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The impacts of climate change and humai activities on runoff and sediment load are too integrated to distinguish their own
contributions. We develop a new method to assess the impact of human activities based on paired years with similar precipitation
and evapotranspiration (ET,) conditions (SPEC) using a 55-year monthly data of climate, runoff, and sediment load in 1958-2012
at Zhangjiashan Hydrologic Station of Jing River, Loess Plateau, China. The SPEC of paired periods is defined by similar annual
amounts (difference less than 2.0%) end similar process (linear correlations of monthly data less than 0.05) which could set a
precondition fixing the possitle influence of climate factors. The runoff declined in all nine paired years, but the sediment load and
concentration decreased 111 seven (78%) and six (67%) paired years, respectively. The further analysis with available data of land use
and land cover (LUC), Normialized Difference Vegetation Index (NDVI), and soil and water measures in this basin and the results
could explain impucts of lnrman activities well. The method could be used combining with the traditional methods in hydrological

research.

1. Introduction

Streamflow and sediment load provide useful information
not only on the soil erosion and sediment delivery occurring
in a basin [1], but also on the key factors of river health. The
main causes of runoff and sediment load change are related to
natural climate variability and human activities (e.g., land use
change and dam construction), which have caused significant
changes to the runoff and sediment load of many rivers, such
as the Nile [2], the Colorado River [3], and the Yangtze [4]
and Yellow rivers [5]. Land use change is the reflection of the
surface microtopography change by human activities. It has
significant impacts on regional soil degradation, including
soil erosion and soil acidification. In recent years, a number
of studies have been carried out to estimate the potential
effects of land use change on soil erosion. Trimble [6]
found that in Mississippi valley reduced rates of soil erosion

coincide with improved practices of soil conservation and
management. Some researchers [7, 8] found the effects of
land use change and check dams on sediment and channel
morphology. Several studies [8-13] showed that an important
impact of landscape pattern changes on catchment sediment
yield. Garcia-Ruiz and Lana-Renault [14] stated that the effect
of land cover changed on soil loss, sediment delivery, and
hydrological response in Europe. Costa et al. [15] found
that a deforestation of about 30% of the basin induced a
24% increment of the annual mean discharge. Foley et al.
[16] stated that land use changes modify interception and
infiltration affecting surface runoft and groundwater flows.
Rainfall is the main dynamic factor that causes soil loss.
Xin et al. [17] investigated the spatiotemporal variations
characteristic of rainfall erosivity on the Chinese Loess
Plateau. Recent studies [18,19] found that sediment yield rates
may be expected to change in response to changes in rainfall.
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Therefore, the runoff and sediment discharge variability that
is caused by natural climate change and human activities has
become one of the key issues in hydrology research and forms
the basis for understanding how these patterns of variability
form. Much of the current research on runoft and sediment
discharge is based on comparative [20, 21] or modeling
analysis [19, 22]. While these two methods have assisted in
understanding the runoff and sediment discharge variability,
there are large differences in the theory and parameters
between the methods. For example, the rainfall-runoff and
rainfall-sediment statistical model is still controversial when
dividing the distinct transition point of runoff or sediment
discharge time series by the impacts of human activities,
resulting in different division periods showing differing
results [23, 24]. Furthermore, although the mechanisms of
runoft and discharge are clear in distributed hydrological
models [25-28], there are great spatial differences in the
model parameters and their selection is too variable. Current
models do not take the variation of precipitation and evap-
oration into account comprehensively in the divided period.
To understand the influence of climate change and human
activities on runoff and sediment discharge and to reduce
the uncertainty in the selection on model parameters and
improve the accuracy for evaluation of the effects, we must
select a study time period, where the climatic characteristics
are similar. Once this premise is observed, the variability of
the characteristics can be studied in a meaningful way. Based
on data from the Jing River Basin, China, the objectives ot
this study were (1) to show how discharge and seaimerit
yield from the Jing River varied over the past 55 years, (2)
to quantitatively assess the influences between climate and
human factor on runoft and sediment discharge, and (3) to
discuss implications for watershed management.

2. Data and Methods

2.1. Study Area. The Jing River, ai 455.1km long, is the
second-longest tributary of the Wer River, and a second-
level tributary of the VYellow River. The Jing River Basin
(area 45421 km?) is located in the center of the Loess Plateau
(34°46'-37°19'N, 106°14"-108°42'E). The basin encompasses
parts of 30 counties, across the Ningxia Hui Autonomous
Region (Ningxia) and the Gansu and Shaanxi provinces. Up
to 4.3% of the area is mountainous, 41.7% comprises loess
tableland and broken plateau, and 48.8% are loess hilly and
gully loess regions. The basin contains several fracture belts
and little vegetation cover. A digital elevation model (DEM)
of the region and the rivers located in the basin are shown in
Figure 1. The total area of soil erosion has reached nearly 73%
of the total land cover, making the basin one of the most soil-
eroded areas of the Loess Plateau and an important source of
coarse sediment to the Yellow River. The area has deep (50-
80m) loess layers. The particle composition is mainly fine
sand, silt (up to 50% of the total), and clay. The loess has high
porosity and is prone to landslides. The soil is typical black
loam soil with a loose structure that is readily degraded [29].

The climate of the Jing River Basin is continental mon-
soonal, with the average annual precipitation ranging from
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400 to 600 mm and average annual air temperature ranging
from 8.0 to 10.0°C [30].

Data for the study was obtained from the Zhangjiashan
Hydrological Gauge Station (ZHS, 34°38'N, 108°36'E), which
controls a 43216 km” watershed, accounting for 95.15% of
the total watershed area. The average annual runoff and
sediment load were 1596.6 million m’ and 214.8 million
tons, respectively, from 1958 to 2012. The average sediment

concentration was 163 kgm ™ (Ministry of Water Resources
of China 2013).

2.2. Data. We used the sharable daily data of the 23 national
climatic stations (apart from the mountain station) within
and around (a buffering area outside of the basin 120 km) the
research area from the National Meteorological Information
Centre (NMIC), but we analyzed the induced monthly
data in the paper (Figurel). The data include monthly
precipitation (P, mm), maximum temperature (TMX, °C),
minimum temperature (TMN, °C), relative humidity (RH,
%), wind speed (WS, m s1), and sunshine duration (SD, h)
from 1958 to 2012. The dataset has been quality assured by
NMIC. We performed further routine quality assessment and
errot correction procedures on the data following methods
described by Peterson et al. [31]. Missing values are infre-
quent (during certain months in 1968 precipitation data was
missing from one station and some months between 1967
and 1970 had wind speed data missing from four stations),
which were replaced with estimated values predicted from
multiple regression relationships established among up to
five nearby and highly correlated stations [32]. The potential
evapotranspiration of the Jing River Basin was calculated
using the Penman-Monteith Method recommended by the
Food and Agriculture Organization (FAO) [33]. The potential
evapotranspiration and precipitation were spatially averaged
based on the monthly records of stations upstream of the
ZHS using the spatial interpolation method. Annual poten-
tial evapotranspiration and precipitation (a.pptn) were
cumulative by month. Annual streamflow (in Mm?®) and
sediment load (in Mt) data at ZHS from 1958 to 2012 were
obtained from the Chinese River Streamflow and Sediment
Communiqués, Ministry of Water Resources, China (MWR).

The Global Inventory Monitoring and Modeling Studies
(GIMMS) Normalized Difference Vegetation Index (NDVTI)
dataset was derived from the NOAA Advanced Very High
Resolution Radiometer (AVHRR) (http://www.noaa.gov, the
dataset was downloaded from http://westdc.westgis.ac.cn),
which provides information on the monthly changes in
terrestrial vegetation from August 1981 to December 2006.
Because of incomplete data in 1981, we used data from 1982
to 2006. The GIMMS data are based on a 15-day interval
with 8km spatial resolution [34]. The dataset has been
corrected for solar zenith angle change, distortions caused by
cloud cover, sensor intercalibration differences, solar zenith
angle and viewing angle effects, volcanic aerosols, missing
data in the Northern Hemisphere during winter, and low
signal to noise ratios. To further eliminate the influence of
clouds, atmosphere, and solar altitude angle, we used the
international universal Maximum Value Composites (MVCs)



Advances in Meteorology

100°E 105° 110°

115° 120° 107°E  108° 109°

The Yellow River Basin

40°

DEM of Jing River Basin

e
% »

(%
Beijing

Zhangjiashan
Hydrologic Station

Wei River

@ Weather station
O City
— River
[ Boundary of Wei River Basin

r=

7~ Boundary of Yellow River Basin

A Ilydrologic station
P High : 2905

wan Low:219

FIGURE 1: Location of the Jing River Basin study zrea, China.

technique to calculate monthly maximum NDVI [35], which
selects the highest NDVT at each pixel from GIMMS NDVI
(15-day interval) [36]. The vegetation in the study area is
most developed during the productive months of Junc to
September. The vegetation change is usually small from
October to the following May. The NDVT values of the four
productive months can best reflect the long-term change of
vegetation cover during a year. Therefor¢, the NDVI from
June to September of each year was calculated using the
MVCs method and this value was used as an indicator of the
annual vegetation growth of the study area.

The land use and land cover (LUUC) data was obtained
from the Data Sharing Infrastructure of Earth System Sci-
ence, National Scientific Data Shared Platform (http://www?2.
geodata.cn/). LUC includee five digitai maps from 1980, 1985,
1996, and 2000 to 2005, The thap scale for 1985, 1996, and
2000 was 1:100000 and 1:250000 for 1980 and 2005. This
series of maps describes the LUC change. The large scale maps
were used to evaluate the total change over time, but they do
not show the fine-scale information and detail, in particular,
of the built-up area. The classification procedure was based
on image interpretation combined with field investigation.
The LUC data were classified into the following six categories
according to Liu [37].

The categories for the study area include the following:
(1) forest, which mainly represents land with a tree or
shrub-crown areal density (crown closure percentage) of 10%
or more, as well as nurseries and orchards, (2) cropland
including dry-farming and irrigated cropland, lower-cover
agroforestry land used mainly for food cultivation, and new
cultivated river washland in existence for over three years, (3)
grassland that is predominantly covered by grass, mixtures
of grass, and shrubs or trees, but with tree coverage of less
than 10%, (4) built-up land comprising areas of intensive use
covered by structures including cities, towns, villages, strip

developrients along highways, and transportation, power,
and communications facilities, (5) wetland/water body areas
“onsisting of natural wetlands, such as swamps, lakes, and
rivers and water engineering structures, including reservoirs
and newly built check dams, and (6) barren land referring to
land with limited ability to support life, such as sand or rocks
where vegetation cover is normally less than 5%.

We obtained soil and water conservation data ranging
from 1960 to 1999 from the Soil and Water Conservation
Data Compilation of the Yellow River, compiled by the Upper
and Middle Yellow River Bureau in 2010 based on on-site
field surveys and measures. The data covers some general
characteristics of the Jing River Basin, as well as biological
conservation measurements such as man-made forest, grass-
planting, and hillside closures (natural restoration area with
little to no disruption from human activity), and structural
measures, such as terraces, reservoirs, check dams, and key
projects for gully control.

2.3. Principle and Methods. In order to assess the human
versus climatic impacts on Jing River Basin, the following
principle and methods were used.

2.3.1. Principle. The water balance of the watershed can be
expressed as

P+W;=R+W, + W, +ET_ +W, 1)

where P is the areal precipitation, W, is the water input
from other watersheds, §W is the change in water storage
of engineered structure, such as reservoirs, R is the surface
runoff, W, is the underground runoff, W; is the soil water
storage, and ET, is the actual evapotranspiration.
Considering the specific hydrogeological conditions of
the study area, (1) there is no water input from other



watersheds in this study area and W, can be ignored; (2) as
there is a thick soil layer, a deep water table [38], and little
recharge underground runoff from the limited infiltration
[39], W, is assumed to be approximately 0; (3) there is
little vegetation cover in the Jing River Basin, the infiltration
capacity of surface soil is weak, and the main surface runoft
generated by infiltration-excess rainfall is characterized by
heavy rainfall with high intensity and short duration [40]
and therefore W, can be ignored; (4) the water in reservoirs
mainly supplies the needs of people’s daily lives and §W can
be considered the human impact. Therefore, from a long
process, (1) can be simplified to

P=R+ET, )

where P is the areal precipitation, R is the surface runoff, and
ET. is the actual evapotranspiration. Consider

ET, = k x ET,, 3)

where ET, is the actual evapotranspiration, k is the coef-
ficient, and ET,, is the potential evapotranspiration. When
under adequate water supply, k = 1 and ET, = ET,. We
assume that k does not change for the same land under
the similar weather conditions and the vegetation change
induced by human could change k. We analyze ET in the
study instead of ET, that implies the faster change than the
natural evolution of ET, is also the result of human activitics.

2.3.2. FAO Penman-Monteith Method. The FAO Perimari-
Monteith (PM) approach to estimate evapotranspiration
(ET,, mmday™') is regarded as a global standard and is
given by FAO-56 report [33]. In this study, monthly potential
evapotranspiration was calculated according to Allen et al.
[33]. Monthly potential evapotranspiration was calculated by
multiplying ET,, with the number ¢f days:in that month.

2.3.3. Spatial Interpolation Method. Spatial interpolation
methods are developed for specific data types or a specific
variable [41, 42]. In this study, we therefore selected the
Simple Kriging (SK) spatial interpolation method to calculate
the spatially averaged precipitation and the potential evap-
otranspiration for the Jing River Basin because SK has the
lowest root mean squared error (RMSE) among the 12 of the
most popular spatial interpolation methods (see Supplemen-
tary Material 1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2015/478739).

2.3.4. Trend Detection. Parametric and nonparametric meth-
ods have been developed and applied successfully in hydro-
climatic field analysis because of their ability to detect the
physical relationships between ecological elements [43-45].
However, they require more detailed data than other meth-
ods, which may be difficult to provide, as well as clear descrip-
tions of processes, which might not have been developed yet
[20]. In this study, a linear regression method is used to detect
the precipitation trends, potential evapotranspiration, runoff,
and sediment load.
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2.3.5. Similar Weather Condition Analysis. Because the LUC
data are only available from 1980 onward and do not cover
all years, and because precipitation is the main source of
runoff and the main driving force of erosion, paired periods
with similar precipitation and potential evapotranspiration
conditions (SPEC) were selected to facilitate the analysis
[46, 47]. To define paired periods with SPEC the following
conditions were applied: (1) the two years should have annual
precipitation that differs by less than 2%; (2) the potential
evapotranspiration should differ by less than 2%; and (3)
the two years should be more than five years apart. Because
the evolution of natural landforms and vegetation is quite
slow, the changes to runoff and sediment load in a SPEC
pair are mainly induced by human activities. Applying the
conditions stated above, we selccted nine pairs of years. It
is important to emphasize that this method assumes that
the weather conditions were similar based on just the yearly
averages and totals. This is 4 significant assumption for the
study area, because it is well known that individual rainfall
events can contribute approximately 60% to 90% of the yearly
rainfall total [48]. Though the individual rainfall events are
more functicnal to describe the impacts of rainfall on runoft
and sediment generation in its influenced area, the rainfall
eveits are very uneven in space that it is difficult to use data of
events in the whole basin. The monthly data of precipitation
and ET, is rational to abstract the similar weather conditions
of two years at the regional scale.

2.3.6. LUC Change Analysis. The areas of each category of the
five maps are calculated by geographic information system to
show the land use change process in several sections. A LUC
change matrix was used to illustrate the changes of land use
and cover for the period from 1980 to 2005 based on the LUC
maps.

2.3.7. Landscape Metrics Analysis. In this study, twelve com-
mon landscape indicators were presented [8, 9, 49]. Three
types of landscape metrics (fragmentation, shape, and diver-
sity) were calculated with Fragstats model [50]. Five metrics
(number 1-number 5) were analyzed to describe landscape
feature at the patch level (Table 1). Besides these indicators,
eight more metrics (number 5-number 12) were added at
landscape level [49, 51, 52].

3. Results

3.1. Statistics of Runoff and Sediment Load. 'The statistics for
runoff, sediment load, sediment concentration, precipitation,
and potential evapotranspiration are shown in Table 2. The
mean annual runoff, sediment concentration, and sediment
load were 1596.6 Mm”, 163.3kgm™, and 214.8 Mt, respec-
tively. The difference between the maximum and minimum
values for each variable was large. The runoff in 1964 was 5.96
times that in 2009; the sediment concentration in 1977 was
15.49 times that in 2011 and the sediment load in 1964 was
25.29 times that in 2011. The coefficients of variation (CVs)
of runoft, sediment concentration, and sediment load were
0.421, 0.478, and 0.708, respectively, showing that the runoft
and sediment changes are highly unstable.



Advances in Meteorology

TABLE 1: Regional landscape characteristics in this study.

Category Number Code Code description
1 PD Patch density
Fragmentation 2 ED Edge density
metric 3 LSI Landscape shape
index
4 PARA Perimeter to area ratio
5 FI Fragmentation index
. 6 FRAC fractal distribution
Shape metric index
- PAFRAC Pfarimet.er—area fractal
dimension
8 CONTAG  Contagion index
9 SHDI 'Shannon’s diversity
index
10 MSIDI M.odiﬁ.ed Simpson’s
Diversity metric Diversity index
1 SHEI .Shannon’s evenness
index
i MSIEI Modified Simpson’s

Evenness index

3.2. Variation of Precipitation and Potential Evapotranspira-
tion. Potential evapotranspiration and precipitation are the
main weather variables that influence runoff and sedimeiit.
Precipitation is the driving force for soil erosion and sedinietit
delivery, as well as the water source for runoff and soil
moisture in this region. In the Jing River Basin, the mecan
annual precipitation and potential evapotranspiration were
503.7 mm and 943.4 mm, respectively (Table 2). Tle maxi-
mum a.pptn (781.3 mm) in 1964 was 2.21 times the minimum
a.pptn (353.4 mm) in 1997, and the CV for a.pptn was 0.194.
The maximum recorded mean potential evapotranspiration
in 1997 (1046.7 mm) was 1.32 times the minimum recorded
value in 1964 (792.1mm), with a iow' CV of 0.060. The pre-
cipitation and potential evapotianspiration were more stable
than runoff, sediment concentration, and sediment load.

3.3. Trends of Runoff and Sediment Load. The annual sed-
iment concentration had no significant trend during the
study period (P = 0.1066). Both the annual runoff and the
sediment load had significant trends with a linear decline
over the past 55 years (Figure 2). The average rate of decline
of annual runoff and sediment load was 23.07 Mm® yr™'
and 4.23Mtyr ', respectively. There was significant (P <
0.001) synchronized variation between the annual runoff and
sediment load.

3.4. Trends of Precipitation and Potential Evapotranspiration.
The annual precipitation declined (P = 0.043) during the
study period, while the annual potential evapotranspiration
had no significant trend (Figure 3).

3.5. Precipitation and ET, between Paired Years with SPEC.
The nine pairs of years based on similar weather conditions
(Table 3) range from the 1960s to the 2000s, and the number

of years of difference between each pair varies from 8 to 40.
The difference in a.pptn and ET|, ranged between 2.0-7.6 mm
and —16.0-16.8 mm, respectively, from the absolute value of
the paired years (Table 3), and the difference in a.pptn and
ET, from the relative value of the paired years ranged between
0.37-1.38% and —1.71-1.84%, respectively.

3.6. Runoff and Sediment Load between the Pairs of Years
with SPEC. The SPEC analysis of the changes in runoff (R),
sediment load (S), and sediment concentration (SC) is shown
in Table 4. In SPEC, R of the later year is less than that of the
earlier year of the pair. There is a general decreasing trend in
R, which is in agreement with the statistics results (Figure 2).
Seven (1, 2, 3, 4, 5, 8, and 9) of the nine pairs showed a
reduced S, and six (1, 3, 4, 5. 5, and 9) of the nine pairs had a
reduced SC. When comparing the later year with the earlier
year in each pair, six (1. 3, 4, 5, 3, and 9) of the nine showed
areduced R, SC, and S; two (6 and 7) had a decreasing R and
an increasing SC-and S; and one (2) had a negative SC, but
positive R and S. The amplitudes of R, S, and SC between the
paired years ranged within —42.06-54.72%, —806.47-83.90%,
and —827.27-77.52%, respectively. The R, S, and SC for Pair
3 showed the most dramatic change among the nine pairs,
with amplitudes of R, S, and SC of —31.17%, —806.47%, and
—827.27%, respectively.

3.7. An Example of LUC and NDVI Change in Pair 5. Because
precipitation and potential evapotranspiration are similar for
the paired years, the effects on R, S, and SC can be attributed
primarily to human activity. We selected pair 5 with runoft,
sediment load, and sediment concentration amplitudes of
54.72%, 83.90%, and 74.17%, respectively, as an example and
applied the LUC data digital maps from 1980 and 2005 to
further confirm the applicability of the SPEC method to
analyzing the influence of human activity on the runoff and
sediment load of a river. LUC is not only an important
component of global environmental change and one of the
most direct forms of human activities, but also a major
cause of global environmental change. Land use change can
directly affect the surface runoft, watershed runoff yield [15,
53]. Figure 4 provides a visual representation of the LUC
for upstream of ZHS in 1980 and 2005. The proportion of
unchanged LUC area during this time period was 97.48%,
while 2.52% had changed. The variability of different LUC
types from 1980 to 2005 is shown in Figure 5, with forest,
arable land, and grassland accounting for over 98.10% of
the entire area. Over the study period, the area covered by
forest increased sporadically from 358.4 thousand ha in 1980
to 383.0 thousand ha in 2005, a conversion of 6.84% of
the entire region to forest over 25 years. The grassland area
first decreased from 2030.1 thousand ha in 1980 to 1958.0
thousand ha in 1985 and then increased from 1965.2 thousand
ha in 1996 to 2035.7 thousand ha in 2005. The area used as
arable land declined intermittently from 1891.1 thousand ha
in 1980 to 1851.5 thousand ha in 2005 and then increased by
9.3 thousand ha from 1985 to 1996. The built-up land area
increased to 1.5 times its original size because of intensive
housing and infrastructure development; however, it was still
less than 40 thousand ha by 2005. Approximately 92% of
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TABLE 2: Statistics for runoff (R), sediment concentration (SC), sediment load (S), precipitation (pptn), and potential evapotranspiration
(ET,) for the Jing River for 1958-2012.

Statistic R \ N SC,3 a.pptn a.ET,
Mm Mt kgm mm mm
Mean 1596.6 214.8 163.3 503.7 943.4
Minimum 701.8 27.8 21.5 353.4 792.1
(Year) (2009) (2011) (2011) (1997) (1964)
Maximum 4184.0 703.0 333.0 781.3 1046.7
(Year) (1964) (1964) (1977) (1964) (1997)
Median 1410.0 160.0 141.0 488.6 949.6
Standard deviation 6.7 1.5 78.1 97.6 57.0
Confidence levels (95.0%) 1.82 0.41 21.12 26.38 15.41
Coeflicients of variation 0.421 0.708 0.478 0.194 0.060
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TABLE 3: Precipitation and ET,, of the paired years.

Number Paired years with SPEC a.pptn/mm a.ET;/mm

Year 1 Year 2 D-year Year 1 Year 2 D-a.pptn a (%) Year 1 Year 2 D-aET, a(%)
1 1968 2003 -35 710.7 706.7 4.0 0.56 913.9 897.1 16.8 1.84
2 1975 1990 -15 642.2 636.7 5.5 0.86 879.4 894.4 -15.0 -1.71
3 1978 2011 -33 544.6 552.2 -7.6 -1.38 950.1 941.7 8.4 0.89
4 1970 1978 -8 542.6 544.6 -2.0 -0.37 956.7 950.1 6.6 0.69
5 1977 2007 -30 469.0 465.9 3.1 0.66 986.1 986.2 -0.1 -0.01
6 1965 1979 -14 438.8 442.9 -4.1 -0.93 989.1 973.1 16.0 1.64
7 1965 2005 -40 438.8 435.5 3.3 0.75 989.1 1001.6 -12.5 -1.26
8 1971 1987 -16 411.9 406.7 5.2 1.26 981.2 973.9 7.3 0.74
9 1960 1972 -12 396.3 392.7 3.6 0.91 994.6 990.8 3.8 0.38

Note: D-year is the year in Year 1 minus that of Year 2; D-a.pptn is the precipitation in Year 1 minus that of Year 2; D-a.ET is the ET in Year 1 minus that of
Year 2; and a is the amplitude (%).

TABLE 4: Changes to runoff and sediment load within the nine pairs of years with SPEC.

Character Number 1 2 3 4 5 6 7 8 9
Pairs of years with Year 1 1968 1975 1978 1970 1977 1965 1965 1971 1960
SPEC Year 2 2003 1990 2011 1978 2007 1979 2005 1987 1972
Year 1 2658 2610 1700 2415 1760 1412 1412 1300 1086
Runoff (M) Year 2 2120 2011 1296 1700 797 1190 1019 932 847
Difference 538 599 404 715 963 222 393 368 239
a (%) 20.24 22.95 3117 42.06 54.72 18.66 27.83 28.31 22.01
Year 1 328 256 257 419 428 56 56 159 149
Sediment load (M) Year 2 209 215 27.8 252 68.9 162 83 922 42
Difference 119 41 224.2 167 359.1 -106 -27 67 107
a (%) 36.28 16.02 806.47 66.27 83.9 ~65.43 -48.21 4214 71.81
_ Year 1 14 19 204 207 333 49.9 49.9 194 188
Sediment Year 2 99 133 2 204 86 222 82 147 100
concentration
(kg m73) Difference 42 -14 182 3 247 -172.1 -32.1 47 88
a (%) 29.79 -11.76 827.27 1.47 74.17 -7752 -64.33 2423 46.81

Note: a is amplitude (%).

the built-up area was converted from arable land. The actual
areal change of wetland and water bodies (Figure5) was
less than 2.3 thousand ha during the study period. The area
classified as barren land changed by less than 0.25 thousand
ha during the study period, apart from reaching a peak of up
to 7.8 thousand ha in 1996.

A matrix based on the LUC changes in the ZHS upstream
area was developed to show the change between different
types of land use categories in 1980 and 2005 (Table 5). We
found that 18.18 thousand ha, 1.35 thousand ha, 0.03 thousand
ha, and 0.03 thousand ha of forest changed into grassland,
arable land, built-up land, and water bodies, respectively,
and 32.99 thousand ha of grassland and 11.16 thousand ha
of arable land changed into forest. During the same period,
6.50 thousand ha, 0.70 thousand ha, and 0.08 thousand ha
of grassland changed into arable land, built-up land and
wetland, and water bodies, respectively.

Spatial configuration of land covers also influences con-
nectivity between sediment source and sink, as sediment

transport capacity is different for different land cover types
[10, 11, 13]. Most of the spatial pattern of land use experienced
little changes during the whole study period, apart from LSI of
both arable land and barren land, and PARA of wetland and
water body increased (Supplementary Material 2). A high LSI
and PARA indicate a more fragmented land use pattern with
more small isolated patches of different land use. Therefore,
although the net amount of change between the major land
use systems (i.e., forest, grassland, and arable land) was
relatively small, the spatial distribution and fragmentation of
the LUC systems changed significantly.

NDVI is a sensitive indicator of green plant material
and an index of the vegetation cover of a region [54],
which directly affects the water yield and sediment load.
Considering availability of data on NDVI, we analyzed NDVI
data in 1982 and 2005 for pair 5. The mean annual NDVI
for 1982 and 2005 were 0.398 and 0.431, respectively. The
NDVI decreased in 27.56% and increased in 72.44% of the
area. The vegetation cover increased mainly in the upper and
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the middle reaches of the Jing River (Figure 6), which may
be the main reason for the runoft reduction in the Jing River
Basin [55].

3.8. Soil and Water Conservation Engineering. In addition
to land use and NDVI changes, engineering is also likely

to have influenced the runoff, sediment load, and sediment
concentration of the Jing River. Based on the Soil and
Water Conservation Data Compilation of the Yellow River
Basin (Table 6), there are 94 reservoirs in the upstream
area of ZHS, with 36, 20, and 38 reservoirs in Ningxia,
Gansu, and Shaanxi, respectively. The total area controlled by
reservoirs is 8870.4 km?. The amount of siltation measured
was 572.4 Mm?, 20.4 Mm®, and 171 Mm” in the reservoirs, the
key projects for gully control, and check dam, respectively.
Using the dry bulk density of sediment of 1.35tm™ [56],
an estimated 823.3Mt of sediment, or 20.58 Mt per year
when considering the 40-year period between the start of the
implementation and 1999, silted up this region and therefore
did not enter the Jing River. This is a much lower value than
the mean of 214.8 Mt per year that is transported from the
Jing River Basin as sediment load (Table 2). The total amount
of siltation (823.3 Mt), or the annual average (20.58 Mt/yr),
may explain the decreased trend of sediment load in Figure 2.
In addition, areas covered by planted forest and grassland
were quite large by 1999, with 362.45, 89.64, 82.78, and 285.23
thousand ha of arbor, shrub, economic trees, and grass,
respectively (Soil and Water Conservation Data Compilation
of the Yellow River Basin). The soil and water control
functions of these areas are therefore closely related to
the vegetation coverage, and the soil erosion of land with
coverage of more than 70% would be well controlled [57].

3.9. Causes for Decreased Runoff and Sediment Load. The
variability of runoff and sediment in the Jing River Basin
has been shown above. A relatively small decrease in rainfall
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TaBLE 5: LUC change matrix of the ZHS upstream area from 1980 to 2005 (in 1000 ha).
2005 (j
‘ () 1980
car Loc 1 (forest) 2 (grassland) 3 (arableland) 4 (built-up land) 5 (wetland .and 6 (barren land) Total
water bodies)
1 (forest) 338.80 18.18 1.35 0.03 0.03 — 358.38
2 (grassland) 32.99 1989.81 6.50 0.70 0.08 — 2030.08
13 (ég;‘ble 116 27.49 1843.06 9.06 0.10 0.28 1891.14
an
1980 (i) 4 (buil
(built-up - 0.08 0.03 23.26 _ — 23.36
land)
5 (wetland
and water — 0.13 0.43 0.05 17.81 — 18.41
bodies)
6 (barren
— — 0.18 — — 0.05
Jand) 0.23
2005 Total 382.95 2035.69 1851.54 33.09 18.01 0.33 4321.60

Note: V; ; is the value at the cross of row i in 1980 and column j in 2005. The symbols i and j denote the following: 1 = forest; 2 = grassland; 3 = arable land; 4 =
built-up land; 5 = wetland and water bodies; 6 = barren land. Vj ; represents the area within a category with no'change if i = j. The area of category i in 1980
changed into category jin 2005ifi # j; for example, there were approximately 18.9 thousand ha and 18.5 thousand ha arable land in 1980 and 2005, respectively,
and approximately 18.4 thousand ha of land was always arable land without any change (V; ;). Howe ver, tlicre were approximately 0.1, 0.27, 0.09 thousand ha
of arable land in 1980 converted into forest, grassland, and built-up land (V3 ;, V3 5, and V3 4), respectively, and approximately 0.013, 0.065, 0.00025, 0.004, and
0.002 ha of forest, grassland, built-up land, wetland and water bodies, and barren land changed into drable land (V] 3, V5 3, V4 3, Vs 3, and V 3), respectively.
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FIGURE 6: NDVT change in 1982 and 2005 of the area upstream of ZHS.

and sediment concentration, and a relatively small increase
in ET,, causes a significant decrease in the runoff and
sediment load. Data on land use change indicates that the
main changes that have occurred in the watershed consist of
anincrease in forested area and a decrease in arable land, both
of which would influence runoft and erosion. Furthermore,
the increase of vegetation cover will also have an effect on
runoff and erosion. Finally, as shown in Section 3.8, soil and
water conservation engineering measures also trapped large

amounts of sediment much of which would have otherwise
reached the outlet of the Jing River Basin.

4. Discussions

In this paper, we selected discrete time periods based on the
similar weather conditions to analyze the effect of human
activities on runoff and erosion. In this way, we ensured a
relative uniformity for precipitation, which generates runoft
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TABLE 6: Engineering measures of area upstream of ZHS before 1999 (in ha).
Type Character Unit Ningxia Gansu Shaanxi Amount
Number Set 36 20 38 94
Control area km’ 1354.9 3969.5 3546.0 8870.4
Reservoir Capacity Mm’ 933 566.3 365.8 1025.4
3
Siltation Mm 39.1 316.2 217.1 572.4
Mt 52.8 426.9 293.1 772.7
Number Set 21 69 5 95
. Control area km? 376.1 362.7 574 796.2
Key projects for gully s
control Capacity Mm 575 49.7 3.8 111.0
3
Siltation Mm 0 18.6 1.8 20.4
Mt 0 251 2.4 275
Number Set 1291 143 72 1506
Check dam . Mm’ 0.4 7.7 9.0 171
Siltation
Mt 0.5 10.4 12.2 231
Total amount of siltation Mm® 39.5 3425 2279 609.9
Mt 53.3 462.4 307.7 823.3

and erosion, but also improved the objectivity and accuracy
of the data analysis and therefore the results. Compared with
the traditional Hydrologic Method, our method does not
use distinct transition points for hydrological series to divide
the study period, which avoids divergence resulting from the
different dividing of “unaffected” hydrological series pcriod
[23,24]. Under SPEC, the change of runoft and sediment load
at the watershed hydrological control station car be treated
as human impact directly, and it can b¢ used o explain the
results from traditional statistics analysis, and avoiding the
influence of the calibration of key parameters in a distributed
hydrological model [25-28]. In addition, the results from our
method (SPEC method) can be compared to and verify the
results from a distributed hydrological model, and they can
improve our understandiiig of the anthropogenic influence
on runoff and erosion

The result of annual runoff in Jing River had significant
decline trends during the study period consistent with former
studies [23, 55, 58, 59]. Another reason for this is the
regulating of 94 reservoirs [23, 59]. In addition, the “rainwater
collection project” implemented in the Wei River Basin has
also contributed to runoft reduction since 1996; two million
small cisterns were built to collect storm water to provide
drinking water and irrigation; nearly 6 x 10° m® of precipita-
tion water has been collected each year, including the rainfall
of precipitation events that did not produce runoft [60]. The
sediment concentration had a relatively small decrease during
the study period. The reason for this may be explained by
the basin landscape pattern change [61]. Although the net
amount of change between the major land use systems was
relatively small, the spatial distribution and fragmentation
of the LUC systems changed significantly. These results were
comparable with former studies [8, 9] which also may explain
why the runoff and sediment decrease. These findings have
important consequences for integrated basin management.

Iherc are two alternatives for the analysis of the influence
of human activities using the similar weather condition
analysis method. The first is considering the effect of human
activities effect on runoff and erosion as a whole, and not
distinguishing between different human activities. If more
data is available, the effect of the different types of activity,
such as irrigation, industrial water consumption could be
distinguished in the runoff and sediment load. The second
option is to consider the same human activities occurring
in the paired years as a net change instead of a new effect
on runoft and erosion, which makes it easier to describe the
influence of human activities between the paired years.

On the Loess Plateau, the main surface runoff and erosion
are generated by rainstorms characterized by high intensity
and short duration. When the scale of the data and time
was the same, the similar weather condition analysis method
could also be applied to daily analysis. Furthermore, the selec-
tion of thresholds was flexible. The smaller the threshold and
the fewer paired years, the better the accuracy of the results.
Finally, if more hydrological data, such as soil water storage
and underground runoft, are available, the accuracy of the
results from this similar weather condition analysis method
will improve. Because of the complexity of geological pro-
cesses, there are obvious disadvantages, such as lack of mech-
anism in this method when describing changes to geography.
If more methods, such as model simulation, were combined
with the similar weather condition analysis, this would help
clarify the variability in the characteristics and influencing
factors of the hydrologic and sedimentary elements.

5. Conclusions

The river runoff and sediment load have decreased substan-
tially over the past 55 years. There are a significant decline
in the precipitation and a small, statistically not significant,
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increase in potential evapotranspiration. There is a significant
(P < 0.001) synchronized variation between annual runoff
and annual sediment load.

Nine pairs of years were selected ranging from the 1960s
to the 2000s using SPEC method. All paired years showed
the runoft reduced and sediment load reduced in seven of
the nine pairs. These results were consistent with the trend
detected by regression analysis. This means that the reduction
in the sediment load of the Jing River Basin caused by human
activities occurs in most of the time period studied. The
extent of the decrease in runoff and sediment load caused
by human activities was related to the compared time period.
That is, the variability of runoff and sediment load caused by
human activities is different in different pair year.

The human impacts relating to LUC change and soil and
water measures in the basin were important. Not only was
there a change of sloping cropland into nonfood crop vege-
tation or cultivable terraces, but 823.3 Mt of silt was collected
in reservoirs and behind check dams during 1960-1999. Land
use change analysis indicates that overall changes in the
surface area of the major land use systems were relatively
small. However, the spatial distribution and fragmentation of
the various land use classes changed significantly during the
past decades.
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