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Abstract Climate change and human disturbance drive
catchment erosion and increase riverine sediment load
sensitively in small and medium-sized watersheds. This is
not always true in large basins, where aggregation and
buffering effects have dampen the ability to determine the
driving forces of sedimentation. Even though there are
significant responses to sedimentation in large river basins,
it is difficult to get a precise quantitative assessment of
specific drivers. This paper develops a methodology to
identify driving forces that change suspended sediment
load in the Upper Yangtze river. Annual runoff and sedi-
ment load data from 1954 to 2005 at the Yichang gauging
station in the Upper Yangtze basin, daily precipitation data
from 60 meteorological stations, and survey data on res-
ervoir sediment were collected for the study. Sediment
load/rainfall erosivity (S/R), is a new proxy indicator
introduced to reflect human activities. Since the mid-1980s,
S/R in the Upper Yangtze has dramatically declined from
0.21 to 0.03 (x10'" t hah MJ™! mm™"), indicating that
human activity has played a key role in the decline of the
suspended sediment load. Before the mid-1980s, a higher
average S/R is attributed to large-scale deforestation and
land reclamation. A significant sediment decrease occurred
from 1959 to 1961 during an extreme drought condition,
and an increase in sedimentation in 1998 coincided with an
extreme flood event, which was well recorded in the
S/R curve. This indicates that the S/R proxy is able to
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distinguish anthropogenic from climate impacts on sus-
pended sediment load, but is not necessarily indicatory in
extreme climate events. In addition, typical drivers of
riverine sediment load variation including soil conservation
projects, reservoirs construction, and land use/cover change
are discussed.
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Introduction

Sediment load represents an important measure of soil
erosion, transportation, deposition, and various intensities
of human activities in river basins (Douglas 1967; Lane
et al. 1997; Syvitski et al. 2005; Lesschen et al. 2007).
Within small and medium-sized catchments, the riverine
sediment load is sensitive to catchment erosion in the
context of climatic change and human intervention. Wall-
ing and Fang (2003) and Walling (2006) demonstrate the
response of sediment flux to various anthropogenic activ-
ities in small and mid-sized catchments. For example, the
increased sediment load in the Lancang river between 1963
and 1990 is a reflection of intense land clearing and land
use change during the 1970s and 1980s. On the other hand,
the potential for conservation practices and management
strategies reduced sedimentation of the Sanchuan river on
the Chinese Loess Plateau. Studies of large basin rivers
such as the Colorado(Meade and Parker 1985), Missis-
sippi(Kesel et al. 1992), Nile (Stanley and Warne 1998),
Yangtze river (Higgitt and Lu 1999; Yang et al. 2006a),
and Yellow rivers (Yang et al. 1998; Xu and Cheng 2002;
Wang et al. 2007) demonstrate that aggregation and
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buffering effects of multiple human activities complicate
the process of sediment yield and delivery, and the
resulting signals make it difficult to assess the main drivers
of sedimentation(Walling 2006). It is critical to elucidate
the specific drivers of sediment responses based on
watershed-level human activities in order to provide
important information for land management decision-
making (Walling 2006).

Yangtze river (Changjiang), the longest river in Asia
and third longest in the world, has become a worldwide
concern due to the impacts of the Three Gorges Project.
The reach from the headwaters to Yichang is called the
Upper Yangtze river. There has been an increasing
number of publications focused on the sediment load
dynamics and its relation to human activities in the
Yangtze Basin, especially in the Upper Reaches (e.g., Gu
and Douglas 1989; Higgitt and Lu 1999; Lu and Higgitt
1998, 1999; Zhang and Wen 2004; Lu 2005; Yang et al.
2006b). With one eighth of China’s population residing in
the Upper Yangtze river, intense human activity has led
to a high degree of land use change, which has impacted
suspended sediment load in the river. In the past two
decades, the sediment load has sharply decreased (Yang
et al. 2002; Zhang and Wen 2004; Lu 2005). Many
documents describe the decreases of sediment load in the
Yangtze river as being caused by human activities, but
none has elucidated the linkage between sediment load
variations and the multiple potential drivers such as cli-
mate change and anthropogenic activities. On the basis of
the sediment yield mechanism, long-term precipitation
and sediment load, the current study has developed a
proxy indicator of sediment load/rainfall erosivity (S/R)
to indicate anthropogenic impacts on riverine sediment
load. Two ways of anthropogenic impacts in terms of
sediment yield and transportation are investigated in the
Upper Yangtze basin.

The Upper Yangtze basin

Originating in the Qinghai-Tibetan Plateau, the Yangtze
river extends 6,300 km to the East China Sea with a
watershed drainage of 1.8 million km? (Fig. 1). The Upper
Yangtze at 4,300 km, has a total drainage area of 1 million
km? and a population of 155 million. The study area
extends 12 latitudes (24-36°N) and 22 longitudes
(90-112°E) with an altitude range between 400 and
5,100 m. There are distinct climatic variations within the
basin due to mountainous terrain. From East to West, the
mean annual temperature is —4 to 18°C, with several rainy
centers and a mean annual precipitation variation between
200 and 1,500 mm (Wen et al. 2002). Thirty-five percent of
the basin is affected by soil erosion, which has resulted in
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degradation of water quality and the riparian ecosystem
(Wen et al. 2002). The Jinsha river comprises the
uppermost 3,300 km of the river and is joined by tribu-
taries of the Yalong, Dadu, Min, Tuo, Jialing, and Wu
rivers. Due to steep gradient geomorphologic character-
istics, severe rainstorm events, and rapid socio-economic
development in the uppermost reaches, the Jinsha and
Jialing rivers are the main source of sediment load in the
Upper Yangtze river (Zhang and Wen 2004). These two
rivers cover 64% of the Upper Yangtze basin area, and
77% of the sediment load. Serious erosion has captured
attention from the authorities and the public. Since 1989,
the Central Government has launched a number of sedi-
ment control programs in this area such as vegetation
restoration, which has led to positive results in sediment
load decrease.

Methods and materials
Methods

Sediment generation is mainly driven by rainfall, acceler-
ated by human disturbances, and controlled by conserva-
tion practices (He et al. 2006). Therefore, sediment load
can be expressed as a function of rainfall and human
activities. Furthermore, the sediment load/rainfall erosivity
(S/R) is a proxy indicator that illustrates anthropogenic
impacts on sediment flux. We assume that the indicator is a
constant when there is no human disturbance or activities.
The increment in S/R indicates enhanced human activities,
and vice versa (Fig. 2). This enables us to distinguish
human impacts from the rainfall impacts.

The rainfall erosivity, R, a factor in the universal soil
loss equation (USLE) and revised universal soil loss
equation (RUSLE) models, is the potential ability of the
rain to cause erosion (Xin et al. 2010). Wischmeier and
Smith (1978) defined R as the scalar product of rainfall
energy and the maximum 30-min rainfall intensity. This
classic expression of R has been widely tested and used in
many countries and regions (e.g., Yu and Rosewell 1996a,
b; Loureiro and Coutinho 2001; Yin et al. 2007). However,
this method requires difficult to obtain continuous precip-
itation data, and a high volume of manual processing (Yu
et al. 2001; Silva 2004). Subsequently, a number of studies
have established a correlation between R and precipitation
variables, such as average annual precipitation (e.g., Re-
nard and Freimund 1994), average monthly precipitation
(e.g., Renard et al. 1997; Yu 1998), and average daily
precipitation (e.g., Zhang 2003). In south China, R is
determined by the amount of rainfall rather than its
intensity; therefore, it is feasible to compute the R using the
simple approach developed by Zhang (2003):
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Fig. 1 Location map of the study area

Fig. 2 The linkage between A L))
S/R and anthropogenic impacts SR (a) SR
on the sediment load. a Without Accelerated sediment
human activities (changes); yield or transportation.
b various soil conservation \ Long-term sediment yield
beneficial human activities or transportation control
Controlled sediment
yield or transportation
0 t t
24 where R is the annual rainfall erosivity (MJ mm
R= ZM i (1) ha~'h™'a™"); M; is the half-month rainfall erosivity
i=1 MJmmha'h™'a™l); i is the sequence of the half-
k p month and it ranges from 1 to 24 in one calendar year; k is
M; =a Z (Dy) (2)  the number of rainy days in the half-month; and Dj; is the
j=1
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daily precipitation in the half-month (mm). According
to the definition of an erosive rainfall event, rainfall
>10.0 mm could be the baseline for catchments in
Southern China (Xie et al. 2000). Parameters o and f§ are
regressed as:

B =0.8363 + 18.144/P, + 24.455 /P, (3)
o =21.586f "% (4)

where P, is the average of those daily rainfalls greater than
10.0 mm (erosive storm) and P, is the mean annual pre-
cipitation of those daily rainfalls greater than 10.0 mm.
In the present paper, annual rainfall erosivity for each
station was calculated based on Egs. (1—4). Annual rainfall
erosivity for the Upper Yangtze basin was calculated by
weighting it by its area:
R, =wxR (5)

where R, is the regional average annual rainfall erosivity;
w is the weight expressed by the percentage of the area
each station, and R is the annual rainfall erosivity of each
station. The area represented by each station was calculated
using the Thiessen Polygon method (Thiessen 1911).

Data collection

The daily precipitation data in the Upper Yangtze basin
was collected from the Chinese Meteorological Data
Sharing Service System. The precipitation data was mea-
sured according to the Chinese national standard. We
selected 60 meteorological stations that provided a series of
data from 1954 to 2005, except for the Hanyuan station
which was missing 2001 to 2005 data that was collected
from the local administrative authority. Annual suspended
sediment load and water discharge for the upper reaches
was monitored by the Yichang hydrological station, the
Jinsha river data was collected from the Pingshan hydro-
logical station, the Min river data from the Gaochang sta-
tion, the Jialing river was obtained from the Beibei station,
and Wu river from the Wulong station, respectively. This
sediment load and water discharge monitoring data
(1954-2005) were provided by Yangtze Water Conser-
vancy Committee.

Results and discussion

Sediment load and rainfall erosivity in the Upper
Yangtze river

As shown in Fig. 1, the Yichang hydrological observation

station is the virtual end point of the Upper Yangtze reach;
therefore, the water discharge and sediment load data is
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Fig. 3 Variations in annual runoff and sediment load of hydrological
observation stations of Yichang, Pingshan, and Beibei

assumed to represent the water discharge and sediment
load in the entire Upper Yangtze basin. The Jinsha and
Jialing rivers are regarded as the first two large tributaries
in the upper reaches in terms of sediment yield. The Jinsha
river has a drainage area of 48.51 x 10% km?, a mean
annual water discharge of 1,446 x 10 m® and a mean
sediment load of 2.49 x 10% t, which accounts for 33.1 and
53.0% of that in the Upper Yangtze river, as recorded at the
Yichang gauging station. The Jialing river drains a catch-
ment of 15.61 x 10® km? and has a mean annual water
discharge of 657 x 10°® m® and a mean sediment load of
1.11 x 10% t, which accounts for 15.1 and 23.6% of the
Upper Yangtze river. The sum of mean annual water dis-
charge and sediment of the Jinsha and Jialing rivers
accounts for 48.2 and 76.6% of the Upper Yangtze river,
which demonstrates that sources of runoff and sediment of
the Yichang station varied.

The water discharge of Yichang gauging station chan-
ged slightly but sediment declined notably during the cal-
endar year (Fig. 3a). After the mid-1980s, the sediment
load has gradually been decreasing. At the Pingshan station
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Table 1 Spearman rank-order analysis for water discharge and sediment load in the Upper Yangtze river

Station N c Trunoff Degree of water Fsedi Degree of sediment
discharge variation variation

Pingshan 50 0.280 0.233 U 0.095 U

Beibei 52 0.274 —0.357 (0] —0.690 (0]

Yichang 56 0.264 —0.105 U —0.427 (6]

N is the number of years for water discharge and sediment recorded; c is the critical value for judging whether the variations are obvious.

¢ =up975/VN — 1, where up 975 = 1.96; Frunofr and ryeq; are Spearman rank-order coefficients for water discharge and sediment respectively. If

Irl > ¢, the variation trend is obvious (O), or it is not obvious (U)

of Jinsha river, there were slight increases in both sediment
and water discharge after late 1970s, but since 2000, there
has been an evident decrease of sediment and water dis-
charge. Unlike Yichang and Pingshan, both water dis-
charge and sediment load at Beibei station decreased with a
notably sharper decrease in sediment load. The water dis-
charge variations and sediment load of the three stations
were tested by Spearman’s Rank Correlation. The test
(Table 1) shows the same results for trend variation of
water discharge and sediment as indicated in Fig. 3. The
double accumulative curve of sediment yield-to-water
discharge of Yichang station drew by Zhang and Wen
(2004) clearly shows a turning point in 1991, indicating that
the sediment concentration and yield became lower than that
before 1991. At the Beibei station, sediment yield fell after
1985. However, the curve of Pingshan station demonstrates
two turning points during 1995 and 2000. That is, between
1995 and 2000, the sediment increased than before 1995.
After 2000, the sediment decreased again.

Based on the formulas (1)—(3), annual rainfall erosivity
for each station was calculated and then the spatial distri-
bution map of mean annual rainfall erosivity in the Upper
Yangtze basin was interpolated by the Inverse Distance
Weight method (Fig. 4). Rainfall erosivity for the study
area had a minimum value of 119 (Qumalai) and a maxi-
mum value of 11,349 (Yaan) MJ mm ha~' h™! a=!. The
distribution map shows several rainy centers (Fig. 4), such
as Yaan and Huili cities. Generally, R values in the eastern
part of the Upper Yangtze basin were greater than those of
the western region, which followed a close relation to the
step-wise topography. From 1954 to 2006, the R value of
the whole basin had a maximum annual mean value of
3,803 MJ mm ha=! h™! a~!in 1998 and a minimum value
of 2235MImmha'h™'a™' in 1997, which were
induced by a severe flood and drought, respectively. The
line parallel to the calendar year axis is a trend line fit by
linear regression (Fig. 5a). The trend line with a slight
increment demonstrates that the rainfall erosivity along
with the calendar year increased but the variation was not
significant. The annual rainfall erosivity fluctuates around
ca. 3,000 MJ mm ha~' h™" a~" except for some special
years of flood or drought (Fig. 5a).

Impacts of human activities on sediment load indicated
by the sediment load/rainfall erosivity

The fluctuation of the S/R indicator during the calendar
year is helpful to identify human impacts on sediment
yield. In drought-ridden years, such as 1959-1961, rainfall
infiltrated into the subsurface soil and rock, with less runoff
and less soil loss. A similar situation was found in 1967 and
1995. On the contrary, in 1974 and 1998, floods damaged
soil and water conservancy works, and washed out previ-
ous slopeland deposits into the gullies; therefore, the
anomalous large amount of sediment yield can be ascribed
to the rainfall factor.

In the early 1950s, China was undergoing the First Five
Year Economic Development Plan. The aggressive output
target of the plan led to intensive disturbance of land cover
and surface soil, which led to severe soil erosion. In 1958,
steel production exploded during the Mass Steel campaign.
Sixty million people are said to have participated in ore and
coal mining, and in the smelting of iron and steel (Hsia
1961). At that time, forests and grasslands were harvested
to meet the tremendous demand for fuel. Large-scale
deforestation induced long-term erosion, especially in the
Jinsha river where debris flow and landslides have been a
constant factor in the landscape. During the “Cultural
Revolution” from 1966 to 1976, the “Learning Agriculture
from Dazhai” campaign was organized by Chairman Mao.
This Upper Yangtze campaign focused on basic construc-
tion in the fields with a large number of terrace field
structures being built. In addition, traditional soil conser-
vation practices of “Tiaoshamiantu” and “Biangoubeigou”
were employed to control soil loss and ensure soil fertility
(He et al. 2007). The first 3 years of the Cultural Revolu-
tion was an active agricultural change phase, during which
sediment load reached a highest level (Fig. 5b) due to lack
of rational land management and sediment control mea-
sures (Wei et al. 20006).

Since the late 1970s, the central government has applied
a number of policies to encourage economic growth in
rural areas. One significant reform was the household
responsibility system, which de-collectivized agriculture
and gave farmers greater autonomy in managing their
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Fig. 4 Spatial distribution of
mean annual rainfall erosivity in
the Upper Yangtze river
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production (Krusekopf 2002). During the first several years
of the reform, farmers challenged the new policy by con-
verting forests into short-term money driven. After the
mid-1980s, farmers’ attitudes toward farming changed to
favor sustainable land production. Subsequently, the re-
adoption of traditional farming practices and the develop-
ment of land preservation techniques have resulted in
obvious decreases of river sediment load. With the
implementation of China’s reform policies, a large
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percentage of farmers have migrated to cities for work. In
the cities, the farmer’s incomes and living conditions are
much improved, and coal and electric are the main source
of energy rather than forests and grasslands, which has
reduced the energy burden in the countryside. All of these
anthropogenic factors have positively reduced erosion and
sediment transport in the Upper Yangtze. This is indicated
by a dramatic decline of the S/R from 0.21 to 0.03
(x10' t ha h-MJ~"mm™") since the mid-1980s.
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Since the 1980s, the central government has invested in
socio-economic reforms including soil conservation, food
security, and watershed management have been launched
both nationwide and in the Upper Yangtze basin. These
campaigns and programs have led to re-vegetation, con-
servation tillage, terrace farming, food production, and
sediment control improvements. However, the impound-
ment of water behind the Three Gorges Dam in June 2003,
has influenced the sediment dynamics of the Upper Yan-
gtze river (Yang et al. 2006a; Dai et al. 2008).

Typical anthropogenic drivers of riverine sediment load
variations

Reservoir and dam construction

Reservoir and dam construction has played an important
role in sediment reduction in the Upper Yangtze basin
(Walling and Fang 2003; Zhang and Wen 2004; Chen and
Huang 2005; Yang et al. 2006b). In 1950, there was one 60
million m> reservoir, but during the 1960s—1980s, a rapid
increase in reservoirs occurred. In the late 1990s, in
response to the “Go West” Development Campaign and
West-to-East Power Transmission Project, hydropower
developments and water diversions in the Upper Yangtze
and Southwest China boomed, with 2,441 completed or
under construction hydropower stations in 2005. Reservoirs

Calendar Year

along the Yangtze totaled 12,996 in 2005 with a total
storage capacity of 556.9 x 10® m>. Figure 6 suggests a
negative relationship between the total reservoir storage
capacity in the Upper Yangtze river basin and the sediment
load of the Yichang station. With the increment of reser-
voirs and dams, the surface runoff and stream flow slowed
down markedly and much more sediments deposit in the
bottomland on the land surface, ponds, or reservoirs in
front of the dams. Sixty-seven ponds and 4 reservoirs in
the central Sichuan hilly areas within the basin were
investigated in the year 2004-2005. Soil erosion and sed-
iment deposition traced by '*’Cs indicated that annual
sediment trapped proportion by reservoir is about 0.27%
and sedimentation rate was 632—1,489 t km ™2 a_l, but by
ponds 0.49-0.57% and sedimentation rate of 79-1,568
t km 2 a~'. Annual trapped sediment in the reservoirs was
estimated to be approximately 140 million tons, with an
uneven distribution of water conservancy projects along
the rivers. Table 2 shows the storage capacity of various
scale reservoirs and annual sediment retention. The number
and storage capacity of the reservoirs along the rivers of
Jialing, Wu, Min, and Tuo rivers were greater than those in
the Jinsha river and tributaries. Therefore, building reser-
voirs and dams may be able to reduce sediment load in the
Jinsha river.

The construction of the Three Gorges Dam on the
mainstream of Yangtze river started in 1993 and was
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completed in 2009. The reservoir began to store water in
June of 2003 and since then sediment load has been
reduced dramatically (see Fig. 5b). The mean annual sed-
iment concentration of 0.17 kg m™ in 2003-2006 is far
less than that of 1.1 kg m™ in 1954-2002. The mean
annual sediment loads of 0.70 x 10% for post-2003 and
4.97 x 108 for pre-2003 happens distinct discount of 86%.
So far, it is sound to consider reservoir and dam con-
struction as a significant anthropogenic drivers of sediment
load variations in the Upper Yangtze. With gradual
implementation of the cascade power station planning, the
total reservoir storage capacity of Upper Yangtze river will
reach 61% of the total river discharge. If a greater number
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of small-scale reservoirs are considered, the surface runoff
controlled by reservoirs will exceed more than 70% of
annual water discharge. In the future, joint operation of the
reservoirs and dams would trap more sediment load com-
ing from the Upper Yangtze.

Soil conservation and sediment control programs

The Upper Yangtze river was listed as a National Key Soil
Conservation Project (NKSCP) by the State, and has been
financially supported since 1989 to guarantee the safety of
water quality and the Three Gorges Project (TGP). By the
end of 2005, small catchments with soil conservation
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Table 2 Various scales reservoirs in Upper Yangtze river

River Large scale Medium scale Small scale Total
N* SC”10°m® SR®10°m’ N SC 10°m’ SR 10°m’> N SC 10°m’ SR 10°m’ N SC 10°m’® SR 10°m’

Jinsha R. 3 7152 1.41 56 12.71 4.17 2,009 13.81 11.80 2,068 98.04 17.38
Min & tuo Rs. 4 12.05 15.37 58 11.95 2.72 2,425 17.6 9.65 2,487 41.6 27.74
Jialing R. 11 61.56 16.83 63 19.49 6.68 4915 24.68 24.61 4,989 105.73 48.12
Wujiang R. 7 100.52 12.88 42 97 1.16 1,764 10.76 6.41 1,813 120.98 20.45
Other tributaries 4 172.15 16.90 32 843 0.82 1,603 10.06 8.46 1,639 190.64 26.18
Upper Yangtze 29 417.8 63.39 251 62.28 15.55 12,716 76.91 60.93 12,996 556.99 139.87

% N is the number of the reservoirs in the mainstream and tributaries of the Upper Yangtze basin

> SC is the storage capacity of the existing reservoirs and the data is up to 2005

¢ SR is the annual sediment retention by the reservoirs and the data is up to end of 1980s

projects along the river totaled 3,531, with a coverage area
of 7.46 x 10* km>. Within the first 6 periods (from 1989 to
2005), the project had converted 6,000 km?” of slopeland to
terraced farming, planted 210,000 km* of forests and
8,000 km? of fruit orchards for soil-water conservation,
and cultivated 2,900 km? of grassland. The 22,000 km? of
land was designated as non-grazing conservation land, and,
135 km® of farmlands were converted to conservative
tillage. In addition, a great number of ponds, pools,
methane tanks, and irrigation ditches were built. The
NKSCP has improved the agricultural production condi-
tions and ecological environment in the seriously-eroded
areas of the Upper Yangtze basin. Forest coverage changed
from 33.8 to 56.2% and the sediment trapping capacity
increased to 5.1 x 108 tons in these areas. The erosion rate
declined from 3,832 to 1,900 t km~2a”! by a 51.4%
reduction (CIECC 2007). In conclusion, the project has
contributed significant benefits in reducing water and soil
loss.

Besides the NKSCP, several soil-water conservation
programs have been launched, including conserving natural
forest projects, closing the mountains to nurture forests,
and protecting forests in the middle and upper reaches of
the Yangtze river. These projects have increased forest
cover and managed soil and water resources, which in turn
have reduced sediment yield and soil loss. Traditional
indigenous small-scale agro-ecosystem management Sys-
tems have received increasing attention during the past few
decades for their high potential for sustainable land use
value. For example, traditional cultivation measures return
deposited sediments from ponds and trenches back to the
sloped cultivation land in the Central Sichuan region,
which reduced sediment delivery into the river systems
(Zhang and Wen 2004; He et al. 2007). The soil erosion—
deposition assessment by the '*’Cs technique indicated that
net soil erosion rate in the fields with applied conservation
measures was half the amount of fields with no conserva-
tion measures (He et al. 2007).

Land use change and rural socio-economic development

Unlike reservoirs and dams, which trap sediment, land use
change controls the generation of sediment which directly
reduces sediment load to the rivers. During the past dec-
ades, land use in the study area changed dramatically
(Fig. 7) by soil-water conservation projects and rural
industrial realignment. The terracing slopeland project
reduced slope steepness and decreased soil erosion in areas.
The high implementation cost, however, limited its appli-
cation in more difficult areas. The sloping land conversion
program, initially started as a pilot program in Sichuan,
Gansu and Shaanxi provinces in 1999, and further expan-
ded nationwide in 2001. The program compensates par-
ticipating farmers with cash subsidies, grain subsidies, and
free saplings for reforestation. Hence, agricultural cropland
with a gradient over 25°was easily converted or restored to
forestland or grassland. Consequently, the area of the forest
increased from 33.47 x 10* km? in the 1970s, covering
33.92% of the total basin, to 33.63 x 10 km? covering
34.09% of the total. The grassland area changed from
34.33 x 10* km? (34.80%) to 35.64 x 10* km? (36.12%),
the unused land from 5.35 x 10* km®> (5.42%) to
5.54 x 10" km®> (5.62%), the wetland from 0.37 x
10* km? (0.38%) to 1.41 x 10* km? (1.43%), and the
urban area from 0.06 x 10* km* (0.06%) to 0.52 x
10* km? (0.52%). Sediment yield reports null or little in
these types of area because of high coverage and less
exposure to soil erosion. However, the sloping farmland,
which is supposed to be the main sediment source in the
Upper Yangtze, decreased from 25.08 x 10* km? (25.42%)
t021.92 x 10* km? (22.22%).

It is no doubt that the above land use conversion is
beneficial for soil erosion control. The correlation between
land use and erosion responses in the Upper Yangtze river
has been studied for cost-benefits reporting (e.g., Wen et al.
2002; Zhang et al. 2003). The soil erosion rates of the
cultivated land was determined by using '*’Cs tracing, and
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Fig. 7 a Land use in the Upper Yangtze river basin in year 1970;
b Land use in the Upper Yangtze river basin in year 2000; ¢ Land use
change in the Upper Yangtze river basin between 1970 and 2000

ranged from 758 to 9,854 t km > a~' (Wen et al. 2002;
Zhang et al. 2003). Slopeland with a gradient above 10°
suffered serious erosion, but terraces with the same or
greater gradient approximated no erosion. Erosion rates in
non-cultivated land were mainly determined by the type of
vegetation cover, and a negative correlation was found
between vegetation coverage density and erosion. Wen
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et al. (2002) and Zhang et al.(2003) showed erosion
rates of non-cultivated land in the Upper Yangtze ranging
from 310 to 4,435 tkm > a~'. Where forest coverage
was greater than 80%, erosion rates were between 0 and
300 t km ™2 a_l; 700-900 t km~2 a~! with forest coverage
of 60%; and more than 4,000 t km~2 a~! with a coverage
of less than 30%.

In addition, road construction has played an important
role in the amount of sediment load in the Upper Yangtze
river. In the first several years of extensive road construc-
tion, top soil removal, native vegetation destruction, and
topography alterations resulted in severe surface runoff and
water erosion (Xu et al. 2006). However, from a long-term
perspective, road construction has reduced sediment sig-
nificantly by channeling runoff through drains and elimi-
nating washout of young gully sediments (Zhang and Fu
1999). Without gully erosion, trees and shrubs populated
the areas quickly, which lead to “gully vanishment”.
Despite the observation of positive sediment reduction by
road construction, there is no formal study providing data
to quantify the soil conservation benefits. It should also be
noted that sediment dredging had great impacts on the
sediment load at the Yichang station outlet. In 2002 alone,
more than 3.57 million tons of sediment was dredged from
a 114 km reach in the lower Jialing river to fulfill booming
construction needs (Lin et al. 2005).

Conclusions

In Southern China, rainfall erosivity is determined by the
amount of rainfall received rather than rainfall intensity;
and is estimated by the simple R-precipitation equation.
The mean annual R in the Upper Yangtze basin was
distributed unevenly, with a minimum 119 MJ mm
ha=' h™' a~! received at Qumalai station and a maximum
of 11,349 MJ mm ha~! h™! a~! at the Yaan station. Due
to the stepwise topography, R values in eastern part of the
Upper Yangtze basin were greater than those of the western
region. In terms of a time series, the R varied around about
3,000 MJ mm ha=! h™! a~! and there was a slight increase
in the general trend. The maximum annual mean value of
3,803 MJ mm ha ' h™' a~! occurred during the flood of
1998 and the minimum value of 2,235 MJ mm ha'h™'a!
occurred during the drought of 1997.

The proxy indicator S/R was proposed to distinguish
anthropogenic impacts from climatic impacts on suspended
sediment load in average rainfall years. High sediment load
in the 1950s and 1960s was induced by large-scale defor-
estation driven by the high economic output targets of the
First Five Year Plan, along with fuel demands to meet steel
production. During the Cultural Revolution, and the cam-
paign “Learning from Dazhai in Agriculture”, focus was
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placed on field terrace construction as well as traditional soil
conservation to control soil loss. In part due to these efforts,
the sediment load decreased markedly. The higher S/R in the
late 1970s and the early 1980s is ascribed to fierce defores-
tation during the household responsibility system implemen-
tation. Since the mid-1980s, a descending S/R can be
attributed to stable rural development, joint operation of
numerous reservoirs, and soil conservation measures.
Sediment yield process control and sediment transloca-
tion reduction are caused by human activities. The growth
of reservoir capacity has decreased the sediment load tre-
mendously, and the '*’Cs soil erosion assessment study
indicated that conservation measures reduced the erosion
rate by half. Road construction must also be considered as
a potential soil conservation function along with riverbed
sediment dredging in order to elucidate all anthropogenic
inputs to river sedimentation along the upper Yangtze river.
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