa)

Pa

]m

(5)

where Vrain(t) is the change rate of vegetation coverage; Kp

and m are constants to be determined based vegetation surrey
data; Pf is the relative change in annual precipitation in a given
year compared with long-term average; P is annual precipita-
tion in the given year; and Pa is long-term annual precipitation.
When P is greater than Pa, +Kp is used; otherwise, −Kp is used
in Eq. (5).

An instant ecological stress means the vegetation loss
by human activity in a short time period, such as lambing
or deforestation. Therefore, change in vegetation coverage
(dV/dt) due to the instant stress can be expressed as the fol-
lowing equation (Eq. (6)):

dV

dt
= −Kinstϕ (6)
where Kinst is a constant to be determine and ϕ is the amount
of change in vegetation coverage in a short time period due to
an instant ecological stress.
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>1, V is defined as 1 (i.e. V = 1). Similarly, when the calculated
value of V is <0, V = 0, and when the calculated value of E is
<0, E = 0. In this study, the values of these constant parame-
ters were: a = 0.01 l a−1, c = 0.000002 km2 a−1, d = 0.02 l a−1, and

Table 1 – Annual precipitation, relative change in annual
precipitation ((P − Pa)/Pa) and vegetation cover variance
(Vrain(t) (a−1)) at Zhifanggou watershed

Year Precipitation (mm) (P − Pa)/Pa Vrain(t) (a−1)

1986 562.0 0.0236 0.00027
1987 458.3 −0.1653 −0.00190
1988 592.6 0.0792 0.00091
1989 438.0 −0.2024 −0.00233
1990 631.5 0.1500 0.00173
1991 540.7 −0.0152 −0.00018
1992 585.2 0.0657 0.00076
1993 571.3 0.0404 0.00047
1994 455.6 −0.1704 −0.00196
1995 456.5 −0.1687 −0.00284
1996 639.9 0.1654 0.00100
e c o l o g i c a l m o d e l l i n

3.2. Changes in land use and vegetation coverage

Since 20 years ago, land use and management policy have been
changed to protect ecological environment and to improve
agricultural sustainability in China. Recently, trees and grasses
have been planted accompanied by a relative reduction in
farming lands in the Northwest China, especially the Loess
Plateau area. Rapid increase in vegetation coverage positively
influences vegetation dynamics and ecological environment
in the most regions of the West China. The change pattern of
vegetation coverage (dV/dt) with time can be described using
the following equation (Eq. (7)):

dV

dt
= VR(t) (7)

where VR is percentage of the increase in annual afforestation
area in farm land regions and t is the time (or year).

3.3. Model development

Considering all the ecological factors that influence vegetation
coverage described above, we integrated Eqs. (3)–(7) and soil
erosion (ER) into Eqs. (1) and (2). Thus, a pair of the following
equations (Eqs. (8) and (9)) was developed:

dV

dt
− aV + cE = KtTf + KgGf ± KpPf − Kinstϕ + VR (8)

dE

dt
− dE + fV = ER (9)

The values of V and E can be obtained by solving Eqs. (8)
and (9). Details of the solutions could be expressed as following
(Eqs. (10) and (11)):

V = C1er1t + C2er2t + er1t

∫

×
[

e−r1t er2t

∫
e−r2t

(
dVm

dt
− dVm − cEm

)
dt

]
dt (10)

E = C1
a − r1

c
er1t + C2

a − r2

c
er1t + er1t

∫

×
[

e−r1t er2t

∫
e−r2t

(
dEm

dt
− aEm − fVm

)
dt

]
dt (11)

where

r1.2 = 1
2

[
(a + d) ±

√
(a + d)2 − 4(ad − fc)

]
,

{
Vm = KtTf + KgGf ± KpPf − Kinstϕ + VR

Em = ER

and C1 and C2 are constants that can be determined by the ini-

tial conditions of a region. When ecological stresses and soil
erosion (ER) in a particular watershed are known, the quanti-
tative dynamics of both vegetation coverage and soil erosion
with time (year) can be estimated.
8 ( 2 0 0 6 ) 263–268 265

4. Model calibration and use

Watershed of Zhifanggou (8.27 km2 with a length of 8.1 km) is
a typical region of the Loess Plateau. Long-term annual aver-
age temperature is 8.8 ◦C and average annual precipitation is
549 mm, but more than 61% of total annual precipitation is
from July to September. In this watershed, xerophytism shrub
and herbs were initially natural vegetation type, but recently
the arbor and shrub have become the major vegetation type
due to human activities in last 30 years. The major soil type
belongs to loess. Water runoff was the major soil erosion in
the watershed.

Before 1930s, watershed of Zhifanggou was covered by
well-developed forest and soil erosion was not an issue, but
the vegetation coverage dropped sharply from 1930s to 1950s
because of excessive deforestation and wars. The vegetation
coverage was only 0.4% in 1958. Since 1986, vegetation cov-
erage had been kept at a rate of 1.8% per year (i.e. VR = 1.8%)
because of the favorable tree-planting policy. By 1996, about
47% of ground area had been covered by vegetation. In the
same period (1987–1996), the soil erosion was reduced from
7700 to 1100 t km−2 a−1 because of the appropriate soil and
water conservation projects (Lu et al., 1997). In addition, the
impact of the global climate change on vegetation (Vgc) was a
constant (i.e. Vgc = 5.143 × 10−5 a−1) (Zhou et al., 1997; Jonathan
and Samuel, 2004). Based on the impact of the rainfall on veg-
etation growth (Eq. (5)) and the annual precipitation at water-
shed of Zhifanggou, the change in the percentage of vegetation
coverage was determined (Table 1).

According to the vegetation coverage and soil erosion data
before 1975. All parameters were calculated through differ-
ential integrating and try-out method. The parameters were
adjusted until the simulated result values were agreed with
the measured. In addition, when the calculated value of V is
1997 292.8 −0.4668 −0.00737

P: annual precipitation; Pa :long-term average of annual precipita-
tion (541.9 mm), and Vrain(t) (a−1) = dV/dt in Eq. (3).
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Fig. 1 – Comparison of simulated and measured values of (A) annual soil erosion and (B) vegetation coverage at watershed
of Zhifanggou in the Loess Plateau area from 1987 to 1996. The model includes all factors of climate change (CO

ctivi
concentration and temperature), precipitation, and human a

f = 350 t km−2 a−2. The 7-year mean of annual soil erosion from
1975 to 1981 was defined as the initial amount of soil erosion
in 1978 (i.e. ER). Therefore, Vm and Em can be calculated using
the following equations:

Vm = Vm0(1987)e
nt′ + Vrain(t) (12)

Em = ERen(t−t0) (13)

where Vm0 = VR + Vgc = 0.0181514 a−1, ER = −420 t km−2 a−1,
and n = 0.1. Integrating Eqs. (12) and (13) into Eqs. (10) and (11),
we obtained Eqs. (14) and (15):

V = C1er1t + C2er2t + Vrain(t) + Vm0 (n − d) − cER

(n − a)(n − d) − cf
ent′ (14)

E = C1
a − r1

c
er1t + C2

a − r2

c
er2t + −fc + (n − a)ER

(n − a)(n − d) − cf
ent′ (15)

where t is the period of time starting from 1978, t′ is the period
of time starting from 1986, C1 and C2 can be determined with
the initial conditions, and Vrain(t) is the change rate of vege-
tation coverage due to precipitation dynamics. The values of
Vrain(t) in each year are given in Table 1. The vegetation cover-
age ranges between zero and one and the soil erosion rate is
between zero and infiniteness.

5. Results and discussion

Dynamics of vegetation and soil erosion at watershed of Zhi-
fanggou from 1987 to 1996 are shown in Fig. 1. During this
period, vegetation coverage increased linearly with a speed
of 1.84% per year and soil erosion decreased by 757 t km−2

per year. Amount of soil erosion was closely negative cor-
related with the degree of vegetation coverage (r = −0.99***).

Regression of soil erosion with vegetation coverage indi-
cated that a 1% increase in vegetation coverage in an year
could decrease soil erosion by 456 t km−2 a−1. When vege-
tation coverage was about 52%, soil erosion tended to be
2

ties.

zero in the study area (data not shown). Based on Eqs. (14)
and (15) and the defined constants, the changes in vegeta-
tion coverage and soil erosion at watershed of Zhifanggou
were simulated (Fig. 1). The simulated amounts of soil ero-
sion in all years were well comparable to their measured
values (Fig. 1A). There was no statistical difference between
measured and simulated vegetation coverage, although, the
model slightly underestimated vegetation coverage in the first
6 years and overestimated in last 3 years (Fig. 1B). There-
fore, these equations could be used to simulate the change
of vegetation coverage and soil erosion in the Loess Plateau
area.

Since the 20th century, atmospheric CO2 concentration and
temperature have increased considerably due to the indus-
trialization and deforestation. In order to determine whether
the global climate change, especially CO2 and temperature,
affected dynamics of vegetation coverage and soil erosion or
not. We rerun the simulation model without involvement of
atmospheric CO2 concentration and temperature factors (i.e.
ignore Eqs. (3) and (4) in the model). The estimated values
of both vegetation coverage and soil erosion were similar to
the measured values (Fig. 2) even regardless of the effects
of CO2 concentration and temperature. Therefore, under our
study area, neither CO2 concentration nor temperature was
the major contributing factor for changes in vegetation cov-
erage and in soil erosion. Our results of the global climate
change having little effects on vegetation coverage and soil
erosion are in agreement with a recent report by Allen and
Joan (2004). Zhou et al. (1997) and Michel et al. (2005) suggested
that although the increases in both CO2 concentration and
temperature could stimulate leaf photosynthesis and improve
vegetation growth. However, soil moisture or soil water avail-
ability would decrease because soil evaporation and plant
transpiration increased with the increasing in temperature.
Water limitation in arid and semi-arid regions might reduce

the positive effects of elevated CO2 and temperature on vege-
tation development. In addition, human activities were dom-
inant factors in controlling vegetation coverage and soil ero-
sion. Therefore, the global climate change had little impact



e c o l o g i c a l m o d e l l i n g 1 9 8 ( 2 0 0 6 ) 263–268 267

Fig. 2 – Comparison of simulated and measured values of (A) annual soil erosion and (B) vegetation coverage at watershed
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n vegetation growth and soil erosion in the Loess Plateau
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In order to determine the effects of afforstation and other
onservation measures on improving the eco-environment,
egetation coverage and soil erosion in each year were esti-
ated using the simulation model without involvement of

fforestation factor (i.e. Eq. (5)). The estimated soil erosion
nd vegetation coverage as well as their measured values
re shown in Fig. 3. The simulated soil erosion was much
igher than measured value in all years and the differ-
nces between simulated and measured values increased with
he decrease in amount of erosion or with time (Fig. 3A),
hile simulated vegetation coverage was lower than mea-

ured values (Fig. 3B). For instance, the difference between
imulated and measured soil erosion was 612 t km−2 a−1
n 1987, but the differences increased to 1900 t km−2 a−1

n 1996. The simulated and measured vegetation coverage
ere 29.9 and 31.6%, respectively, but were 36.4 and 47.4%,

espectively, in 1996. These results further suggested that

ig. 3 – Comparison of simulated and measured values of (A) ann
f Zhifanggou in the Loess Plateau from 1987 to 1996. The mode
l does not include atmospheric CO2 concentration and

human activities were most important in improving vegeta-
tion coverage and controlling soil loss in China Loess Plateau
area.

Wang and Cai (1999) suggested that vegetation coverage
could significantly reduce sediment yield and afforestation
would rapidly increase land coverage, resulting in an effec-
tive control of soil erosion. Earlier studies have indicated that
soil loss can be reduced by 80–90% when slope lands are
turned into terrace lands (i.e. reduction in slope of lands using
engineering measures) and appropriate measures of afforesta-
tion can reduce soil erosion by 40–60% (Zhou, 1991; van Dijk
and Bruijnzeel, 2003). Additionally, other measures of agricul-
tural engineering, such as constructing dams and reservoirs
to intercept water and soil runoff, also plaid the certain role
in controlling soil erosion. Our results indicated that increase

in vegetation coverage could significantly reduce soil loss.
Effective controlling soil erosion, in turn, could improve veg-
etation development and increase land coverage (Wang et al.,
2003). There was the interaction between vegetation coverage

ual soil erosion and (B) vegetation coverage at watershed
l does not include the factor of human activities.
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and soil erosion. Therefore, integration of increasing vegeta-
tion coverage using agricultural engineering and improving
resource management could efficiently reduce soil loss and
conserve ecological environment in the Loess Plateau area of
China.
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