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Abstract. Suspended sediment transport in rivers is con-climate change, resulting in a milder rainfall regime, 26.1 %
trolled by terrain, climate, and human activities. These vari-to watershed engineering measures, and the remaining 6.3 %
ables affect hillslope and riverbank erosion at the sourcewas due to the simulation percent bias. Moreover, mean an-
transport velocities and sedimentation opportunities in thenual suspended sediment yield decreased drastically with the
river channel, and trapping in reservoirs. The relative im-increase of forest cover, making diverse forest cover one of
portance of those factors varies by context, but the specifithe most effective ecosystems to control erosion. For consid-
attribution to sediment transfer is important for policymak- eration of stakeholders and policymakers, we also discuss at
ing, and has wide implications on watershed management. Itength the modeling uncertainty and implications for future
our research, we analyzed data from the Kejie watershed irsoil and water conservation initiatives in China.
the upper Salween River (Yunnan Province, China), where
a combination of land cover change (reforestation, as well
as soil and water conservation measures) and river channel
engineering (sand mining and check dam construction) interd  Introduction
act with a changing climate. Records (1971-2010) of river
flow and suspended sediment loads were combined with fivé&sediment transport in rivers can be a symptom of systemic
land-use maps from 1974, 1991, 2001, 2006 and 2009. Avererosion problems, but it also increases with landslides (nat-
age annual sediment yield decreased from 13.7the ! to ural or unnatural), riverbank instability, and human dis-
8.3thalyr—1between the period 1971-1985 and the periodturbances such as (road) construction and mining activi-
1986-2010. A distributed hydrological model (Soil and Wa- ties (Verbist et al., 2010). Walling and Fang (2003) found
ter Assessment Tools, SWAT) was set up to simulate the sedthat among 145 rivers in a global data set on annual sedi-
iment sourcing and transport process. By recombining landment loads, 4.8 % (7 rivers) had an increased load, 49.3 %
use and climate data for the two periods in model scenarios(70 rivers) were stable, and 46.9% (68 rivers) had a de-
the contribution of these two factors could be assessed witlgreased load, probably mostly due to reservoir construction.
engineering effects derived from residual measured minud.iu et al. (2008) similarly classified the 10 major rivers in
modeled transport. Overall, we found that 47.8 % of the de-China, and found 7 with decreasing sediment and stable
crease was due to land-use and land cover change, 19.8 % tonoff, 1 with decreasing sediment and runoff, and 2 with
significant decreases in sediment and runoff. Dai et al. (2009)

Published by Copernicus Publications on behalf of the European Geosciences Union.



1980 X. Ma et al.: Reduction of suspended sediment in the Kejie catchment

reported that the decadal suspended sediment flux decreas€b) use the data available for the Kejie watershed to calibrate
by 70.2 % from 1.81 Gtyr! for 1954—-1963 to 0.54 Gty? and validate a hydrological model (SWAT) with uncertainty
for the period 1996—2005 in nine major rivers in China. analysis using the SUFI-2 algorithm, and (2) quantify the
Soil erosion is caused by the interaction between climatecontribution of climate change, vegetation restoration, and
(especially rainfall intensity, amount, and distribution), ter- engineering measures to the recorded decrease in sediment
rain properties, and human activities (Dai et al., 2009), andoad using the calibrated and validated model based on a time
results in a major loss of natural capital (Pimentel, 2006).series of land-use maps.
Vegetation restoration (i.e., tree planting, grass establish-
ment, and ecological restoration measures) and engineering
measures (i.e., terrace and silt check dams) are commonlg Description of the watershed
employed for erosion control in China (Huang and Zhang,
2004). The relative contribution of these measures is a deThe Kejie watershed in western Yunnan Province is an up-
bated issue and may depend on local context. stream watershed in the Salween Basin, and has a total area
Check dams were identified as the most effective short-of 1755 kn? (Fig. 1). The Donghe River, a major tributary of
term measure for reducing coarse sediment entering the Yekthe upper Salween River, is the main watercourse and runs
low River (Ran et al., 2008; Xu et al., 2004; Xu et al., 2013). for 95km, with an average slope of A{ranging from 1
Reservoirs can intercept most of the suspended sediments 8&). The climate is sub-tropical in the valleys and tem-
and override any effect of erosion reduction (Rijsberman andperate in mountain areas. The mean annual precipitation is
Wolman, 1985). In fact, over the past 20 years, vegetation995 mm, with a recorded maximum of 1368 mm (2001) and
based soil and water conservation has had a negligible effeaninimum recorded precipitation of 663 mm (2009). More
on sediment loads in several large rivers in China, but theythan 80 % of the precipitation occurs in the monsoon sea-
may have reduced the rate at which reservoirs fill. This in-son, from May to October. Annual runoff varies between
cludes in the Pearl River (Wu et al., 2012), contributing only 3.3x 108 m3 (2005)and 11.& 108 m? (2001), with an aver-
9.2 % to the reduction of sediment load in the downstreamage of 6.4x 108 m3. Effective water yield is 364 mm (188—
Miyun reservoir in Beijing (Tang et al., 2011), with less than 627 mm)yr®. River flow data were analyzed by Ma et
15 % reduction in the Three Gorges Reservoir (Xiong et al.,al. (2009a).
2009) and Yangtze River (Dai et al., 2008). However, Wang Administratively, the Kejie watershed covers most of
et al. (2007b) found that soil conservation measures werd.ongyang County, and small parts of Shidian and Changn-
responsible for 40 % of the total sediment load decrease ining County—all in the Baoshan Prefecture. Baoshan is con-
the Yellow River basin. Yet, the relationship between forestsidered to be a key watershed protection area, important for
cover and soil erosion is complex (Ran et al., 2013), as thelownstream stakeholders (Fig. 1b). While 34 % of the total
litter layer and understory vegetation — which exert primary area in Yunnan Province is classified as being sensitive to sail
control — vary with forest, vegetation type, and managemengrosion, 37 % of Baoshan Prefecture, and 49 % of Longyang
(Hairiah et al., 2006). A diverse and mixed forest cover mayCounty were classified as such in 2004 (Ma et al., 2009b). Of
be the most effective variable for controlling erosion (Men, the total erosion-sensitive areas in Longyang County, 76.8 %
2011). However, until now, none of these studies have conwas classified as medium erosion prone, 18.5% as slightly
sidered the impacts of climatic variation and change, whicherosion prone, and 4.7 % as a high-risk erosion area.
likely interact with the roles of vegetation, increasing or de- Landslides and small-scale mud-rock flows happen fre-
creasing erosion. quently in this area, with heavy damage to property and land-
In light of the alternative solutions for controlling sedi- scapes. Since the 1980s, many significant attempts have been
ment loading in streams, it is important to understand themade by the central and local government in China to com-
role of vegetation restoration and engineering measures prebat soil erosion, with varying results. In recent decades, an-
viously undertaken for erosion control. In recent decadesnual sediment yield has varied between 14.70*t (2005;
there has been little change in average annual runoff; how0.84thalyr—1) and 495.1x 10*t (1985; 28.2thalyr—1),
ever, we have seen a dramatic decrease in annual sedimewith an average of 173.0 10*t (9.86thalyr1).
yield. Consequently, since there is currently no widely ac- The predominant soil type in the region is red. The natural
cepted method for attributing the decline of sediment yield tovegetation of semi-moist, broad-leaved forests disappeared
land-use and land cover change, engineering efforts, as wethany decades ago and has been replaced by conifer trees,
as climate change, we set out to explore a modeling approactvith a mix of alder Alnus nepalens)sand other broad-leaved
in which land cover effects, climate, and engineering impactsforest species.
can each be separated by recombination. Operational since 1959, there is a middle-sized reservoir,
In this research, we examined the Kejie watershed regiorcalled Beimiaoshuiku (with a capacity of 5.850L.0% m®),
in China’s southwest Yunnan Province because of its impordocated in the upstream Donghe River (Fig. 1c). As the reser-
tance as a key watershed protection area and focus of soiloir was operational before the start of our study period
conservation zone planning. The objective of this article is to(1965) and its management has not undergone major change,
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B) YUNNAN PROVINCE the Kejie watershed (1965-2010). One medium-sized reser-
¥, S voir, with long-term daily outflow readings is situated in the

‘ upper reaches of the Donghe River in the Kejie watershed
(1965-2010). All hydro-meteorological data sets were pro-

vided by the Baoshan Department of Hydrology and Meteo-

rology (Fig. 1c, Table 1).
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K potston it B eyeisonrgio The soil map, digital elevation model (DEM), and vegeta-
tion/crop parameters were discussed by Ma et al. (2009a).
C) Kejie Watershed Five land-use maps of the Kejie watershed were used to an-
X alyze land-use change over the past several decades. Maps

% for 1974, 1991, 2001 and 2006 were classified by Ma et

: al. (2009a), and an additional map for 2009 was obtained
from the Baoshan Department of Forestry, based on a SPOT
5 image from 2009. As the classification of this 2009 map
was more detailed than the previous maps, map units were
combined to match the earlier map legends.
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Soomn o monotonic change trend detection for long-term records (van

Keje watershed — — Belle and Hughes, 1984). This testing method has been ex-
* KM tensively used with environmental time series (Burn et al.,

2004; Ma et al.,, 2009a). For our purposes, we used this
) ] - ) ) method here to identify the trend of runoff and the suspended
Figure 1. Location map of the Kejie watershed, in Yunnan Province, o qiment yield (SSY). Testing results were generated using
so.uthwest Chlqa, with current erosion cIaSS|f|9at|on of the provincey, - v andall package in the R statistical analysis software pro-
(Fig. 1b), location of weather and rainfall stations, and catchment
outflow. gram (Team, 2008).
The piecewise regression model is an effective tool for
modeling abrupt thresholds. In a “broken-stick” model, two
its main effect in this study was as a constant sediment tra®r more lines are joined at unknown point(s), called “break-
for its upstream area. point(s)” (Toms and Lesperance, 2003), and are widely used
to identify ecological thresholds (Oswald et al., 2011; Zhang

et al., 2013). A simple model with two straight lines joined

3 Materials and methods sharply at the breakpoint — appropriate when there is an

. _ abrupt transition — was selected in this study and imple-
3.1 Available materials mented in R (Team, 2008), with the following equations:
3.1.1 Hydro-meteorological data sets Bo+ piti +e,t <«

= 1)

. . . Yi
Three meteorological stations with long-term data records Bo+ Buti + Polti — ) +6.1 > a,

(1965-2010) in, or adjacent to, the Kejie watershed, and one

with short-term records (1998-2002) in the Xizhuang sub-ynere y; is the annual suspended sediment yields the
watershed, were available. The daily values of six param-qrresponding yeas is the turn-point (year), angb, A1 and
eters were collected, including rainfall, maximum tempera- g, gre regression coefficients. Furthermarés the residual

ture, minimum temperature, wind speed, relative humidity, of the fit, andg; is the slope of the line before the turning

long-term daily rainfall data in the Kejie watershed (1965-

2010), and seven rainfall stations with short-term daily rain-3.3  SWAT model description

fall data in the Xizhuang sub-watershed (1998-2002), were

available. One hydrological station with long-term daily dis- In our analysis, we used the SWAT model — calibrated and
charge and suspended sediment data is located at the outlet edilidated with the Kejie watershed water balance data (Ma et
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Table 1. Characteristics of hydro-meteorological stations in the Kejie watershed.

Site Latitude Longitude Elevation Period Type
name (m)
Baoshan 2507 9911 1652 1965-2010 Meteorological

stations with
6 parameters

Changing 234941’ 993712 1658 1965-2010
Ganwangkeng 28332 990941” 1955 1998-2002
Shidian 2843517 91100’ 1489 1965-2010
Beimiaoshuiku 251447’ 99°1238" 1730 1965-2005 Rainfall
stations
Damaidi 251511 99°0802’ 2225 1998-2002
Dawopo 251337" 99°0911” 2120 1998-2002
Kejie 245250" 99°2536" 968 1965-2005
Laishitou 251558 99°0708” 3076 1998-2002
Lijiasi 25°1435"  99°0907” 1970 1998-2002
Qingshui 251354’ 91017’ 1852 1998-2002
Shangoushui 29500’ 990904’ 2090 1998-2002
Xizhuang 251308’ 991222 1705 1998-2002
Kejie 245250"  99°2536" 968 1965-2010 Hydrological station
Baimiaoshuiku  2%1447" 99°12'38’ 1730 1965-2010 Reservoir outflow

al., 2009a) from 1971 to 1979 — to simulate the SSY underChannel degradation is adjusted using USLE soil erodibility

five different land-use maps. The SWAT model predicts long-and channel cover factors (Arnold et al., 1995).

term impacts of land use on water, sediment, and agricul- The ArcSWAT model version 2009.93.7b was run in an

tural chemical yield in large complex watersheds with vary- ArcGIS 9.3 interface, with basic parameters as described by

ing soils, land-use and management conditions (Arnold andvia et al. (2009a). The watershed was divided into 45 sub-

Fohrer, 2005), and is widely used to simulate the SSY (Betriebasins, while the number of HRUs varied depending on the

et al., 2011; Cai et al., 2012; Oeurng et al., 2011; Qiu et al.Jand cover map (353 for the 1974 map) in the SWAT model.

2012). Since observed sediment data was not complete in 1967, and
In SWAT, a watershed is divided into multiple sub-basins, the data in 1970 was missing, the simulation period of 1965—

which are further subdivided into hydrologic response units1970 was treated as a “warming up” period for the model to

(HRU), consisting of uniform land cover, soil, and slope that obtain a reasonable initial value for each of the variables.

drain directly to the sub-basin’s channel. The hydrological

modeling component in SWAT was previously discussed in3.4 Calibration setup and analysis

Ma et al. (2009a). For soil erosion, it uses the Modified Uni-

versal Soil Loss Equation (MUSLE) developed by Williams The SWAT model was calibrated and validated for stream-

and Berndt (1977). The MUSLE is flow and SSY in the Kejie watershed. Monthly discharge and

SSY records from 1971 to 1980 at the outlet of the water-

sed= 118 x (Qsurf X gpeakx areamn)>>° x KusLe shed (the Kejie hydrological station) were split into two seg-
x CusLe X PusLe % LSusLe x CFRG 2) ments, 1971-1975 and 1976-1980, in order to calibrate and

subsequently validate water and sediment-relative parame-
where sed is the sediment yield (metric tday; Qsurfis the ters. Both manual calibration and auto-calibration were used
surface runoff volume (mm ha day 1), gpeak is the peak in our study. By comparing the simulated monthly stream-
runoff rate (n¥s~1), area, is the area of the HRU (ha), flow/SSY (default parameter) with the observed stream-
KuysLe is the USLE (Universal Soil Loss Equation) soil flow/SSY, the water and sediment-relative parameters were
erodibility factor,Cys| g is the USLE cover and management calibrated manually. Then the pre-calibrated parameters were
factor, Pys_g is the USLE support practice factor, 4§ g is refined through auto-calibration.
the USLE topographic factor and CFRG is the coarse frag- SWAT Calibration and Uncertainty Procedures (SWAT-
ment factor. CUP) software was selected to do the auto-calibration be-
The channel sediment routing equation uses a modificatiortause of its capability to perform calibration, validation, sen-
of Bagnold's sediment transport equation (Bagnold, 1977).sitivity analysis and uncertainty analysis — and also because
Sediment deposition in the channel is based on stream powets performance was better than the auto-calibration modu-
(Williams, 1980) and fall velocity related to particle size. lus embedded in the SWAT interface (Zhou et al., 2014).
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The SWAT-CUP program contains different algorithms, in- forest (FRST) practice factor in the USLE equation (USLE-

cluding: Sequential Uncertainty Fitting (SUFI-2), Particle P_FRST), the forest land cover factor in the USLE equation
Swarm Optimization (PSO), Generalized Likelihood Uncer- (USLE-C_FRST), and others. ADJ_PKR, PRF, CH_COV1,

tainty Estimation (GLUE), Parameter Solution (ParaSol), CH_COV2 (channel cover factor), SPCO (linear parameter
and Markov Chain Monte Carlo (MCMC). Compared with for calculating the maximum amount of sediment that can be
other algorithms, SUFI-2 has a higher efficiency in achiev-re-entrained during channel sediment routing), and SPEXP
ing a similarly accurate predication result, which has been(exponent parameter for calculating sediment re-entrained in
widely used to model streamflow, sediment load, and wateichannel sediment routing) explain the channel erosion and
quality in recent years (Abbaspour et al., 2007, 2009; Azimisediment re-entrainment. USLE_P and USLE_C control the
et al., 2013; Faramarzi et al., 2009; Schuol et al., 2008a, b)generation of sediment in HRU; the sensitivity differed from

So SUFI-2 was selected to auto-calibrate the streamflow andgricultural to settlement. From the sensitivity analysis, com-

SSY in the Kejie watershed. bined with other studies (Betrie et al., 2011; Cai et al., 2012;
Oeurng et al., 2011; Qiu et al., 2012), 16 parameters were
3.4.1 Parameter sensitivity selected to calibrate the sediment process. In total, 25 param-

eters were selected for calibration and validation of stream-

Sensitivity analysis is important to help identify the param- flow and SSY.
eters most significantly influencing the model output. Sen-
sitivity analysis from SUFI-2 provided partial information 3.4.2 Model calibration and validation
about the sensitivity of the objective function to model pa-
rameters. In our study, 20 water-related parameters (globdrollowing the manual calibration instruction in the SWAT
parameters), along with 8 sediment-related parameters (&hodel document (Neitsch et al., 2002), the streamflow was
global parameters, and 2 parameters with a separate value féirst calibrated by adjusting the nine parameters manually.
each land use) with absolute minimum and maximum rangesVhen the streamflow calibration was finished, the sediment
in the SWAT model documents were selected to do sensitivitycalibration was also run manually. The values of 25 param-
analysis separately. Table 2 illustrates the sensitivity rankingeters from the manual calibration (pre-calibration) provided
A 1t test is used to identify the relative significance of eachmore realistic initial values and ranges for auto-calibration in
parameter: a stat provides a measure of sensitivity (larger the SWAT-CUP software.
absolute values are more sensitive), andalues determine Two variables with 25 parameters — namely, streamflow
the significance of the sensitivity (a value close to zero hasand sediment — were calibrated together in the SUFI-2 pro-
more significance). gram. The step-by-step process of the SUFI-2 algorithm

In terms of water process, the most sensitive parametewas described by Abbaspour et al. (2007). In our study, the
was found to be a curve number (CN2), followed by the Nash-Sutcliffe coefficientsg) was chosen as the objective
baseflow alpha factor (ALPHA_BF), deep aquifer perco- function. The initial parameter ranges were set according to
lation fraction (RCHRG_DP), threshold depth of water in the pre-calibrated values. Similar to other studies, including
the shallow aquifer for “revap” or percolation to the deep Zhou et al. (2014), the number of simulations in each itera-
aquifer (REVAPMN), threshold depth of water in the shal- tion was set at 1000. When finishing one iteration simulation,
low aquifer required for return flow (GWQMN), soil evapo- the parameter ranges were replaced by the new ranges from
ration compensation factor (ESCO), and others. On the bathe SUFI-2 output. Subsequently, a new iteration was set up.
sis of the previous study in the Kejie watershed (Ma et al.,After three iterations, better parameter ranges with the best
2009a), nine parameters were selected to calibrate water prditting parameters were achieved. A thorough validation was
cess, namely CN2, ALPHA_BF, RCHRG_DP, REVAPMN, carried out by updating the corresponding files, and perform-
GWQMN, GW_REVAP (groundwater “revap” coefficient: ing one iteration with the same number of simulations as the
regulates the movement of water from the shallow aquifercalibration runs.
to the root zone), GW_DELAY (groundwater delay time: lag
between the time that water exits the soil profile and enters3.4.3 Model evaluation and uncertainty analysis
the shallow aquifer), ESCO, EPCO (plant uptake compensa-
tion factor). In terms of evaluation of the performance of the model, three

In terms of sediment-related parameters, the two most serindexes were used — which, as before, included Akg
sitive parameters were found to be the peak rate adjustmer{iNash—Sutcliffe efficiency), th&gas (percentage bias), and
factor for sediment routing in the sub-basin (ADJ_PKR) andthe Rsg (ratio of the root mean square error to the standard
the peak rate adjustment factor for sediment routing in thedeviation of measured data) (Moriasi et al., 2007). Details
main channel (PRF), followed by the agricultural (AGRL) can be found in Ma et al. (2009a).
practice factor in the USLE equation (USLE-P_AGRL), the  Uncertainty in hydrological modeling stems from input
agricultural land cover factor in the USLE equation (USLE- data (such as rainfall and temperature), model structure,
C _AGRL), the channel erodibility factor (CH_COV1), the model parameters, and the measured data (such as discharge
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Table 2. Parameters sensitivity results in the Kejie watershed.

Reduction of suspended sediment in the Kejie catchment

Process Parameters t Stat pValue Rank

Streamflow R__CN2.mgt 15.42 0.00 1
V__ALPHA_BF.gw 6.97 0.00 2
V__RCHRG_DP.gw —6.09 0.00 3
V__REVAPMN.gw 5.45 0.00 4
V__GWQMN.gw —5.29 0.00 5
V__ESCO.hru 2.97 0.00 6
V__SFTMP.bsn —2.13 0.03 7
V__CANMX.hru —2.05 0.04 8
V__TIMP.bsn 2.02 0.04 9
V__SMFMX.bsn 1.88 0.06 10
V__SMTMP.bsn 1.75 0.08 11
V__GW_DELAY.gw -1.73 0.08 12
V__EPCO.hru —1.67 0.95 13
R__SOL_BD(1).sol 1.57 0.12 14
V__CH_N2.rte —1.47 0.14 15
V__CH_K2.rte —1.39 0.16 16
V__GW_REVAP.gw -1.14 0.26 17
V__SOL_Z(1).sol 0.71 0.48 18
R__SOL_K(1).sol -0.71 0.48 19
R__SOL_AWC(1).sol 0.49 0.62 20

Sediment V__ADJ_PKR.bsn -10.09 0.00 1
V__PRF.bsn —8.79 0.00 2
V__USLE_P_AGRL.mgt -8.13 0.00 3
V__USLE_C{AGRL}.crop.dat —7.75 0.00 4
V__CH_COV1.rte 6.97 0.00 5
V__USLE_P_FRST.mgt —6.39 0.00 6
V_USLE_C{FRST}.crop.dat —5.96 0.00 7
V__USLE_C{RNGE}.crop.dat —4.17 0.00 8
V__USLE_P_RNGE.mgt —3.68 0.00 9
V__CH_COV2.rte 1.20 0.23 10
V__USLE_P_SWRN.mgt —1.05 0.29 11
V__SPEXP.bsn —0.89 0.38 12
R__USLE_C{URML}.crop.dat 0.68 0.50 13
V__USLE_C{SWRN}.crop.dat —0.45 0.65 14
V__SPCON.bsn -0.37 0.71 15
V__USLE_P_URML.mgt -0.22 0.82 16

Note: ther Stat provides a measure of sensitivity (larger absolute values are more sensitiyeyathe

determines the significance of the sensitivity (a value close to zero has more significance); “R_" and
“V_" means relative change and a replacement to the initial parameter values, respectively; “AGRL”,
“FRST”, “RNGE”, “SWRN" and “URML” stands for cropland, forests, grassland, barren land and
settlements, respectively.

and SSY). SUFI-2 aggregates all sources of uncertainty tsured data. It represents the width of the uncertainty interval,
the parameter ranges. Two indices were used to quantify thand should be as small as possible. Ideally, the performance
strength of a calibration/uncertainty analysis, namely the P-of SUFI-2 is to bracket most of the measured data (the P-
factor and the R-factor (Abbaspour et al., 2007). The P-factorfactor approaching 1) with the smallest possible uncertainty
is the percentage of measured data bracket by the 95 % prévand (R-factor approaching 0).

diction uncertainty (95PPU), and 95PPU is calculated at the

2.5% and 97.5% level of the cumulative distribution of an 3.5 Differentiating the effects of different controls

output variable through Latin hypercube sampling; disallow- i . .
ing 5% of the very worst simulation results. The P-factor in- The calibrated and validated model was used to distinguish

dicates the degree to which the model uncertainties are beinfj® €ffect of climate change, vegetation change, and engi-
accounted for. The R-factor is the average thickness of thd€€ring measures on suspended sediment yield by recombin-

95PPU band, divided by the standard deviation of the meag‘gocglir;‘ate and land cover data (Tang et al., 2011; Ma et al.,
a).
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100 1 A) E==1AnnualRunoff  —a— 3-yearmovingaverage Table 3. Mann—Kendall trend tests of runoff and SSY in Kejie wa-
X 20 | tershed; Tau is the Mann—Kendall rank correlation coefficient.

M y=-0.5314x +10.545

Fd 60 1 R*=0.1061

§ 40 A Type Recorded Tau  2-sided

32 year p value

> AR

ol YUOoNEA W I T Runoff 1971-2010 —0.151 0.17283

540 SSY 1971-2010 —0.459 0.00003

Note: P represents annual rainfall; R-factor represents
rainfall erosivity; SSY represents suspended sediment yield.

200 1~

Period 2 without engineering measures, but with actual land
cover for 1986 to 2010.

Consequently, (SimulatedL2C2-SimulatedL1C2)
explained the effects from land-use change, while
(SimulatedL1C2-SimulatedL1C1) explained the effects

Anomaly Percentage [%]
v w
o

100 === AnnualSedimentYield —&— 3-yearmovingaverage from climate Change. (SimUlatedLlCl'MeaSUredl) ex-
150 MmN 2 E OB E 2 E 2852 AR ® pressed the minus simulation bias in Period 1. In terms of
5555588888888 888¢8¢KRR§ (Measured2-SimulatedL2C2), it can explain the effects from

Figure 2. The trend and the inter-annual variability of annual runoff engineering measures, if the model simulation is without

and suspended sediment yield in the Kejie watershed (1971_2010ﬁny bias. The percent bif’is of the simulation in Period 1
can be estimated from SimulatedL1C1 and Measuredl. If

we assumed the percent bias of the simulation in Period 2

was kept the same as Period 1, then the simulation bias in

The observed change (Measured2 — Measuredl) was Pa5; :

- . X ) . S eriod 2 could be successfully estimated. The effects of

titioned using simulation results for various combinations of : . .

land cover (L) and climate (C) as follows: engineering measures can be estimated from (Measured2-
' SimulatedL2C2), minus the simulation bias in Period 2.

[Model bias] was the difference between the simulation bias

Change = Measured2 — Measured1 in Period 2 and in Period 1.

= (Measured2-SimulatedL2C2)
+ (SimulatedL2C2-SimulatedL1C2)
+ (SimulatedL1C2-SimulatedL1C1) 4 Results
+ (SimulatedL1C1-Measuredl)
= [Engineering effects]
+ [Land-use change effect] Annual runoﬁ and SSY showed a declining tr_en_d from_19_7_1
to 2010 (Fig. 2). The strongest and only statistically signifi-
cant decrease was in SS¥ £ 0.05) (Table 3).

+ [Model bias] 3) Within each decade the SSY was related to annual runoff,

but the relationship as a whole shifted (Fig. 3). When com-

L1 stands for the land cover for Period 1 (1970-1985), whichpared at any given runoff rate, annual SSY increased from
is represented by the 1974 land cover map. L2 stands for théhe 1970s to the 1980s — and then subsequently declined.
land cover for Period 2 (1986-2010), which combined the A piecewise regression model identified the breakpoint in
1991 land cover map (1986-1998), the 2001 map (1999+ecorded annual SSY to be the year 1985 (Fig. 4). Over the
2002), and the 2009 map (2008-2010) into one cohesiveeriod 1971-1985, an increase was observed with a correla-
map. C1 stands for the climate condition in Period 1, and C2tion coefficient of 0.29, which was not statistically significant
stands for the climate condition in Period 2. Simulation with (at « = 0.05). Additionally, there was a decrease from 1986
land cover (L1) and climate condition (C1) (SimulatedL1C1) to 2010, and a statistically significant correlation coefficient
was the baseline simulation considering the physical condi-of 0.80 @ =0.05) was recorded. A similar pattern of sedi-
tions for Period 1; simulation with land cover (L1) and cli- ment yield change was observed at the Yichang station on
mate condition (C2) (SimulatedL1C2) was used to predict athe Yangtze River (Dai et al., 2009).
“business-as-usual” scenario with the land cover kept con- Since the 1970s, many hillsides with vegetation had been
stant into Period 2. Furthermore, simulation with land coverconverted to terraced fields to meet the food needs of an
(L2) and climate condition (C2) (SimulatedL2C?2) was usedincreasing population (Zhang et al., 1999). Road construc-
to provide a counterfactual scenario of what might happen intion and other infrastructure development exacerbated soil

4.1 Changing trends of suspended sediment yield

+ [Climate change effect]
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Figure 3. The relationship between annual runoff and suspended g
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Figure 5. Comparison of the observed monthly discharge (blue bold
line) and simulated monthly discharge (red dashed line) with 95 %
g | | y=1985 prediction uncertainty band at the Kejie hydrological station. Cali-
@ | bration and validation results are shown in Fig. 5a and b.

400
I

runoff decreased by 10.8 %, and mean annual SSY decreased
by 39.7%. The magnitudes of change in runoff and sedi-
ment were apparently influenced by climate change, vege-
tation measures, and other engineering measures.

Sediment Yield [10*]

4.2 Model calibration and uncertainty measures

1970 1980 1990 2000 2010 Table '4 I_|s.ted the parameters_ in the last |terat'|on of SUFI-
Year 2, their fitting values, and their final ranges. Figure 5a and
b compared the monthly observed and simulated stream-
Figure 4. Change trend of suspended sediment yield in the Kejieflow for the calibration and validation periods, respec-
watershed from 1965 to 2010 (red solid lines are the piecewisetively. The monthly simulated and observed discharge re-
regression lines; the blue solid line is the linear regression line; thesylted in a very good model witlVsg =0.82, Rsg =0.43,
red dashed line is to illustrate the breakpoint). and Pgas =0.04% in the calibration period; and with
Nsg=0.84, Rsg=0.39, andPg as =—5.77% in the val-
idation period. The observed total runoff volumes are cap-
erosion during this period. In the 1980s, China made a trantured well with a little underestimation (0.04 %) in the cali-
sition from a “central planning” economy to a market econ- bration period and a little overestimation (5.77 %) in the val-
omy. Measures were taken to rectify the erosion issues; steejdation period. Compared with the manual calibration result
slopes were reforested, and soil and water conservation prddy Ma et al. (2009a), the auto-calibration has improved the
grams, including ecological restoration, were rolled out. En-model performance, including the value &g from 0.75 to
gineering measures (terrace improvement, silt check damg).82 in the calibration period. It is worth noting that the sim-
also contributed to the decrease of sediment yield in the waulation of the peak flows is a little weak. Generally speaking,
tershed. Other human activities, including sand mining in thethe calibrated model can predict the monthly streamflow with
river (extraction of riverbed sediment) and riverbank protec-accurate results.
tion, may have contributed to the decrease in sediment yield. Figure 6a and b illustrated the simulated and ob-
Using the breakpoint previously identified (1985), we di- served monthly SSY over the period 1971-1975 and
vided the study period into two periods: (1) 1971-1985 and1976-1980, respectively. The simulated monthly SSY
(2) 1986-2010. From Period 1 to Period 2, the mean annuamatches the observed values, withg = 0.74, Rsg = 0.51,
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Table 4. The final ranges and fitting values of the SWAT model parameters included in the final calibration procedure.

Parameters Fitting value Final parameter range
Min-value  Max-value
R__CN2.mgt —0.033 —0.056 —0.006
V__ALPHA_BF.gw 0.031 0.030 0.032
V_RCHRG_DP.gw 0.026 0.010 0.087
V__REVAPMN.gw 49.8 29.9 61.7
V__GWQMN.gw 54.2 52.6 60.6
V__ESCO.hru 0.74 0.69 0.79
V__GW_DELAY.gw 67 66 72
V__EPCO.hru 0.67 0.63 0.71
V_GW_REVAP.gw 0.054 0.012 0.056
V__ADJ_PKR.bsn 0.696 0.654 0.783
V__PRF.bsn 0.377 0.000 1.222
V__CH_COVi.rte 0.40 0.33 0.43
V__CH_COV2.rte 0.43 0.00 0.60
V__SPEXP.bsn 1.256 1.234 1.701
V__SPCON.bsn 0.005 0.003 0.008
V__USLE_P_AGRL.mgt 0.580 0.525 0.617
V__USLE_P_FRST.mgt 0.199 0.148 0.244
V_USLE_P_RNGE.mgt 0.353 0.297 0.391
V__USLE_P_SWRN.mgt 0.624 0.573 0.624
V__USLE_P_URML.mgt 0.090 0.085 0.154
V__USLE_C{AGRL}.crop.dat 0.450 0.184 0.500
V__USLE_C{FRST}.crop.dat 0.167 0.010 0.309
V__USLE_C{RNGE}.crop.dat 0.011 0.010 0.323
R__USLE_C{URML}.crop.dat 0.332 0.146 0.436
V__USLE_C{SWRN}.crop.dat 0.291 0.134 0.399

and Pgas =10.84% in the calibration period, and with 400 -

. A) 95PPU observed === Best_Sim
Nsg=0.78, Rsg =0.47, andPgas = —1.48 % in the val- 350 - ) pfactor= 0.67
idation period. Likewise, the simulated month SSY cannot = s - ';::; 3;’: R-factor= 1.36
effectively capture the observed monthly peak values, which 2 s | Pouss= 10.84

may have been caused by the empirical MUSLE model and ,, |
the missing peak flow. However, in terms of tRg as, the
model can effectively capture the average SSY (underesti-

h
100 - )
mated by 10.84% in the calibration period, and overesti- ~ _ | A 5
mated by 1.48 % in the validation period), which is more rel- . . p".\ ; ‘ ,j\-\,‘

150 -

Monthly

evant to our study. Jan71l Jul7l Jan72 Jul72 Jan73 Jul73 Jan74 Jul74 Jan75 Jul7S
The uncertainty of the calibrated model in SUFI-2, 10, | Nge= 0.78 p-factor= 0.87
) Reg = 0.47 R-factor= 1.10

95PPUs, is the combination of the uncertainties in the in- 140 |
put data, model structure, model parameters, and the meaz
sured data (which was not separately evaluated). The uncer.f"T
tainty was represented by the P-factor and the R-factor. In@
terms of monthly streamflow, the P-factor and the R-factor
was 67 % and 0.39, 60 % and 0.32, respectively, for calibra-
tion and validation. This indicated about 67 % (60 %) (out of
a perfect 100 %) of the measured monthly streamflow could | N
be bracketed by the 95PPU with a very narrow 95PPU band Jan76 Jul76 Jan77 Jul77 Jan78 Jul78 Jan79 Jul79 Jan-80 Jul-80

of 0.39 (0.32) (close to a perfect 0) in the calibration (val- Figure 6. Comparison of the observed monthly suspended sediment

idation) period (Fig. 5a and b). In ter(:ns of monthly OSSY’ ield (blue bold line) and simulated monthly suspended sediment
the P-factor and the R-factor were 87 % and 1.36, 87 % an‘i//ield (red dashed line) with 95% prediction uncertainty band at

1.10, respectively, for calibration and validation. This indi- the Kejie hydrological station. Calibration and validation results are
cated about 87 % (close to a perfect 100 %) of the measureghown in Fig. 6a and b.

Monthly
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Table 5. Simulated and measured annual suspended sediment yield

A) 95PPU observed === Best_Sim . ~
250 p-factor= 0.63 in the Kejie watershed (1970-2010).
? R-factor= 0.52
S 200 Nee= 074 Mean annual SSY
§> 15 (10%yr-1)
g " Measured 1 Period 1  1971-1985 240.8
s ‘ | A Measured 2 Period2  1986-2010 145.2
30 1 SimulatedL1C1 Period1  1971-1985 216.7
0. ~ . A k. Land-use Lus1974
Jan-71 Juk71 Jan-72 Jul-72 Jan-73 Jul-73 Jan-74 Jul-74 Jan-75 Jul-75 SimulatedL1C2 Period 2 1986-2010 206.7
180 - B) P-factor=0.58 Land-use Lus1974
160 - R-factor=0.57 SimulatedL2C2  Period 2 1986-2010 161.0
10 Nse=0.78 Land-use Lus199%
g 120 lus2001+
§ 100 - lus2006+
Z 0 lus2009
‘g 60 -
2 40
20 A ]
0 Jmtl der the impact of land cover change, and by 248 tyr—1

Jan-76 Jul-76 Jan-77 Jul-77 Jan-78 Jul-78 Jan-79 Jul-79 Jan-80 Jul-80 under the impact Of Other engineering measures.

Figure 7. The results for behavioral parameters on the 95% The decrease in the.mean annual SSY from Period 1 to Pe-
monthly suspended sediment prediction uncertainty band at the keli0d 2 was 47.8 % attributable to land cover change, 19.8 %
jie hydrological station. Calibration and validation results are shownt0 climate change (a milder rainfall regime), and 26.1% to
in Fig. 7a and b. other engineering measures. The bias from the model simu-
lation accounted for 6.3 % of the observed change (Table 6).

monthly SSY could be bracketed by the 95PPU with a wide4.3.2  Effects of climate change

95PPU band of 1.10 (1.36) (out of a perfect 0, but quite rea-

sonable around 1) in the calibration (validation) period. Usu-Rainfall is the major driving factor controlling soil erosion.
ally a higher P-factor will cause a higher R-factor. Behavioral Sediment processes in the watershed are influenced by the
solutions can reduce the P-factor and the R-factor, and get #tensity, amount, and distribution of rainfall. While the ob-
smaller prediction uncertainty in the SUFI-2. The results of served declining trend in annual rainfall in the watershed
behavioral parameters on sediment simulation were show®ver 1971-2010 was not statistically significant, high inter-
in Fig. 7a and b. When the 95PPU band is reduced to 0.52nnual variability was observed at the two rainfall sites in-
(0.57), 63 % (58 %), respectively, the measured monthly SSYyside the watershed, ranging frord0 % (2009) to 43.9%
could be bracketed by the 95PPU in the calibration (valida-(2001) at the Beimiao site, and from43.7 % (2009) to
tion) period. Consequently, the model performance with final36.3 % (1976) at the Kejie site (Fig. 8). The higher variabil-
parameter ranges (Table 4), as represented by the P-factdly in annual rainfall causes the higher variability in the pre-
and the R-factor, is quite reasonable. The fitting values ardlicted soil erosion. In terms of the average annual rainfall
the “best” parameter set of the last iteration step with a max-0ver the two periods, the value over Period 2 decreased by

imum Nsg coefficient. 6.8 % and 6.1 % at the two corresponding sites. Although the
trend in rainfall is not statistically different from what can
4.3 Partitioning observed change be expected for a no-change hypothesis, the predicted sedi-
ment yield is more sensitive to rainfall change than to water
4.3.1 Contributions of different factors to SSY discharge (Lu et al., 2013).

SSY is influenced by temperature change indirectly (i.e.,

Three scenarios, namely SimulatedL1C1, SimulatedL1C2temperature change will influence the runoff, which will in
and SimulatedL2C2, were produced using the calibrated paturn cause the change of the sediment transportation capac-
rameters in the SWAT model. Table 5 lists the mean annualty; its influence on vegetation and weathering will subse-
observed SSY and the mean annual simulated values ovequently change the soil erosion rate). Harrison (2000) found
Period 1 and Period 2. temperature was exponentially related to the erosion rate, and

From Period 1 to 2, the mean annual SSY decreased byvitski et al. (2003) indicated there was a negative relation-
40% (95.6x 10*tyr—1) under the joint impacts of human ship between temperature and sediment load in a tropical
activities and climate change (Table 6), by 18.90*tyr—1 zone. Zhu et al. (2008) predicted the sediment flux would
under the impact of climate change, by 45.70* tyr—1 un- decrease by 1.7 % if the temperature increaseddyih the
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Table 6.Contribution of vegetation restoration, climate change and other engineering measures to suspended sediment between Period 1 an
Period 2 in the Kejie watershed.

Components Formulas Change of
annual SSY
(10 tyr 1 %
Observed change Measured2-Measuredl —95.6
Climate effects SimulatedL1C2-SimulatedL1C1 —18.9 19.8
Land-use change effects  SimulatedL2C2-SimulatedL1C2 —45.7 4738
Engineering effects (Measured2-SimulatedL2C2)-Bias in P2  —249 26.1
Model bias Bias in P2 — Bias in P1 —-6.0 6.3

Simulation bias

Bias Formulas (Btyr—1 %

Bias in P1 (Measured1-SimulatedL1C1) 15.2

Percent bias in P1 (Measured1-SimulatedL1C1)/Measuredl 6.3
Bias in P2 Measured2*Percent Bias in P1 9.2

Note: P1is Period 1 (1971-1985); P2 is Period 2 (1986-2010). L1 is the land cover in Period 1; L2 is the land cover in
Period 2. C1 is the climate condition in Period 1; C2 is the climate condition in Period 2. SSY is the suspended sediment
yield.

60 - Table 7. Percent of land cover types in the Kejie watershed
(1974-20009).
T 40
& 20 \ Type 1974 1991 2001 2006 2009
£ J 4 /\j \ A
RS }\7, qugA A f Forest 219 345 373 443 558
< T;‘ VA Y\ \1 Grassland 281 245 170 127 34
g 20 ! Cropland 27.0 237 26.0 204 320
[=}
& 40 —+—AnnualP_Beimiaoshuiku = meanP_Beimiaoshuiku Settlement 3.3 3.5 4.2 °.8 5.3
Annualp_Kejie meanp,_Kejie Barrenland 18.9 13.1 147 16.2 2.9
-60 - - Water 0.8 0.8 0.9 0.6 0.5

1570 1975 1980 1985 1350 1995 2000 2005 2010

Figure 8. The inter-annual variability of annual rainfall recordings

at two stations (Beimiaoshuiku and Kejie from 1971 to 2010). Note: of climate change to the SSY reduction from Period 1 to Pe-
Annual P represents the annual rainfall and mean P the average and 2

nual rainfall for the two periods.
4.3.3 Effects of vegetation restoration
The land-use and land cover in the Kejie watershed (along

Longchuanjiang basin (Yunnan Province). Ma et al. (2009a)with many other regions in China) have dramatically changed
described a monotonic increasing trend in the average annuah the past four decades. The land cover maps of five obser-

temperature of 0.49C (10 yr-1) for the period starting from
1965 in the Kejie watershed. The average anfiyahn (the

vations were illustrated in Fig. 9, and the corresponding land
cover estimates are summarized in Table 7. The percent of

mean temperature¥max (the maximum temperature), and cover represented by forest, cropland, and human settlement

Twmin (the minimum temperature) increased by 09 0.7°C

increased by 33.9%, 5.0%, and 2.0%, respectively, while

and 1.3C, respectively, from Period 1 to Period 2. The in- the area of grassland and barren land declined by 24.6 % and
crease of temperature may contribute to the decrease of th€5.9 %, respectively, from 1974 to 2009, with small varia-

SSY in the Kejie watershed.

tions in what was identified as open water.

A climate change scenario was assumed with a tempera- The increase of forest in the Kejie watershed (from 21.9 %
ture increase of 1C and rainfall decrease of 6 % according to 55.8 %) can be directly attributed to the forestry manage-
to the trend between Period 2 and Period 1. The scenariment policies of the central government in China which were
was simulated in the calibrated SWAT model. The result in-implemented over the past several decades. Aerial seeding
dicates the mean annual SSY will decrease by 14 %. Thiseforestation efforts started in 1987, and were followed by
assumed result explained the reasonable contribution (20 %o large-scale conservation programs — namely, the Natural

www.hydrol-earth-syst-sci.net/18/1979/2014/
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Forest Protection Program (NFPP) and the Grain for Green  ©

Project (GGP, but originally called the Sloping Land Conver- 0
sion Program). The NFPP was introduced in 1998 to rehabil-
itate and develop natural forests (Zhang et al., 2000). GGFrigure 10. Relationship between forest cover and soil erosion at
started in 1999, and aimed to restore the landscape by payinte six sub-basins (Fig. 10b) with similar forest cover change trend
farmers to plant trees rather than crops (Wang et al., 2007afFig. 10a) in the Kejie watershed (1974-2009).

The forest cover in China as a whole increased from 16.6 %

to 18.2% in 2005, and the goal is to reach 26 % by 2050

(Wang et al., 2007a). Yunnan Province was the priority for forest for soil and water conservation; and economical forest
NFPP and was also in the priority areas of GGP. for fruits and nuts) was around 41 %.

The increase of forest can also be attributed to several soil To further explore the effect of vegetation restoration on
and water conservation programs initiated in the Kejie water-SSY, six sub-basins with similar land cover and land-use
shed. The first soil and water conservation program in Yun-change trends were selected from the watershed (Fig. 10a).
nan Province was started in 1989 as part of a National KeyThe total area was 421.8 Knwith sub-basin size ranging
Soil Conservation Project supported by the central governfrom 35.8kn?f to 133.1kn%. The five soil and water con-
ment of China (Wei et al., 2011). After that, several other servation programs at the Ajiadahe, Binmawahe, Longwang-
soil and water conservation programs were launched, sucmiao, Santaizihe and Wadudahe basins were located in sub-
as the Yangtze River treatment project, the Pearl River treatbasins 1, 25, 2, 7, and 17, respectively. We assumed that the
ment project, and the Treasury bond projects supported byand cover in the Kejie watershed changed during the periods
the central government (Ma et al., 2009b). Ecological and1974 to 1991, 2001, 2006 and 2009 in Period 1 (1971-1985),
engineering measures have been undertaken in all of thesespectively. The annual soil erosion (1971-1985) from six
programs. sub-basins under five land-use maps was simulated using the

For the sake of local inventory data, which was provided calibrated and validated SWAT model. When the land cover
by the Baoshan Water Conservancy Bureau, five soil andchanged from the 1974 map to the 2009 map, the reduction
water conservation projects (located in the Ajiadahe, Bin-in the soil erosion ranged between 10.5 and 30.2tlya !
mawahe, Longwangmiao, Santaizihe and Wadudahe basinsaymong six sub-basins. The relationship between the forest
ranging in area between 20.36 and 27.8%kmere imple-  cover and soil erosion was illustrated in Fig. 10b. An expo-
mented in the Kejie watershed from 2000 to 2005. Conse-nential relationship between the forest cover and soil erosion
quently, the soil erosion area was reduced by 40-81 %. Theepresents the data adequately. The relationship implies veg-
effect of the different measures on soil erosion was estimate@tation restoration can effectively control soil erosion in these
using the empirical formulas (Table 8). In terms of ecologi- watersheds.
cal measures, the reduction of soil loss was estimated by the
treatment areas and multiplied by an empirical coefficient,4.3.4 Effects of engineering measures
which indicates how much soil loss will be reduced by imple-
menting a hectare of a specific treatment. Generally speakExcept for the ecological forest for soil and water, conser-
ing, the contribution from ecological measures (ecologicalvation, and economical forest for fruit and nuts, the major

Land cover [%]
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Table 8. The contribution of ecological and engineering measures to soil loss reduction at four plot sites (2000-2005).

Measures Contribution to soil
loss reduction (%)
Nol No2 No3 No4

Ecological measures Ecological forest for soil 47.5 27.3 354 37.0
and water conservation

Economical forest for 1.7 1.1 5.1 7.3

fruits and nuts

Closed treatment 242 12.0 3.6 8.3

Conservative tillage 6.7 55 3.6 4.2
Engineering measures  Terrace 15.0 5.5 4.4 5.2

Silt check dam 5.0 486 478 38.0

Notes: No k= Ajiadahe basin; No2= Binmawahe basin; No3 Santaizihe Basin; No& Wadudahe basin.

Table 9. The potential disposal of excavated soil, as well as in-  Additionally, several sand mining plants actively take sand
vestment in soil and water conservation by construction projectsfrom the Donghe River. It was difficult to quantify the

(2004-2010). amount of sand taken, as the plants lacked legal licensing
and operated irregularly.
Year  Protect Waste Investment on It is also important to note that, during the past several
area (ha)  soil (1m?) soil and water decades, in order to prevent (and hopefully) eliminate the risk
conservation (1ODRMB) of flood disasters, the riverbanks of the Donghe in the upper-
2004 8.7 6.5 16.2 stream regions were reconstructed with concrete, which also
2005 15.0 1.1 154.5 may have had some unspecified effect on sediment transfer.
2006 38.8 11.4 576.6 The SSY in the Kejie watershed during Period 2 was influ-
2007 1267.9 1607.3 203.6 enced by all these kinds of engineering measures. It is diffi-
2008 7.6 91.8 3.0 cult to assess the specific effect of all these measures on soil
2009 4.9 1.6 51.2 erosion accurately. Meanwhile, it is also difficult to consider
2010 372.6 187.7 1773.0

these measures when using a hydrological model to simulate
Sum 1715.5 1907.3 2778.1 the SSY. The difference between the simulated SSY without
considering engineering measures and the observed SSY mi-
nus the simulation bias is an alternative way to estimate the
effect of the engineering measures on SSY at the watershed
measures taken in the programs included closed treatmenltg\./el' _althhoughdthelz 5|_mullateg \f\lues contained some uncer-
conservative tillage, and terrace and silt check damming. Thé Inty in the hydrological modeling.
effect of terrace measures on soil erosion was estimated using

the similar experimental formula of ecological measures. In
terms of silt check dams, the reduction of soil loss was sim-
ply estimated using the number of silt check dams to multi-

ply by one empirical coefficient derived from previous work,

Note: RMB: Chinese Currency, Ren Ming Bi.

5 Discussion

The sediment generation and transportation in the watershed

which indicated the capacity of a silt check dam to reduce.> _a_compreh_enswe process Wh'c.h 1S influenced by human_ac-
tivities and climate change. Yet, it is a challenge to quantify

soil loss. From Table 8, the contribution from SNAINCENING 4o effects from different factors. The SWAT model is widely
measures, plus closed-treatment and conservative tillage, was

around 59 %. The value had high uncertainty, as the asses:%'—sed to simulate the sediment process with satisfying re-

L ; §ults (Qiu et al., 2012, and Shrestha et al., 2013). The SWAT

ment method was somewhat subjective and lacked details 0 L .
the routing processes of sediment from the plot to watershed odel was set up successfully ?”d the cont_nb ution from cli-
level mate change (19.8 %), vegetation restoration (47.8 %) and
| . . ; . other engineering measures (26.1 %) to the sediment reduc-
Several construction projects were implemented in the wa-. : . .

) i . . tion were differentiated in our study.

tershed during the previous decades, which led to soil wast- T . .

There are some uncertainties in any modeling method, in-

i 3
ing (Table 9). From 2004 to 2010, a total of 100%.30" m cluding input data, model structure, model parameters, and

waste soil from constructiqn sites was treated properly, as fhe measured data. It is necessary, therefore, to do uncer-
key measure to prevent soil and water losses. tainty analysis when conducting hydrological modeling. In

our study, the input data uncertainty is from rainfall data and
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land cover maps. There are 13 rainfall stations available ove6 Conclusions
different record periods, and 8 of them are concentrated in
the Xizhuang sub-watershed area. The distribution of rain-The annual suspended sediment decreased significantly in
fall gauges can not describe rainfall spatial distribution accu-the Kejie watershed (from 13.7 thayr—1to 8.3thalyr-1)
rately, especially in the mountainous area. Consequently, theetween the period 1971-1985 and the period 1986-2010. At
land-use maps were derived from satellite images combinthe same time, there has been no apparent decreasing trend
ing ground control points. The uncertainties of the land-useobserved for the annual runoff, which seems to indicate other
maps in 1974, 1991, 2001 and 2006 were analyzed by Mdactors are controlling sediment decrease in the watershed.
et al. (2009a). The map in 2009 was obtained from a differ- The SWAT model was auto-calibrated using SUFI-2 pro-
ent source which also contained some uncertainty. In termgram. Although there was some uncertainty in the sediment
of model structure, the weakness of the SWAT model is thatsimulation, the results indicate the modeling captured 63 %
it cannot track the specific peak runoff and sediment yield(58 %) of the measured SSY with 0.57 (0.52) of 95PPU band
more accurately because some empirical equations are useddth in the calibration (validation) period. The simulation
inside the model (i.e., the SCS, CN, and MUSLE). With that with fitting values (best parameters) showed a high value
in mind, the peak runoff and sediment are usually underesand a lowPg_as, SO we believe the simulation results from
timated. The sediment parameters in the SWAT model aréhe SWAT model are reasonable.
not well defined physically; no measurements are available The subsequent results show a larger contribution of land-
to estimate the parameters (Qiu et al., 2012). The observedse/cover change to the reduction in suspended sediment
discharge and suspended sediment data are obtained fropeld (relative to engineering and other human activities),
the hydrological station where all the data have been crossthan the majority of previous studies on this subject else-
checked. However, there is still some uncertainty, includingwhere in China. The sharp decrease in sediment yield from
the numbers of soil water samples taken during the dischargé985, although assisted by a milder rainfall regime, was
events. Obviously, it is difficult to consider uncertainty from mostly due to the effects of more than 10 years of reforesta-
each source separately, so SUFI-2 was used to analyze thn (forest cover increasing from 21.9 % to 55.8 %), as well
SWAT modeling uncertainty in our study. as soil and water conservation efforts. Since 1985, the health
The results from SUFI-2 indicate the uncertainties of theand stability of the river ecosystem seems to have signifi-
sediment modeling with final parameter ranges are withincantly improved.
reasonable ranges: 95PPU captured more than 60 % of the
observed monthly SSY with a narrower band (about 0.52).
The statistics ofVsg, Rsg and Pg| as in the sediment simu-  AcknowledgementsThis research is part of CGIAR's Research
lation with the best parameter from the final parameter range&rogram 6 (Forests, Trees and Agroforestry), and IDRC, Canada,
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