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Abstract

Since the 1950s, numerous soil and water conservation measures have been im-
plemented to control severe soil erosion in the Liuhe River Basin (LRB), China.
While these measures have protected the upstream soil and water ecological en-
vironment, they have led to a sharp reduction in the downstream flow and the
deterioration of the river ecological environment. Therefore, it is important to
evaluate the impact of soil and water conservation measures on hydrological pro-
cesses to assess long-term runoff changes. Using the Soil and Water Assessment
Tool (SWAT) models and sensitivity analyses based on the Budyko hypothesis,
this study quantitatively evaluated the effects of climate change, direct water
withdrawal, and soil and water conservation measures on runoff in the LRB
during different periods, including different responses to runoff discharge, hy-
drological regime, and flood processes. The runoff series were divided into a
baseline period (1956-1969) and two altered periods, i.e., period 1 (1970-1999)
and period 2 (2000-2020). Human activities were the main cause of the decrease
in runoff during the altered periods, contributing 86.03% (-29.61 mm), while
the contribution of climate change was only 13.70% (-4.70 mm). The impact of
climate change manifests as a decrease in flood volume caused by a reduction
in precipitation during the flood season. Analysis of two flood cases indicated
a 66.00%-84.00% reduction in basin runoff capacity due to soil and water con-
servation measures in the upstream area. Soil and water conservation measures
reduced the peak flow and total flood volume in the upstream runoff area by
77.98% and 55.16%, respectively, even with nearly double the precipitation. The
runoff coefficient in the reservoir area without soil and water conservation mea-
sures was 4.0 times that in the conservation area. These results contribute to
the re-evaluation of soil and water conservation hydrological effects and provide
important guidance for water resource planning and water conservation policy
formulation in the LRB.
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Abstract: Since the 1950s, numerous soil and water conservation measures
have been implemented to control severe soil erosion in the Liuhe River Basin
(LRB), China. While these measures have protected the upstream soil and water
ecological environment, they have led to a sharp reduction in downstream flow
and deterioration of the river ecological environment. Therefore, it is important
to evaluate the impact of soil and water conservation measures on hydrolog-
ical processes to assess long-term runoff changes. Using the Soil and Water
Assessment Tool (SWAT) models and sensitivity analyses based on the Budyko
hypothesis, this study quantitatively evaluated the effects of climate change,
direct water withdrawal, and soil and water conservation measures on runoff
in the LRB during different periods, including different responses to runoff dis-
charge, hydrological regime, and flood processes. The runoff series were divided
into a baseline period (1956-1969) and two altered periods: period 1 (1970-
1999) and period 2 (2000-2020). Human activities were the main cause of the
decrease in runoff during the altered periods, contributing 86.03% (-29.61 mm),
while the contribution of climate change was only 13.70% (-4.70 mm). The
impact of climate change manifested as a decrease in flood volume caused by a
reduction in precipitation during the flood season. Analysis of two flood cases
indicated a 66.00%-84.00% reduction in basin runoff capacity due to soil and
water conservation measures in the upstream area. Soil and water conserva-
tion measures reduced the peak flow and total flood volume in the upstream
runoff area by 77.98% and 55.16%, respectively, even with nearly double the
precipitation. The runoff coefficient in the reservoir area without soil and water
conservation measures was 4.0 times that in the conservation area. These re-
sults contribute to the re-evaluation of soil and water conservation hydrological
effects and provide important guidance for water resource planning and water
conservation policy formulation in the LRB.
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Introduction

Climate change and human activity are the main driving forces behind the
hydrological cycle and spatiotemporal changes in water resource distribution,
and it is crucial to quantitatively separate their impacts on regional water re-
source security [?, ?, 7, ?]. Climate change, characterized by global warming,
is considered one of the main driving factors behind the decrease in global wa-
ter resource availability and spatial distribution changes. In addition, intense
human activities such as water engineering, urbanization processes, and agri-
cultural activities directly or indirectly alter the path, flux, and distribution
of water resources [?, 7, ?]. Quantitative assessment of the impacts of climate
change and human activities on runoff is an important foundation for watershed
governance, regional water resource assessment, and water security [?].

There are currently various methods to separate the impacts of climate change
and human activities on runoff. These methods can be categorized as experimen-
tal methods, hydrological models, conceptual methods, and analytical methods
[?]. Experimental methods include time trend and paired catchment obser-
vations; hydrological models are used to simulate runoff under natural and dis-
turbed conditions; conceptual approaches include decomposition methods based
on the Budyko hypothesis and Tomer-Schilling frameworks; analytical methods
include climate elasticity and hydrological sensitivity methods. Each method
has its advantages, limitations, and scope of application. Wang (2014) and Dey
and Mishra (2017) have made a comprehensive assessment of these methods.

Climate change directly affects the water supply sources of runoff; however, the
impacts vary significantly across different areas [?, ?]. From a climatic zon-
ing perspective, warming temperatures significantly impact runoff in cold areas,
causing earlier peak snowmelt runoff and increased flow in winter and spring
[?, 7). In arid to semi-arid areas, runoff exhibits high sensitivity to climate
change; increased temperature enhances evaporation, further exacerbating re-
gional water scarcity [?, ?]. In humid areas, frequent extreme precipitation
events in the context of global warming will further increase the risk of flood-
ing, particularly urban flooding [?, ?]. From a geographical perspective, climate
change has mainly led to a decrease in runoff in northern Asia, southern Europe,
the Mediterranean, and southern South America. In contrast, surface runoff has
shown an increasing trend in northern Australia, central and southern North
America, and southern Asia [?, ?, 7].
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The continuous expansion and increasing intensity of human activities have
become an important factor influencing changes in the watershed water cycle,
surpassing climate forcing in certain areas [?]. The degree of impact on the wa-
ter cycle can be divided into two main categories: direct and indirect. With the
development of flow measurement technology and the establishment of monitor-
ing networks, the direct water extraction process can be quantified. However,
the indirect impacts of human activities, such as changes in vegetation cover
or land-use changes related to soil conservation measures, make it difficult to
directly quantify their effects on runoff. This has been an important and chal-
lenging issue in international hydrological research [?, 7, ?]. Soil conservation
is one of the most common land-use changes and has historically been a key
measure in agricultural production and the fight against water-related disasters
7).

The hydrological effects of soil and water conservation measures are believed to
reduce peak flow and total flood volume and increase infiltration and dry sea-
son runoff by altering the coverage of underlying surface through afforestation,
grass planting, terracing, and check dams [?, ?, ?]. Soil and water conservation
measures characterized by forest lands, grasslands, and terraces have significant
interception and storage capacities for surface runoff. A few experimental results
have shown that, under moderate rainfall conditions, compared with bare lands,
forest lands can reduce surface runoff by 60.00% to 80.00%, whereas grasslands
can reduce it by 35.00% to 40.00% [?, ?]. However, due to geographical loca-
tion and meteorological conditions, the hydrological response to soil and water
conservation measures varies in different areas, with higher hydrological sensi-
tivity in arid areas than in humid areas [?]. However, the increase in vegetation
cover in arid areas enhances soil moisture absorption and increases watershed
evapotranspiration, thereby reducing watershed yield [?].

The benefits of soil and water conservation measures have traditionally focused
on protecting land resources. In contrast, the impacts of these measures on
downstream runoff have received far less attention. In recent years, due to the
sharp decrease in river runoff and the deterioration of river ecological environ-
ments, the impact of soil and water conservation on water resources has received
increasing attention. Therefore, it is necessary to evaluate the impact of soil
and water conservation measures on the runoff process from the perspective of
long-term runoff variations [?, ?]. The complexity and systematic nature of
the hydrological cycle make it challenging to quantify the independent effects
of each soil and water conservation measure. Under the backdrop of climate
change, what might trigger water environmental issues under large-scale soil
and water conservation measures? How might the patterns of runoff be altered?
What is the intensity and direction of such alterations? Due to the asynchrony
of soil conservation measures and runoff data, as well as insufficient statistics on
human direct water extraction, it is difficult to quantitatively separate the hy-
drological impact of soil and water conservation from climate change and other
human activities [?, ?].
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The Liuhe River Basin (LRB) is a typical semi-arid and highly sediment-laden
area in northern China. Intensive agricultural development, concentrated heavy
rainfall, and the destruction of original vegetation have exacerbated water and
soil erosion in the LRB. To mitigate the ecological and environmental problems
caused by erosion, the Chinese government implemented large-scale soil and wa-
ter conservation measures, including grass planting, afforestation, terraced field
construction, and pasture improvement in the LRB since 1983. These measures
have significantly improved the water and soil environment in the upper reaches,
protected cultivated land resources, and reduced the sediment load in the lower
reaches. However, the potential impact of soil and water conservation measures
on river flow has received little attention. The average annual value with no
flow in the lower reaches of the LRB was 200 d/a between 1988 and 2020, and
the ecological environment of the downstream river channel was severely dam-
aged. In light of recent ecological flow assessment conducted by the Chinese
government, it is necessary to understand the impact of extensive soil and wa-
ter conservation measures on runoff in the LRB. The extensive soil conservation
measures, long series of runoff data, and a complete set of water usage statistical
data in the LRB provide the opportunity to answer these questions.

In this study, we assessed the specific impacts of climate change, direct water
abstraction, and water conservation measures on hydrological processes from the
perspective of long-term runoff variation. The objectives of this paper are: (1)
to evaluate the historical changes in hydrological and meteorological elements
in the LRB; (2) to quantitatively assess the impacts of climate change, direct
water extraction, and soil and water conservation measures on runoff; and (3)
to explore the effects of soil and water conservation on runoff discharge and
its composition. These findings have important implications for water resource
planning and the formulation of soil and water conservation policies in the LRB.

2.1 Study Area

The Liuhe River, located in northern China, is the primary tributary of the
Liaohe River, with a total area of 5587.57 km? and an average annual runoff
of 2.70$x107{8}$ m?. The basin slopes from northwest to southeast, with the
western part of the Naodehai Reservoir area being mostly low hills and the
southern part being a long belt-shaped alluvial plain (41°50 -42°47 N, 121°03 -
122°50 E; Fig. 1 [Figure 1: see original paper]). The LRB has a typical semi-arid
continental climate with an annual precipitation of 478.00 mm, mainly occur-
ring in July and August (approximately 50.00% of the annual precipitation),
with heavy rainstorms being the main component. The annual average evap-
oration and potential evapotranspiration (PET) are 1800.00 and 939.00 mm,
respectively, making it one of the areas with the highest evaporation rates in
northern China. Runoff in the LRB is unevenly distributed throughout the year,
with the maximum runoff occurring in July and snowmelt contributing to runoff
in March and April, often causing spring floods. The Naodehai Reservoir is the
only major control reservoir in the basin and was completed in 1942 with a
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total storage capacity of 26x107{8}$ m3. The Liuhe River has an average sedi-
ment transport of approximately 20$x107{6}$ t/a before 1980, approximately
50.00% of which was deposited in the river channel, resulting in an aboveground
river downstream.

Fig. 1 Hydrological and meteorological stations, rainfall gauges, and reservoirs
of the Liuhe River Basin (LRB)

2.2 Data Description

Monthly runoff data from 1956 to 2020 at Xinmin Station and flood data from
1963 to 1994 in the LRB were provided by the Nanjing Hydraulic Research Insti-
tute (NHRI). Daily precipitation, minimum and maximum temperatures, wind
speed, radiation, and relative humidity data from three national meteorological
stations from 1956 to 2020 were obtained from the China Meteorological Data
Network (http://data.cma.cn/data). The NHRI provided daily precipitation
data from 24 rainfall gauges. All hydrometeorological data underwent rigorous
quality checks, and no data were missing. The data of soil and water conser-
vation measures in the LRB come from the Liaoning Provincial Department of
Water Resources.

The soil data required for the Soil and Water Assessment Tool (SWAT) model
were obtained from the World Soil Database (http://www.fao.org). Land use
data in 1980 were sourced from the Resource and Environment Science and
Data Centre (http://www.resdc.cn/). PET was calculated using the Penman-
Monteith method, modified by the Food and Agriculture Organization (FAO),
on a daily scale [?].

2.3.1 Mann-Kendall Test

The Mann-Kendall test [?, ?] is widely used to test trends in hydrometeorologi-
cal time series data. For sequence x (21,2, ..., Z,,) to be detected with a length
of n, the statistic S is defined as follows:

n—1 n
S = Z Z sgn(z; — ;)
i=1 j=itl

where S is the statistic of the Mann-Kendall test; ¢ and j are both the index
variables; n is the length of the sequence; and z; and x; are the jth and ith
sequence values, respectively.

When n > 10, the statistic S follows an approximate normal distribution with
a mean of 0, and the variance var(S) is calculated as follows:

nn—1)2n+5) =% t (t,—1)(2t, +5
var(S) = ( A ) 12:1 p(ty = 1)(2t, +5)
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The Mann-Kendall Z value is given by the following equation:

S—1 :
N ifS>0
Z=<0 ifS=0
S+1
D) ifS<0

A negative value of Z indicates a decreasing trend, and vice versa. When Z was
greater than 1.64, 1.96, and 2.58, it passed the significance test with confidence
levels of 90%, 95%, and 99%, respectively.

2.3.2 Breakpoint Analysis

Considering the stochastic nature of breakpoint analysis, we employed a combi-
nation of the sequential clustering method and the Pettitt test (PT; [?]). The
essence of the sequential clustering method (SCM) is to determine the optimal
segmentation point 7 (that can be one or multiple) for time series and divide
the sequences into different segments using 7 [?].

We determined the segmentation point 7 (1 < 7 < n—1) based on the principle
of minimizing the sum of squared deviations of the segmented sequences (.5,,(7))
[?]. The statistical value S, (7) corresponding to the 7 is defined as follows:

Sn(T) = Z(xz - ‘%T)2 + Z (xz - ‘,Enfr)Q
=1 i=7+1

where S,,(7) is the sum of squared deviations; 7 is the optimal segmentation
point; and z. and z,_, are the averages of the sequences before and after T,
respectively.

T

PT determines the breakpoint by testing the change in the mean value of time
series. In addition to identifying the breakpoint position, PT can provide sig-
nificant results. The PT is based on the Mann-Whitney statistic U, ,, to test
two samples of sequence = (x,2,,...,2,), i.e, z1,...,2, and x;,q,...,x,. The
formula for the statistic U, ,, is as follows:

n*

n
Upp=U1,+ > sen(z, —x;), t=23,..n

=1

where U, ,, is the Mann-Whitney’ s statistic; ¢ is the assumed breakpoint; U, ,,
is the intermediate variable; and z, is the tth sequence value.

The null hypothesis of PT is that the original sequence has no breakpoint. If
the test statistic at time ¢, K(t) = max;,, |U;,|, and the corresponding
significance level « satisfy the following conditions:
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P =2exp <_6K(t>2> <a

n3 4 n2

where K (t) is the Pettitt’ s statistic; and « is the significance level. A significant
breakpoint occurs at time ¢ under the significance level a.

2.4.1 Semi-Distributed Hydrological Model

SWAT is a semi-distributed hydrological model developed by the United States
Department of Agriculture, and it is widely used in hydrological simulations, soil
erosion, and pollutant transport [?, ?]. SWAT utilizes digital elevation models to
extract watershed characteristics and divides watersheds into sub-basins based
on artificial thresholds. We further divided each sub-basin into hydrological
response unit (HRU) based on different combinations of land use, soil, and slope.
Precipitation and outlet flow were calculated separately for each HRU and then
aggregated at the watershed outlet. The 90 m$x$90 m resolution SRTM3 DEM
(Shuttle Radar Topography Mission Digital Elevation Model) data released by
the United States Geological Survey were used to extract the river network,
sub-basin, and slope grading; the obtained 90 m resolution slope data were
superimposed with 1 km resolution land use raster data and 90 m resolution
soil type data, and finally, the result of the HRU division was obtained.

We set the SWAT outlet at Xinmin Station (Fig. 1) to simulate natural runoff
from 1956 to 2020 on a monthly timescale. SWAT-CUP2019 calibrated the
model parameters with a two-year model warm-up period from 1956 to 1957,
a calibration period from 1958 to 1963, and a validation period from 1964 to
1969. Sequential Uncertainty Fitting v. 2.0 (SUFI-2.0) was used for parameter
calibration, with the Nash-Sutcliffe efficiency (NSE) as the objective function.

Following the evaluation system proposed by Moriasi et al. (2007), the NSE,
ratio of the root mean square error to the standard deviation of the measured
data (RSR), and percent bias (PBIAS) were used to evaluate the simulated
runoff:

Ezlzl(Qo,i - 62_5,2’)2
Z?zl(Qo,i - Qo)2

Zzlzl(Qs,i - Qo,i)
E::l Qo,i

where @, ; is the ith observed runoff depth (mm); @Q;; is the ith simulated
runoff depth (mm); and Q, is the average of observed runoff depth (mm).

NSE=1-—

PBIAS = x 100%
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2.4.2 Hydrological Sensitivity Based on the Budyko Hy-
pothesis

The water balance equation over a catchment scale can be written as follows:

P=Q+ET, +AS

where P, Q, ET,, and AS are the precipitation (mm), runoff (mm), actual evap-
otranspiration (mm), and changes in groundwater storage (mm), respectively.
For a long period of time, AS can be ignored. Budyko (1974) assumed that on
larger timescales, actual evapotranspiration is a function of precipitation and
PET (mm). Fu (1981) expressed the Budyko hypothesis by considering the
catchment properties as follows:

1/w

ET, _, PET [ (PET)“’
P P

where w is the watershed characteristics. A high w value indicates that the
watershed is favorable for evapotranspiration and vice versa. Parameter w can
be obtained by fitting the baseline period hydroclimatic data with the statistical
software Origin using a nonlinear fitting method.

Changes in runoff due to climate variability AQ,. can be expressed as follows

[7]:

_9Q 9Q
AQ. = 55 X AP+ oo

x APET = x AP+~ x APET

where AQ, is the changes in runoff (mm); O is the sign of partial derivative;
AP and APET are the precipitation and PET changes in altered period rel-
ative to baseline period (mm), respectively; and S and v are the sensitivity
of runoff to precipitation and PET, respectively. Combining Equations 10-12,
using precipitation and PET data in baseline period, we expressed § and -~y as
follows:

500 _@| !
oP P (1+(P71€T)w)(w 0)/w
0Q  Q (PEL)"

VT 9PET T T PET (1 N (M)w)(wfl)/w
P
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2.4.3 Item-by-Item Investigation Method

The first, second, and third China Water Resources Survey and Evaluation
Projects conducted itemized investigations and restored the direct water intake
in the LRB, including agricultural irrigation, industrial water use, domestic wa-
ter use, reservoir storage capacity, and inter-basin water transfer. The restora-
tion outcomes passed the comprehensive water balance evaluation within the
watershed scope. The itemized investigation and restoration method can esti-
mate the human direct water intake quantity (Q;,) during different periods.

2.4.4 Flow Duration Curve (FDC)
The FDC illustrates the percentage of time (P,) in a given runoff (Q,) was

a
equaled or exceeded during a specified period of time [?]. When @, is arranged

in descending order, P, can be expressed as follows:

a

P, = x 100%
m+1

where a is the rank of @),; and m is the sample size of @Q),.

2.5 Determining Runoff Response to Changes in Climate
and Land Use/Cover

The basic framework of this study is illustrated in Figure 2 [Figure 2: see original
paper]. First, the hydrometeorological series of the watershed were divided into
two sub-series through statistical methods and the actual conditions of water-
shed, such as dam construction and soil and water conservation measures. The
first period is called the baseline period (BP), during which runoff is considered
almost unaffected by human activities. The second period is called the altered
period (AP), which is influenced by climate variability and human activities and
can be further divided into several sub-series.

Therefore, assuming that climate variability and human activities are indepen-
dent of each other, the change in annual average flow during AP (Q 4p; mm)
relative to BP (Qpp; mm), denoted as AQ (mm), can be considered as the lin-
ear superposition of climate variability (AQ,; mm) and human activities (AQ},;
mm):

AQ =Qup—Qpp=A0Q,+AQ,

Using a hydrological model, the natural runoff (Q,;,,; mm) on AP can be ob-

tained. Therefore, AQ, (mm) or AQ;,, (mm) can be expressed as:

AQC = Qsim - QBP
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AQh = QAP - Qsim

We divided AQ, (mm) into contributions from precipitation and PET based
on climate sensitivity method. According to the investigation and restoration
method, we obtained the direct exploitation index (Q,; mm). As a typical
agricultural basin, the impact of urbanization can be ignored in the LRB, and
soil and water conservation measures are the most significant factors of land
use change. Therefore, under the assumption of ignoring insignificant human
activities, it can be considered that the impact of human activities only includes
®pq and soil and water conservation measures. The impact of soil and water
conservation measures on runoff (Q,.; mm) can be expressed as follows:

th = AQh - th

The relative contribution rates of climate change (7,.), direct exploitation (7;,,,),
and soil and water conservation measures (7;,.) to runoff variations can be ex-
pressed as follows:

1AQ, |

= e % 100%

Te = AQ +1AQ,] ’
1Qndl

= '®hdl __  100%

ha ZIAQ. + [AQ,] ’

The ZTAQ I+ |1AQy]

where |-| are the absolute values of the linear superposition of climate variability
(mm) and human activities (mm), respectively.

Fig. 2 Basic framework of runoff change attribution analysis. P, precipitation;
PET, potential evaporation; @, runoff; SW AT, Soil and Water Assessment
Tool. The abbreviations are the same in the following figures and tables.

3.1 Trends and Breakpoints of Hydrometeorological Vari-
ables

The precipitation and PET in the LRB showed no significant decreasing trend
from 1956 to 2020. At the same time, the runoff exhibited a significant decreas-
ing trend of -0.86 mm/a (Fig. 3 [Figure 3: see original paper|). The decrease
in runoff corresponded to 2.55% of the annual average runoff (33.73 mm). In
contrast, precipitation and PET decreased by 0.01% and 0.07%, respectively.
The change-point analysis showed no significant change for precipitation, and
the sequential clustering analysis suggested a change point in PET in 2004.
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However, it did not pass the significance test at « = 0.10. The sequential
clustering analysis identified the best and second-best breakpoints in 2000 and
1970, respectively, and PT showed that both points passed the significance test
at a = 0.05. Therefore, we identified two breakpoints in the annual runoff series.

The double mass curve of annual precipitation and runoff (Fig. 4a [Figure 4:
see original paper]) showed clear turning points around 1970 and 2000 with a
downward deviation. The runoff coefficient « showed a significant decreasing
trend on an annual basis and exhibited significant segmentation (Fig. 4b). The
average values of « in the three periods were 0.13, 0.03, and 0.03, respectively,
with a decrease of 14.95% and 80.14% in the two AP, indicating a significant
alteration in the runoff generation. Therefore, using 1970 and 2000 as the divid-
ing points between BP and AP conformed to statistical laws and corresponded
to the actual runoff changes in the LRB.

Fig. 3 Time series (al-a3), sequential cluster (b1-b3), and Pettitt test (PT)
(c1-c3) of annual P, Q, and PET. S, (7) is the sum of squared deviations; U, ,
is the Mann-Whitney statistic; and « is the significance level.

Fig. 4 Verification of the break point’ s election using (a) double mass curve
and (b) runoff coefficient

3.2 Changes in Hydrometeorological Variables in Different
Periods

The study was divided into three periods: BP (1956-1970), AP1 (1971-1999),
and AP2 (2000-2020). The variations in precipitation, PET, and runoff in dif-
ferent periods are listed in Table 1 . Compared with that in BP, precipitation
and PET in the entire AP decreased by 2.25% and 2.16%, respectively. Com-
pared with that in BP, precipitation increased by 1.30% in AP1 and decreased
by 5.37% in AP2. PET decreased by 2.29% and 1.94% in the two periods,
respectively.

The observed runoff decreased by 40.72% and 81.45% in the two periods, re-
spectively, with a total decrease of 56.32% over the entire AP. The changes in
runoff were significantly greater than those in precipitation and PET.

To further understand the seasonal variations in the hydrometeorological vari-
ables, we compared the changes in the monthly average precipitation, runoff,
and PET in different periods (Fig. 5 [Figure 5: see original paper]). Compared
with that in BP, precipitation showed significant variations at the monthly scale,
with a significant decrease in July and August and decreases of 36.49% and
18.27% in AP1 and AP2, respectively. In AP, runoff increased by 275.21%
and 50.88% in May, whereas it decreased to varying degrees in the remaining
months. The most significant decrease occurred during the flood season in July
and August, with decreases of 37.20% and 83.87% in July for AP1 and AP2,
respectively. PET showed a decreasing trend in all months, with the most
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prominent decreases in May and June, with reductions of 31.07% and 26.27%,
respectively.

Table 1 Changes of hydrometeorological variables in different periods

BP (1956-1970; AP1 (1971- AP2 (2000~ AP (1971-
Variable n=15) 1999; n=29) 2020; n=21) 2020; n=50)
Mean (mm) Percentage (%) Mean (mm) Percentage
(%)
Precipitation.92 - 476.03 +1.30
PET 939.00 - 917.50 -2.29
Runoff 33.73 - 20.00 -40.72

Note: BP, baseline period; AP, altered period.
Fig. 5 Monthly changes of P (a), @ (b), and PET (c) in different periods

3.3 SWAT Model Simulation Results and Sensitivity Anal-
ysis

Figure 6 [Figure 6: see original paper| shows a good fit between measured and
simulated runoff values at the Xinmin Station, which is the outlet of the LRB.
The calibration and validation periods achieved NSE values above 0.80, indicat-
ing satisfactory performance in simulating peak flow variations. According to
Moriasi’ s evaluation guidelines, the simulation performance in the LRB was
classified as “very good” . The simulation results indicated that the observed
runoff in AP was significantly lower than the simulated values (natural runoff),
especially in AP2, where the runoff reduction was particularly pronounced. At
the monthly scale, in AP1, the measured runoff was only higher than the simu-
lated values in May. In contrast, the runoff decreased by 27.00%-96.00% in the
remaining months. In AP2, except for May, when the runoff change was not
significant, the runoff decreased by 76.00%-99.00% in the other months.

Based on the monthly SWAT results, we obtained variations in the observed
and natural runoff at the annual scale, and calculated the cumulative impacts of
human activities and climate variability on runoff (Fig. 7 [Figure 7: see original
paper]). The simulated values for AP1 and AP2 were significantly higher than
the observed values, particularly for AP2, indicating the influence of human
activities. The cumulative impact of human activities during the entire altered
period was -1392.10 mm, exhibiting a phased change pattern. The cumulative
impact of climate variability was -220.90 mm, showing a fluctuating increasing
trend.

Fig. 6 Observed and simulated multi-year mean runoff and monthly runoff in
baseline period (a and b), altered period 1 (c and d), and altered period 2 (e
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and f). NSE, Nash-Sutcliffe efficiency; RSR, ratio of the root mean square error
to the standard deviation of the measured data; PBIAS, percent bias.

Fig. 7 Observed and simulated annual runoff and cumulative linear super-
position of climate variability (AQ.) and human activities (AQ;,) in different
periods. The abbreviations are the same in the following figure.

Based on the Budyko hypothesis, we conducted sensitivity analysis using Equa-
tion 11. The underlying surface parameter w was determined to be 2.56 using
BP data and fitted with Origin software. The elasticity coeflicients €p and
epgy, representing the runoff response to changes in precipitation and PET,
respectively, were calculated as 2.44 and -0.71, and it can be observed that
runoff in the LRB was more sensitive to changes in precipitation, with a 2.44%
increase or a -0.71% decrease for every 1% change in precipitation and PET.

3.4 Quantitative Attribution of Runoff Variation

Based on the SWAT model and the Budyko sensitivity analysis, we quantita-
tively calculated the impacts of climate change and human activities on runoff
variation using Equation 19 (Table 2 ). The results from both approaches con-
sistently indicated that human activities were the primary driving force behind
the flow decrease of the LRB, with contribution rates of 86.30% and 95.89%.
However, there were differences in the impacts during different stages. The
SWAT model suggested that climate change caused a decrease in runoff in AP1.
In contrast, the sensitivity analysis showed increased runoff caused by climate
change during the same period. In AP1, the calculated impacts of human ac-
tivities using these two methods were -21.46 and -28.42 mm, which equated to
-43.38 and -43.56 mm in AP2. Both methods provide consistent estimates of
runoff variation, demonstrating the reliability of quantitative evaluation results.

Table 2 Relative impact of climate change and human activities on runoff
based on the SWAT (Soil and Water Assessment Tool) model and the Budyko
sensitivity analysis

Period AQ (mm) SWAT model Budyko sensitivity analysis
AQ. (mm)  AQ), (mm)

AP1 -13.73 -1.89 -11.84
AP2 -27.47 -2.81 -24.66
AP -18.99 -2.60 -16.39

Note: AQ is the changes in annual average runoff during altered period (AP)
relative to baseline period (BP).
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3.5 Effects of Climate Variability and Human Activity on
Runoff

Compared with human activities, the impact of climate change was relatively
minor, with an annual effect ranging from 10.00 to -20.00 mm using Equation
16. Over the entire AP, climate change reduced runoff, with impact estimates
of -4.70 and -1.33 mm from two different methods, contributing 13.70% and
4.11%, respectively. During the entire AP, the sensitivity analysis (Eqs. 11-14)
further decomposed the impacts of climate change on precipitation and PET,
which were -1.78 and 0.45 mm/a, respectively. An insignificant increase in
precipitation led to a decrease in runoff. In contrast, a decrease in PET led to
an increase in runoff.

Figure 8a [Figure 8: see original paper| shows the relationship between the
impact of human activity on runoff and annual precipitation in different periods.
Regardless of the period, the abundance or scarcity of annual precipitation did
not significantly affect human activity. From a decadal perspective (Fig. 8b),
the impact of human activity showed an increasing trend. The multi-year mean
AQ,, in BP was around 0.00 mm; by the 20th century, it had changed to -
50.00 mm. In the LRB, the direct impact of human activities includes inter-
basin water transfer and direct water consumption. In contrast, indirect impact
refers to the influence of watershed soil and water conservation measures. Due
to various soil and water conservation measures, it is difficult to directly quantify
their impacts on runoff changes. This study inferred the impact of soil and water
conservation measures on runoff through direct water consumption in different
decades in the LRB (Fig. 8c). The decrease in runoff caused by soil and water
conservation measures showed an increasing trend on a decadal scale, accounting
for 66.00%-84.00% of the total impact (Fig. 8d).

Fig. 8 Impact of human activities on runoff under different annual precipitation
(a) and decades (b), quantification of interdecadal runoff change under human
activities or climate change (c), and quantification of annual runoff change under
human activities or climate change (d). IQR, interquartile range.

4.1 Comparison of Results from Different Methods

In arid and semi-arid areas, the nonlinear relationship between meteorological
factors and runoff is more pronounced than in humid areas [?, 7, ?]. Simulation
results obtained using the Budyko formula of annual water-energy or multiple
linear regression methods have not been satisfactory [?, ?, ?]. The determination
coefficients (R?) between observed and simulated runoff in the BP for these two
methods were 0.57 and 0.42, respectively, while R? of the SWAT model is 0.89.
The sensitivity model based on the Budyko sensitivity analysis could simulate
the impact of climate change on runoff on a multi-year mean scale through
sensitivity coeflicients. However, the results of the two methods are not entirely
consistent, indicating that their applicability in semi-arid basins varies.
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Certain discrepancies were observed in the calculated results between the two
methods in different periods. In AP1, they may yield opposite outcomes. AP1
is characterized by an increase in precipitation and a decrease in PET (Table 1).
The runoff impact calculated by the sensitivity model must be positive because
the elasticity of precipitation was positive and that of PET was negative. How-
ever, the SWAT results showed that climate change led to a decrease in runoff.
In AP2, AQ, values of the SWAT model were lower than those of sensitivity
model. The differences in the results may be caused by the inherent limitations
of sensitivity model itself, as the sensitivity model based on the Budyko theory
calculates changes in precipitation and PET only at the multi-year mean scale
without considering the inter-annual variability of precipitation or its distribu-
tion within a year [?, ?]. However, the inter-annual variability and intra-annual
distribution of precipitation can significantly affect annual runoff changes, par-
ticularly in arid and semi-arid areas [?]. In semi-arid areas, precipitation is
rare and concentrates throughout the year, with heavy rainfall being the main
component. Heavy rainfall has a short duration and high intensity, resulting in
rapid infiltration and flood formation.

This was an important component of the annual runoff, accounting for approxi-
mately 50.00% of the annual runoff in the LRB [?]. During the non-flood season,
much precipitation evaporates directly because of intense evaporation and low
soil moisture content, making it difficult to generate runoff [?]. In conclusion, an
increase in the annual mean precipitation does not necessarily lead to a decrease
in runoff. Considering the LRB as an example, although the annual mean pre-
cipitation in AP1 was higher than that in BP, it was manifested as an increase
in precipitation during the dry season. In contrast, the key precipitation during
the flood season decreased by 37.00%, resulting in a decrease in runoff.

The SWAT model is a process-based approach that does not rely directly on
the correlation between annual precipitation and runoff. This can establish
a comprehensive connection between changes in precipitation components and
runoff, specifically the effects of changes in precipitation distribution on runoff
within a year. This explains the differences between the SWAT and more sen-
sitive models. Therefore, in arid to semi-arid areas, due to their unique runoff
characteristics, changes in precipitation within a year, including variations in
intense rainfall and ineffective precipitation components, must be considered
when studying runoff variation. Process-based hydrological models that fully
consider the distribution of precipitation within a year are more applicable in
arid to semi-arid areas than methods driven by annual or multi-year mean data
(such as the Budyko-based model and the multiple linear regression method).

4.2 Impact of Climate Change on Runoff

The sensitivity of runoff variations to precipitation in semi-arid areas depends,
to a certain extent, on their sensitivity to heavy precipitation events, with runoff
being more sensitive to heavy precipitation than to annual or multi-year mean
precipitation [?, ?]. In the LRB, the frequency of heavy precipitation events
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in AP decreased compared with that in BP. Considering July as an example
(precipitation in July accounts for the largest proportion of annual precipitation
at approximately 30.00%), the average precipitation at all rainfall gauges in
July showed varying degrees of decrease, and the extremely high precipitation
amount at most stations showed a decreasing trend (Fig. 9 [Figure 9: see original
paper]). The frequency of high precipitation events decreased significantly in AP,
with AP2 showing the most significant decrease. An increase in precipitation
in dry season (Fig. 5) did not significantly increase runoff; however, a decrease
in the frequency and intensity of heavy precipitation effectively reduced runoff.
Therefore, even if the annual average precipitation increases in AP1, the impact
of decreased precipitation in flood season on runoff is far greater than that
of increased precipitation in dry season. This explains why in AP1, despite
the increase in precipitation, climate change manifests as a decrease in runoff
(Table 2). In AP2, the intensity of heavy precipitation decreased again, and if
this change was not considered when calculating the runoff change caused by
precipitation changes, the precipitation elasticity would be underestimated. The
data showed that out of 51 a in AP, there were 20 a with annual precipitation
higher than that of BP. Among these 20 a, the annual runoff in 12 a was lower
than that in BP. For example, in 1975, the annual precipitation was 498.17 mm,
being 28.25 mm higher than that of BP. However, the simulated runoff was 7.28
mm, which was lower than that of BP.

Fig. 9 Box plots of precipitation in the runoff-producing areas of the LRB
during July in different periods

4.3.1 Direct Water Consumption

The contribution rate of direct water consumption to runoff was approximately
0.13%-0.33%, showing an increasing trend. Water consumption mainly occurs
in the Naodehai Reservoir and the upstream area [?]. Considering the Naodehai
Reservoir as an example, it started supplying water to Fuxin City in 1995, with
a supply of only 50$x107{6}$ m3, and then increased at an average rate of
15$x107{6}$ m?3/a [?]. With the economic development of Fuxin City and the
increase in water demand due to continuous drought and less precipitation since
2000, the cross-basin water supply from the Naodehai Reservoir has significantly
increased. By 2003, the Naodehai Reservoir had become one of the main water
sources for Fuxin City, with an annual supply of approximately 230$x107{6}$
m? [?]. After 2008, in addition to Fuxin City, the Naodehai Reservoir supplied
water to the Qijiazi Reservoir and Zhangwu Power Plant with annual supplies
of 25$x107{6}$ and 87$x107{6}$ m3, respectively [?]. On an annual scale,
human activities caused a decrease in runoff in all years, with the degree of
impact showing an increasing trend. Although climate change reduces runoff
on a decadal scale, wet years can increase runoff annually (Fig. 8d).
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4.3.2 Soil and Water Conservation Measures

The impact of soil and water conservation measures on runoff reduction was
the most significant and gradually increased. Compared with the 1970s, the
impact of soil and water conservation measures in the 2010s increased by nearly
1.3 times. Before large-scale comprehensive management, vegetation coverage
in the LRB was only approximately 10.00%. By 1993, after completing the
first phase of comprehensive management, the coverage had reached 34.60% [?].
This stage is known as the “ten-year management” period, which was the stage
with the most rapid changes in the underlying surface of the LRB [?].

Comprehensive management includes both biological and engineering measures.
Biological measures include afforestation, grass planting, and mountain closure
[?]. Engineering measures included terracing, dams, mountain ditches, and val-
ley mills. Afforestation is the most important measure (Fig. 10 [Figure 10: see
original paper|). Through an analysis of the soil and water conservation benefits
from 1983 to 1993, Meng (1994) believed that the “ten-year management” in-
creased the annual water interception by 50$x107{6}$ m?, annual water storage
by 1$x107{6}$ m?, and water storage efficiency by 67.70%. By 2004, the ecolog-
ical construction of soil and water conservation was completed, and vegetation
coverage reached 37.00%. The increase in vegetation coverage intercepts and
stores more runoff and increases the actual evapotranspiration in the watershed.
In addition, reservoir construction plays a role in intercepting and storing runoff
to a certain extent. Apart from the Naodehai Reservoir, dozens of reservoirs
and dams have been built in upstream runoff-producing areas. The regulation
of reservoirs has changed the distribution of runoff upstream during dry and
flood seasons, significantly reducing the flood season runoff, with a reduction
rate of 6$x107{6}$ m3/a at the watershed outlet. However, the construction
of reservoirs directly increases the water surface area, and strong evaporation
capacity results in increased water loss through evaporation.

According to incomplete statistics, from 1983 to 2017, the cumulative area of soil
and water conservation in the LRB reached 1844.70 km?, accounting for 33.00%
of the total area. This has fundamentally changed the runoff characteristics and
ecological environment of the LRB.

Fig. 10 Areas of soil and water conservation measures in the LRB during the
“ten-year management” period

The FDC represents the relationship between magnitude and frequency of runoff
and can fully reflect the characteristics of high and low flows, such as magnitude
and frequency, and it is widely used to evaluate hydrological changes and the
impacts of various human activities on runoff [?, ?]. From the frequency distri-
bution of the FDC in different periods (Fig. 11 [Figure 11: see original paper]),
it can be observed that both high and low flows significantly decreased, with a
significant decrease in the frequency of high flow and a significant reduction in
the frequency of low flow. However, by observing the frequency distribution of
monthly precipitation, it was observed that the frequency of high precipitation
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was lower in AP1 and AP2 than in BP, which was one of the reasons for the
decrease in runoff. However, the dominant driving factors for the decrease in
runoff and changes in runoff frequency distribution were still soil and water con-
servation measures. Detailed reasons for this can be observed in the analysis of
the two flood cases.

Fig. 11 Frequency distribution of monthly precipitation (a) and runoff (b) in
different periods

4.3.3 Hydrological Characteristics of Two Major Floods Be-
fore and After Soil Conservation Measures

To demonstrate the comprehensive effects of soil and water conservation mea-
sures on runoff interception and flood peak reduction, we analyzed the measured
data of the two major floods before and after implementing the “ten-year man-
agement” measures. The floods occurred on 20 July, 1963 (before management)
and 13 July, 1994 (after management). Before these two floods, the basin had
experienced more than 10 months of drought. Specific information is shown
in Table 3 . Precipitation from the flood in 1994 was 1.9 times that in 1963.
However, the peak flow at all stations, except for the Baimiaozi Station, was
only 7.00%-24.00% of that in 1963.

According to the flood analysis results of the LRB, the daily precipitation dur-
ing the flood in 1963 was a 20-a event (P = 0.05), whereas the flood peak and
volume were 100-a events (P = 0.01). In contrast, the daily precipitation during
the flood in 1994 after comprehensive soil and water conservation was a 100-a
event (P = 0.01); however, the flood peak and volume did not meet the 20-a
standard (P > 0.05). The peak flow and total flood volume in the upstream
runoff-producing area decreased by 77.98% and 55.16%, respectively, despite
a nearly doubling increase in precipitation. The differences in flood character-
istics between the two events reflect the hydrological effects of soil and water
conservation measures to a certain extent. However, it must be noted that the
conditions of the two floods are different; after all, the time span between the
two floods is 31 years. Therefore, the difference between the two floods cannot
be attributed entirely to soil and water conservation measures, as changes in
the underlying surface of the basin, such as reservoir construction, urbanization,
and flood control measures, all have an impact on the comparison.

Table 3 Comparison of flood characteristics before and after soil and water
conservation measures in the LRB

Control area
Hydrological station  (km?) Flood in 1963  Flood in 1994

Rainfall (mm)  Peak flow
(m3/5)
Shanjiazi 1125 120.0 1750
Baimiaozi 810 110.0 980
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Control area

Hydrological station  (km?) Flood in 1963  Flood in 1994
Shimenzi 650 105.0 650
Naodehai 4058 95.0 2550

Note: - means no value.

4.3.4 Hydrological Response of Sub-Basins During the
Flood in 1994

We further analyzed the storage capacity changes of the three small reservoirs
during the flood in 1994. These three reservoirs are located in the upstream
area (Fig. 1), with similar topography, proximity, and precipitation, and thus
possess good comparability. The soil and water conservation measures in the
Zhaohubi and Woniushan reservoir areas are relatively high, with a runoff coeffi-
cient of less than 0.1 during the flood period and over 90.00% of the water being
retained in the reservoir area (Table 4 ). In contrast, the runoff coefficient in the
Hatu Reservoir, where no soil or water conservation measures were implemented,
reached 0.4, which is 4.0 times higher than that in the conservation area. This
indicates that the interception and retention effects of soil and water conserva-
tion measures on runoff are the fundamental reasons for the difference in runoff
coefficients during the flood in 1994 and the significant contrast between floods
in 1963 and 1994.

Table 4 Hydrologic characteristics of three small reservoirs during the flood in
1994

Total Increase in
Degree of soil  reservoir reservoir

Control and water capacity capacity Runoff

area conservation  ($x107{4}$ ($x107{4}$ Precipitatioaffi-
Reservdm?) (%) m?) m?) (mm)  cient
Zhaohybi2 85 850 720 180.5 0.08
Woniu8Ban 80 620 580 185.2  0.09
Hatu 42.1 0 450 380 182.3 0.40

4.4 Uncertainty Analysis

We quantified the impacts of climate change, direct water resource extraction,
and soil and water conservation measures on the runoff changes of the LRB. The
quantitative assessment results are based on multiple assumptions, which bring
non-negligible uncertainties to the results. We initially assumed that before the
breakpoint, the basin was in a natural state, unaffected by human activities, or
that the impact of human activities was negligible [?, ?]. However, the reality is

chinarxiv.org/items/chinaxiv-202408.00116 Machine Translation


https://chinarxiv.org/items/chinaxiv-202408.00116

ChinaRxiv [$X]

that most basins have been disturbed before the breakpoint. Considering this
situation, it may lead to an underestimation of human activities. In addition,
we assumed that human activities and climate change are independent of each
other. In fact, studies have shown that large-scale land use change can change
regional climate patterns [?, ?]. Moreover, under the broader context of global
climate change, human activities are subtly influenced by climate change [?].
For example, extraction may be greater in dry years. The feedback interaction
between human activities and climate change is complex and nonlinear, often
necessitating qualitative analysis or large-scale quantitative assessment. This
further complicates and destabilizes the impact of changing environments on
watershed hydrological cycles. Hence, runoff variation attribution analysis typi-
cally relies on the assumption that these two factors are independent [?]. With
current observational and experimental methods, it remains challenging to in-
corporate the feedback between climate change and human activities into the
research framework for runoff variation attribution. The hydrological models
and sensitivity models used in this study have some uncertainties in meteorolog-
ical data input, model structure, and parameters [?], which we have discussed in
the previous section. Finally, when comparing the flood characteristics before
and after soil and water conservation in the LRB, although the flood characteris-
tics before and after conservation differ greatly, it should be noted that the time
span of the two floods is 31 a. Although soil and water conservation measures
can serve as variables for comparison, differences in other flood conditions may
affect the comparison results, such as urbanization and changes in the operation
modes of upstream small reservoirs.

5 Conclusions

This study examined the hydrological effects of climate change, direct water
abstraction, and soil and water conservation measures from the perspective of
long-term runoff changes in the LRB.

The annual runoff in the LRB showed a significant decreasing trend and was di-
vided into BP and two APs. Using a SWAT model and sensitivity analysis based
on the Budyko hypothesis, we found that human activities were the main cause
of the decrease in runoff. The impact of climate change was mainly reflected in
the decrease in flood volume caused by a decrease in precipitation during flood
season, which reduced the accuracy of evaluation methods based on long-term
average data. The contribution of soil and water conservation measures to the
decrease in runoff has shown an increasing trend over decades, accounting for
66.00%-84.00% of the total impact.

Soil and water conservation measures caused an overall shift in the monthly
flow duration curve, leading to a significant decrease in the frequency of high
flow and a significant reduction in the frequency of low flows. Further anal-
ysis of two typical flood cases demonstrated that soil and water conservation
measures reduced the peak flow and total flood volume in the upstream runoff-
producing area by 77.98% and 55.16%, respectively, even with nearly double the
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precipitation. The runoff coefficient in the small basins without soil and water
conservation measures was 4.0 times higher than that in the highly conserved
small basins. In summary, the fundamental reason for the significant decrease
in runoff in the upstream of the watershed was the implementation of soil and
water conservation measures. This study elucidated comprehensive hydrological
impacts of soil and water conservation measures in the LRB, offering substantial
theoretical and practical insights for the optimal allocation of water resources
and the preservation of the aquatic ecological environment.
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