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Abstract: Human activities are increasingly recognized as having a critical influence on hydrological
processes under the warming of the climate, particularly for dam-regulated rivers. To ensure the
sustainable management of water resources, it is important to evaluate how dam construction may
affect surface runoff. In this study, using Mann-Kendall tests, the double mass curve method, and
the Budyko-based elasticity method, the effects of climate change and human activities on annual
and seasonal runoff were quantified for the Yellow River basin from 1961-2018; additionally, effects
on runoff were assessed after the construction of the Xiaolangdi Dam (XLD, started operation in
2001) on the Yellow River. Both annual and seasonal runoff decreased over time (p < 0.01), due to the
combined effects of climate change and human activities. Abrupt changes in annual, flood season,
and non-flood season runoff occurred in 1986, 1989, and 1986, respectively. However, no abrupt
changes were seen after the construction of the XLD. Human activities accounted for much of the
reduction in runoff, approximately 75-72% annually, 81-86% for the flood season, and 86-90% for the
non-flood season. Climate change approximately accounted for the remainder: 18-25% (annually),
14-19% (flood season), and 10-14% (non-flood season). The XLD construction mitigated runoff
increases induced by heightened precipitation and reduced potential evapotranspiration during the
post-dam period; the XLD accounted for approximately 52% of the runoff reduction both annually
and in the non-flood season, and accounted for approximately —32% of the runoff increase in the
flood season. In conclusion, this study provides a basic understanding of how dam construction
contributes to runoff changes in the context of climate change; this information will be beneficial for
the sustainable management of water resources in regulated rivers.
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1. Introduction

Water resources are of great significance to all organisms on Earth. Sustainable
socioeconomic development across regional, national, and global scales also depends on
adequate water resources [1], but in recent decades the world has faced new challenges in
this regard. Existing water resources are proving insufficient to meet booming demands due
to population expansion and ecosystem degeneration [2,3]. Surface runoff, an important
component of the water cycle, influences river ecosystem functioning and the health of
human beings. Runoff is critical to understanding alterations in the global water system,
particularly water-energy balances in the hydrological cycle, where water moves between
the atmosphere and underlying surfaces [4]. Numerous studies to date have assessed how
surface runoff changes in response to disturbance in different regions worldwide [5-7],
in particular examining the interaction between climate change and human activities [8].
These studies serve as a reference for how to assess current surface runoff variation and
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project future changes [9]. This approach will help address urgent challenges with water
scarcity in domestic, industrial, and agricultural contexts [10].

The impacts of climate change and human activities on surface runoff appear in all
aspects of the hydrological cycle [2,11]. Climate change is the primary determinant of
the hydrological cycle [9], which in turn alters the quantity, quality, and spatiotemporal
distribution of surface runoff [4]. Changes in air temperature (T), as a result of global
warming, can change the rate of evapotranspiration (ET) and the form of precipitation (P),
resulting in significant reductions in surface runoff [12]. For example, in Southern France
roughly one third of watersheds experienced a decrease in surface runoff as a result of
higher spring and summer temperatures [13]. Alterations in the amount, intensity, and/or
distribution of precipitation can directly affect runoff volume and the availability of water
resources [14]. Any changes in precipitation tend to be amplified in the resultant effects on
surface runoff [15]. For instance, a 10% decrease in precipitation in the Middle Yellow River
basin led to a 15-25% decrease in surface runoff [16], while a 20% decrease in precipitation in
another study [17] produced a 29-32% decrease in surface runoff. Though the relationship
between precipitation and surface runoff is most often positive, negative relationships
have also been found. For example, Liu et al. [18] found that increased precipitation led to
reduced surface runoff in river basins around the world. This discrepancy indicates that
changes in surface runoff are likely affected by the interaction of multiple factors, including
not only climatic changes, but also human activities.

Human activities, such as industrial, domestic, and agricultural water extraction [19],
dam and reservoir construction [20,21], water and soil conservation measures [22,23],
land use changes [24], and ecological restoration projects [25], can directly and indirectly
affect the hydrological cycle via infiltration, interception, and evapotranspiration [24]; as a
result, surface runoff may also be affected [3]. For instance, a hypothetical decrease of
approximately 3500 km3/year in terrestrial evapotranspiration, induced by changes to
land cover, would lead to a 7.6% increase in surface runoff [26], the effects of land cover
changes on annual global runoff are similar in magnitude (if not greater) than those of
other major drivers. Globally, the long-term average discharge has decreased by 2.7% due
to water withdrawals for irrigation [27]. Meanwhile, the combined effects of reservoir
operation and irrigation extraction have also altered discharge timing, as shown by a study
that found a 2.1% reduction in the global discharge from 1981-2000 [28].

Given the importance of climate change and human activities for surface runoff,
quantitative assessments of their effects have become increasingly common, providing a
foundation for the sustainable management of water resources [5,9]. Numerous studies
have been conducted to distinguish the impacts of climate change and human activities
on alterations in surface runoff. These studies typically utilize physical hydrological
models, empirical statistics, and/or sensitivity- or elasticity-based methods [29]. Physical
hydrological models, such as the Soil and Water Assessment Tool (SWAT), the variable
infiltration capacity hydrological model (VIC), the Xinanjiang model, the topography-
based hydrological model (TOPMODEL), and the Precipitation Runoff Modeling System
(PRMS) [2], are used to simulate natural runoff (prior to disturbance by climate change or
human activities) based on meteorological, topographical, and geomorphic data [30-32].
By comparing the observed and simulated surface runoff, the relative effects of climate
change and human activities can be distinguished [2,8]. Physically-based models explicitly
consider the role of driving factors in the formation of surface runoff and have been
widely used to address the relative effects of climate change and human activities on runoff
change [2]. However, several factors have limited the wider application of these models [31],
such as the requirement for detailed input data [3,33] and uncertainty in model parameters
and structural sensitivity [1,8]. Empirical statistics, such as multivariate regressive [34]
and the double mass curve method [32], put more emphasis on the relationships between
runoff and various climate variables [3,35]. These methods usually require long-term
historical hydrometeorology data [32,33]. For example, the double mass curve method is
widely used to evaluate long-term trends in precipitation and discharge, as well as their
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relationship. However, its reliance on the precipitation-discharge relationship can result
in uncertainties in interpreting the evaluation results [33]. The sensitivity- or elasticity-
based methods, which include the hydrological sensitivity method [3], the water balance
method [18], climate elasticity [1,32], and the Budyko-based approaches [30], are simple and
effective tools that consider both water and energy constraints in the long-term hydrological
processes of a given area [31,35]. These methods generally separate the total variation
in surface runoff into that induced by climate variables (e.g., precipitation, temperature,
and potential evapotranspiration [PET]) versus non-climate variables, which are always
attributed to human activities [3]. In comparison with the physical hydrological models,
the sensitivity- or elasticity-based methods require relatively few data and can reduce
parameter and structural uncertainty; thus, these methods have been used to effectively
address surface runoff responses to climate change and human activities.

Even with the methods described above, it remains very difficult to accurately separate
and quantify the effects of climate change and human activities on runoff, as all methods
are subject to uncertainty and may draw inconsistent conclusions [3,32]. Moreover, with
regard to specific human activities (e.g., land use change, water extraction, urbanization,
and dam construction), few studies have quantitatively assessed the individual effects
of such activities on surface runoff [33]. In particular, few studies have examined the
effects of dam construction, which may directly alter the magnitude, duration, timing, and
rate of runoff [20]; it is therefore important to disentangle the effects of dam construction
specifically from those of climate change and other human activities.

Dams are essential for managing water resources and may be constructed for diverse
purposes, including hydropower generation, seasonal flood control, to supply irriga-
tion and drinking water, recreation, and navigation [36,37]. However, dams can be a
double-edged sword. While addressing human needs, dams are often cited as signifi-
cantly modifying river ecosystems [38]. They may alter the hydrological connectivity
(or continuity) of river networks in four dimensions: by affecting flow regulation (i.e.,
longitudinal connectivity along the river channel), lateral connectivity between the main
channel, floodplain, and riparian areas; vertical connectivity between the groundwater,
surface water, and atmosphere; and also, temporal connectivity across seasons [39]. Such
alterations not only threaten diverse fundamental processes in river ecosystems, but also
reduce functioning and essential services supported by river ecosystems [20,38]. A large
number of studies have evaluated runoff indicators post-dam construction using three
approaches: the monitoring station approach (comparison of the same monitoring sta-
tions before and after dam construction) [37,40], the control station approach (comparison
between up- and down-stream of the dam) [36,41], and simulation analysis (comparison
of observed and simulated data) [21]. These studies have provided crucial insights into
runoff changes due to ongoing dam construction worldwide. However, due to complex
interactions between climate change and human activities, how dams specifically affect
runoff is not yet thoroughly understood. Consequently, distinguishing the effects of dam
construction from those of concurrent climate change and human activities is desirable for
sustainable water resource management [42].

The Yellow River is the second largest river in China and is the most important
water source for Northwestern and Northern China [19]. The Yellow River basin is a core
region for grain production and plays an irreplaceable role in the development of China’s
agricultural economy. However, it is characterized by considerable water shortages and
environmental fragility [23]. Under the impact of climate change and human activities,
significant changes in runoff, mostly in the form of reductions, have taken place since
1986 [19,43]. Such changes critically aggravate water shortages in the Yellow River basin,
especially in the lower reaches, which have high sediment loads [4,23]. To address channel
siltation and water shortages in the lower Yellow River, a series of water conservation
projects have been implemented. The Xiaolangdi Dam (XLD), located at the exit of the last
gorge in the middle reaches of the Yellow River, is one of these projects. It is the second
largest such project in China after the Three Gorges Dam, and it controls 92.3% of the total
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area, 91.5% of the total water discharge, and 98% of the total sediment discharge in the
Yellow River. Since becoming operational in 2001, the XLD has played an important role in
flood control, siltation reduction, power generation, the storage and discharge of sediment,
and irrigation, among other roles [44,45]. Several studies have examined the effects of
climate change and human activities on runoff changes in the Yellow River [46]; however,
few have examined the role of the XLD in mediating runoff changes in this context of
climate change and human activities.

Therefore, the objectives of this study were to: (1) investigate long-term trends and
abrupt changes in annual and seasonal runoff in the lower Yellow River from 1961-2018;
(2) separate the effects of climate change and human activities on changes in runoff using
both the double mass curve method and the Budyko-based elasticity method; and (3) quan-
tify the relative contribution of the XLD to changes in annual and seasonal runoff in the
lower Yellow River. The findings of this study should provide critical guidance for the
future sustainable management of water resources in regulated rivers.

2. Materials and Methods
2.1. Study Area

The Yellow River basin is located between 95°53'-119°05’ E longitude and 32°10'—
42°50' N latitude (Figure 1). The Yellow River has a drainage area of 7.95 x 10° km? and a
length of 5464 km; it flows through the Qinghai-Tibet Plateau, the Inner Mongolia Plateau,
the Loess Plateau, and the Huang-Huai-Hai Plain from west to east [19]. Grassland and
unused land were the dominant land use types in the Yellow River basin, which accounted
for 40.75% and 28.52% of the total land, respectively. The unused land is mainly composed
of sandy land, bare rock gravel land, and saline alkali land. The cultivated land, forest
land, construction land, and water area accounted for 17.01%, 8.50%, 2.94%, and 2.27%
respectively of that total [19].

The Yellow River is generally divided into upper, middle, and lower reaches [44]. The
upper reaches stretch from the river headwaters to Hekou Town (111°9'16” E, 40°13'58" N)
in Inner Mongolia and account for 53.8% of the total river area. This area serves as the
source of all fresh water in the Yellow River and is characterized by high water discharges
with low sediment yields [4]. The upper reaches are surrounded by a continuous high
mountain range with perennial snow cover. The middle reaches of the Yellow River are from
Hekou Town to Taohuayu in Henan Province and account for 43.3% of the total river area.
Flowing along the Loess Plateau, this area is characterized by severe soil erosion and heavy
sediment loads [29]. The lower reaches of the Yellow River, which extend from Taohuayu
to the Yellow River Delta and pass through the Huang-Huai-Hai Plain, are characterized by
heavy sediment deposition with an average channel gradient of 0.15 m-km ! [45]. Large
amounts of suspended sediments (4 x 10® kg per year) originating from the Loess Plateau
are deposited on the riverbed of the lower reaches. As a consequence, the riverbed is
7-13 m higher than the surrounding alluvial plain; this area is famously known as the
“suspended river” or “perched river” [47]. In order to reduce deposition and regulate
floods and droughts in the lower Yellow River, the Xiaolangdi Dam (XLD), with a reservoir
storage capacity of 126.5 x 108 m3, was constructed from September 1994 to December
2001 [45]. The reservoir area experiences a temperate continental monsoon climate, with
an annual average temperature of 12.4-14.3 °C, annual average precipitation of 616 mm,
and annual average humidity of 62%.

Since 2002, the Yellow River Conservancy Commission (YRCC) of China conducted
the water-sediment regulation scheme (WSRS) to mitigate the rising riverbed in the lower
Yellow River and to reduce the sediment retention in the XLD Reservoir. Generally, the
WSRS lasts for 2-3 weeks with two phases respectively for water regulation and sediment
regulation. During the water regulation phase, which lasts for ~10 days, a huge amount
of runoff was released at the maximum discharge of 4000 m3/s to scour the river channel
downstream dam and to preserve reservoir storage for flood control [44—-46]. During the
sediment regulation phase, sediments trapped in the XLD Reservoir were scoured to the
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lower Yellow River to maintain reservoir capacity. Meanwhile, during the sediment regula-
tion phase, the water discharge from the XLD decreased from 4000 to ~2000-3000 m?/s.
During the WSRS, more than 1/3 of the total annual sediments and runoff was expected to
be discharged into the sea [44—46]. As a consequence, the XLD and the WSRS should be
the most direct factor influencing runoff in the lower Yellow River. The Huayuankou hy-
drological station located downstream of the XLD is an important hydrological monitoring
station for the lower Yellow River. In this study, the Huayuankou hydrological station was
selected as a base to analyze runoff changes in the Yellow River Basin.
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Figure 1. Location of the Xiaolangdi Dam, the Huayuankou hydrological station, and select meteoro-
logical stations in the Yellow River basin.

2.2. Data Acquisition and Processing

The data used in this study included daily meteorological data and monthly runoff
data collected from 1961-2018. Daily meteorological data were collated from 182 national
climatic stations located within the upper and middle reaches of the Yellow River basin
(Figure 1) and were obtained from the National Meteorological Information Center of
China (http://data.cma.cn accessed on 17 June 2019); variables included precipitation,
temperature (daily mean, maximum, and minimum), relative humidity, wind velocity,
and sunshine duration. Using the daily meteorological data, potential evapotranspiration
(PET) was calculated according to the Penman-Monteith equation revised by the Food and
Agriculture Organization (FAO) [8]. The mean areal values for the meteorological variables
and PET were calculated for the upper and middle reaches of the Yellow River basin using
spatial interpolation [29]. Annual values for PET and the meteorological variables were
obtained from the cumulative monthly data [23]. Monthly runoff data at the Huayuankou
hydrological station were acquired from the Yellow River Conservancy Commission for
the period from 1961 to 2018. For both the daily meteorological data and monthly runoff
data, annual, flood season (June-October), and non-flood season (from November to May
in next year) values were calculated.

2.3. Methodology

Runoff depth refers to the ratio of the total runoff at a designated cross section of the
river within a certain time period to the related catchment area. Runoff data for different
time periods were converted to runoff depth data. All runoff analyses in this study were
based on runoff depth. Linear regression, moving averages, coefficients of variation, and
extreme value ratios were used to analyze variation in runoff from 1961-2018. Among the
analyses, linear regression is one of the simplest and most direct methods to test for trends
in a time series, but it can be difficult to judge trend significance. The moving average
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method filters out frequent random fluctuations in the meteorological and hydrological
data, making for smoother and clearer trend lines. It is also one of the most basic methods
used to evaluate meteorological and hydrological series. In this study, hydrological series
were analyzed with moving averages of five and ten years. The coefficient of variation
is defined as the ratio of the standard deviation to the mean (for a given time series) and
reflects inter-annual variation in long-term data (i.e., the degree of dispersion). Lastly,
extreme value ratios are those between the maximum and minimum values of a given
meteorological or hydrological variable over a particular timescale; they reflect the range of
variation seen across long-term data. The larger the value, the greater the range, and vice
versa. Nonparametric Mann-Kendall trend tests were used to determine the significance of
runoff trends, while standard Mann-Kendall tests and the double mass curve method were
used to detect abrupt changes in runoff time series. The double mass curve method and
the sensitivity analysis method were applied to separate the effects of climate change and
human activities on changes in runoff.

2.3.1. Mann-Kendall Tests

The nonparametric Mann-Kendall trend test has been widely used to evaluate meteo-
rological and hydrological series [33,36]. One of the advantages of this test is that it does
not require the data to conform to any particular probability distribution [37]. In this study;,
the Mann-Kendall trend test has been used to test the significance of change trend for the
runoff series and meteorological series. The definition of the Mann-Kendall trend test can
be found in references [5,33,36,37].

Many methods used to calculate the relative contributions of climate change versus
human activities to variation in runoff require a baseline period to be defined [30,32].
Change points between the baseline period (pre-change period) and post-change period
can then be identified for the runoff series. In this study, two methods commonly used for
detecting abrupt change points were implemented. The first, the Mann-Kendall test, is a
graphical technique based on progressive and retrogressive analysis of the Mann-Kendall
statistic, the detail definition could be found in references [48,49]. The second, the double
mass curve method, is defined as below.

2.3.2. Double Mass Curve

Double mass curves represent another approach for detecting abrupt change points in
a runoff series; in this study, this approach was used to confirm change points detected by
Mann-Kendall tests. A double mass curve is a plot showing the cumulative values of two
related variables in a concurrent period [50]. Without the impact of human activities, the
double mass curve is a straight line; deviations in the curve occur when human activities
significantly affect at least one of the variables [4]. Recently, the double mass curve between
precipitation and runoff has been effectively used to detect changes in hydrological regimes
due to human activities [1]. In this study, a double mass curve between annual precipitation
and annual runoff was used to identify abrupt changes in runoff occurring between 1961
and 2018.

The double mass curve method was also used to quantify how climate change and
human activities contributed to changes in runoff. This method uses linear regression
analysis of hydrological time series [32]. The regression equation for cumulative runoff and
cumulative precipitation in the baseline period (pre-change period) can be calculated as:

Y Q=aY P+b 1)

where a denotes the rate of change in cumulative runoff versus cumulative precipitation,
while b denotes the intercept. P denotes precipitation (mm). Next, the regression equation is
applied to simulate the cumulative runoff in the post-change period. Once the cumulative
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runoff has been calculated, the annual runoff can be estimated [32]. The contributions from
climate change and human activities can then be calculated:

AQT = onst - Qpre (2)
AQH = onst - Qrefpost (3)
AQC = AQr — AQH 4)

where AQr indicates the total variation in runoff in mm; Qp and Qpest indicate the runoff
in the pre-change and post-change period, respectively; Qye-post indicates the reconstructed
runoff for the post-change period based on the regression equation; and AQc and AQy
represent the relative contributions of climate change and human activities, respectively.

2.3.3. Budyko-Based Elasticity Method

The Budyko hypothesis describes the water balance in a watershed as a function of
available water and energy [43]. Precipitation (P) is suggested to measure the available
water, while the potential evapotranspiration (PET) is proposed to measure the available
energy [18]. The water balance can then be described as follows:

Q=P—AET - AS ®)

where P, AET, AS, and Q represent precipitation, actual evapotranspiration, the change in
water storage, and streamflow, respectively. When considering the long-term water balance
in a watershed, AS can be omitted [9]. The AET can be calculated with the following
equation [18]:
P x PET
AET = ek ©)
(P@ 4+ PET¥)/%

where PET and w represent the potential evapotranspiration and the integrated watershed
characteristics (e.g., soil properties, slope, and vegetation cover), respectively. The PET can
be estimated using the FAO’s Penman-Monteith equation [18]:

PET — 0.408A(Rn — G) + 7 72905 Un (es — €4) )
- A+ (14 0.34U5)

where Ry, G, T, Uy, e5, €5, es — €5, A, and y denote the net radiation (MJ-m~2.d1), soil heat
flux density (MJ-m~2-d~!), mean daily air temperature at 2 m height (°C), the wind speed
at 2 m height (m-s~!), the saturation vapor pressure (kPa), the actual vapor pressure (kPa),
the saturation vapor pressure deficit(kPa), the slope of the vapor pressure (kPa-°C~1), and
the psychrometric constant (kPa-°C~1), respectively. Thus, the water balance equation can

be expressed as:
P x PET

(P 4+ PET®)"/«

Given Q, P, and PET, the watershed characteristics (w) can be estimated.

Assuming that the total change in Q (AQ) can be divided into two parts, namely, that
induced by climate change (AQc) and that caused by human activities (AQp), and that
P and PET are independent variables, AQc can be estimated with the climate elasticity
model [7]:

Q=P-

®)

AQc = AQp + AQpeT )
AQp = EP%AP (10)
AQper = £ppr 2 APET (1)

PET
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where ep and eprr indicate the elasticity in Q in response to P and PET, respectively. AQ
is calculated as the average annual Q during the pre-change period minus the average
annual Q during the post-change period. AQy is then AQ minus AQc. AQp and AQpgr
are the changes in AQc induced by changes in annual P and average annual PET from the
pre-change period to the post-change period. The elasticity values are given as follows [7]:

(1 +q)w)1/w+1 _ pwtl
P+ o9 [(1+ oY) Ve — @

(12)

1
1+0Y)[1- 1+ «)V/e]
where ® denotes the ratio of PET to P.

The individual contributions of climate change (P and PET) and human activities to
changes in runoff can be obtained using the following equations:

EPET = ( (13)

np = AA—%P % 100% (14)
A

NpET = %’QET x 100% (15)

- AA%H % 100% (16)

where #p, 1peT, and 7y are the percent contributions attributable to climate change (P and
PET) and human activities, respectively.

3. Results
3.1. Changes in Annual and Seasonal Precipitation and Air Temperature

From 1961-2018, the average annual precipitation in the Yellow River basin was
489.71 mm, with an extreme value ratio of 2.08. The maximum precipitation was observed
in 1964 (Figure 2a), at 718.06 mm, while the minimum runoff occurred in 1997, at only
344.47 mm. The Mann-Kendall trend test revealed that annual precipitation decreased
with insignificant trend (p > 0.05) from 1961 to 2018 (Table 1). Both the five-year moving
average and decadal average analysis showed annual runoff to be highest in the 1960s
and 2010s. Seasonal precipitation showed a trend similar to that of annual precipitation.
Runoff in both the flood season and non-flood season decreased with insignificant trend
(p > 0.05) from 1961 to 2018 (Table 1). Comparing the flood season (Figure 2b) and non-flood
season (Figure 2c), the average precipitation was 370.45 mm and 119.26 mm, respectively;
the maximum precipitation was 525.12 mm (in 2003) and the minimum 232.46 mm (in 1997)
for the flood season, while the maximum was 208.84 mm (in 1964) and the minimum
50.53 mm (in 1995) for the non-flood season. Flood season precipitation showed less inter-
annual variation (Cov = 0.15) than did non-flood season precipitation (Cv = 0.24) (Table 1),
though both showed low variability.
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Figure 2. Variation in precipitation annually (a), in the flood season (b), and in the non-flood season
(c) from 1961-2018 in the Yellow River basin.

Table 1. Characteristics and trends in annual and seasonal precipitation in the Yellow River basin from 1961-2018.

Mean (mm) Standard Normal Significance Trend Coefficient of Extreme Value
Variable (Zs) Level (p) Direction Variation (Cv) Ratio (p)
Annual 489.71 -0.52 ns Decreasing 0.13 2.08
Flood season 370.45 —0.60 ns Decreasing 0.15 2.26
Non-flood 119.26 —0.04 ns Decreasing 0.24 236
season

Notes: ns indicates no significant change trend was observed.

From 1961-2018, the average annual air temperature in the Yellow River basin was
9.67 °C with a change rate of 0.29 °C/10a which is higher than the average change rate
of China (0.22 °C/10a). The maximum air temperature was observed in 2006 (Figure 3a),
at 10.84 °C, while the minimum air temperature occurred in 1984, at 8.49 °C. The Mann-
Kendall trend test revealed that annual air temperature increased significantly (p < 0.01)
from 1961 to 2018 (Table 2). Both the five-year moving average and decadal average
analysis showed a sharp increase since 1990s. Seasonal air temperature showed a trend
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Figure 3. Variation in air temperature annually (a), in the flood season (b), and in the non-flood

similar to that of annual air temperature. Air temperature in both the flood season and
non-flood season increased significantly (p < 0.01) from 1961 to 2018 (Table 2). The change
rate was 0.19 and 0.37 °C/10a, respectively. In terms of variability, non-flood season air
temperature showed more inter-annual variation (Cv = 0.22) than did flood season air

temperature (Cv = 0.03) (Table 2).
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Table 2. Characteristics and trends in annual and seasonal air temperature in the Yellow River basin from 1961-2018.

Mean (°C) Standard Normal Significance Trend Coefficient of Change Rate
Variable (Zs) Level (p) Direction Variation (Cv) (°C/10a)
Annual 9.67 6.16 0.01 Increasing 0.07 0.29
Flood season 18.26 5.24 0.01 Increasing 0.03 0.19
Non-flood season 3.54 6.29 0.01 Increasing 0.22 0.37
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3.2. Changes in Annual and Seasonal Runoff
3.2.1. Trends in Annual and Seasonal Runoff

From 1961-2018, the average annual runoff in the Yellow River basin was 48.09 mm
with an extreme value ratio of 6.04. The maximum runoff was observed in 1964 (Figure 4a),
at 118.00 mm, while the minimum runoff occurred in 1997, at only 19.53 mm. The Mann-
Kendall trend test revealed that annual runoff decreased (p < 0.01) from 1961 to 2018
(Table 3). Both the five-year moving average and decadal average analysis showed annual
runoff to be highest in the 1960s, before decreasing to a minimum in the late 1990s. However,
this effect was delayed in the decadal averages in comparison with the five-year moving
averages. The decadal averages showed a slight increase in annual runoff from 2000 to
2018, but the factors underlying this change require further analysis (see later sections of
this paper).

Seasonal runoff showed a trend similar to that of annual runoff. Runoff in both
the flood season and non-flood season decreased (p < 0.01) from 1961 to 2018 (Table 3).
Comparing the flood season (Figure 4b) and non-flood season (Figure 4c), the average
runoff was 28.13 mm and 19.96 mm, respectively; the maximum runoff was 78.63 mm
(in 1964) and the minimum 7.34 mm (in 1997) for the flood season, while the maximum
was 39.37 mm (in 1964) and the minimum 11.68 mm (in 1998) for the non-flood season.
The five-year moving averages and decadal averages showed similar trends: seasonal
runoff was highest in the 1960s, decreased to a minimum in the late 1990s, and then
increased from 2000 to 2018. In terms of variability, flood season runoff showed more
inter-annual variation (Cv = 0.53) than did non-flood season runoff (Cv = 0.28) (Table 3).
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Figure 4. Variation in runoff annually (a), in the flood season (b), and in the non-flood season (c) from
1961-2018 at the Huayuankou hydrological station.
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Table 3. Characteristics and trends in annual and seasonal runoff at Huayuankou hydrological station from 1961-2018.

Mean (mm) Standard Normal Significance Trend Coefficient of Extreme Value
Variable (Z) Level (p) Direction Variation (Cv) Ratio (p)
Annual 48.09 -5.38 0.01 Decreasing 0.41 6.04
Flood season 28.13 —4.86 0.01 Decreasing 0.53 10.71
Non-flood season 19.96 —4.78 0.01 Decreasing 0.28 3.37

3.2.2. Abrupt Changes in Annual and Seasonal Runoff

Mann-Kendall tests and the double mass curve method were applied to detect abrupt
changes in annual and seasonal runoff. The computed change points are shown in Figure 5.
In the Mann-Kendall test for annual runoff, the UF and UB curves had only one intersection
point (in 1986) within the confidence interval (Figure 5a). In the flood season, the UF and
UB curves only intersected in 1989 within the confidence interval (Figure 5b). For the
non-flood season, the UF and UB curves intersected twice (Figure 5c). However, neither
intersection fell within the confidence interval. From the plots of cumulative precipitation
versus runoff, the annual (Figure 5d), flood season (Figure 5e), and non-flood season
(Figure 5f) runoff plots each showed two straight lines with different slopes separated by

abrupt change points in 1986, 1989, and 1986, respectively.
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Figure 5. Abrupt changes in runoff annually (a,d), during the flood season (b,e), and during the non-
flood season (c,f) from 1961-2018 at the Huayuankou hydrological station; change point assessments
were made using Mann-Kendall tests and the double mass curve method.

Comparing the two methods, the change points identified by the double mass curve
approach were mostly consistent with those found by the Mann-Kendall tests; thus, 1986
(annual), 1989 (flood season), and 1986 (non-flood season) were taken as the consensus
dates. It should be noted that neither the annual runoff nor the seasonal runoff changed
after the completion of the XLD in 2001; this suggests that runoff regulation by the XLD
may not have produced abrupt changes in runoff in the lower reaches of the Yellow River,
or it may have moderated the occurrence of any such runoff changes. In contrast, other
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human activities, such as land use changes, likely produced the abrupt changes in runoff
seen prior to the construction of the XLD.

3.3. Relative Contribution of Climate Change and Human Activities to Changes in Runoff
3.3.1. Attribution Analysis Using the Double Mass Curve Method

Using the double mass curve method and the observed change points, annual and
seasonal runoff were simulated for the post-change period. This method evaluates the rela-
tionship between cumulative runoff and cumulative precipitation without consideration of
local human activities; as such, the simulated runoff may only be influenced by climate
change. Figure 6 compares both the observed and simulated annual runoff and seasonal
runoff during the post-change period. The quantity of simulated runoff was greater than
that observed for both annual and seasonal runoff, implying a strong impact of human
activities in the post-change period, even though the post-change periods differed for
annual versus seasonal runoff. Annual runoff was reduced by 25.34 mm in the post-change
period as compared to the pre-change period (Table 4). Human activities accounted for
81.94% (or 20.76 mm) of this reduction, while climate change (i.e., reduction in precipita-
tion) accounted for 18.06% (or 4.57 mm) of the total. For seasonal runoff, human activities
contributed 19.76 mm (86.45%) and 5.63 mm (90.20%) to runoff reduction in the flood
season and the non-flood season, respectively; meanwhile, climate change contributed
2.67 mm (13.53%) and 0.61 mm (9.80%) to runoff reduction in the flood season and the
non-flood season, respectively. Thus, human activities were primarily responsible for the
observed reductions in annual and seasonal runoff.
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Figure 6. Double mass curves for cumulative precipitation-runoff measured annually (a), in the flood season (b), and in the
non-flood season (c) in the Yellow River basin from 1961-2018.

Table 4. Effects of climate change and human activities on annual and seasonal runoff at the Huayuankou hydrological
station in the lower Yellow River.

Periods Observed Q Simulated Q AQr AQc AQn e 11
(mm) (mm) (mm) (mm) (mm) (%) (%)
Al 1961-1986 62.07
nnua 1987-2018 36.73 57.5 —25.34 —457 —2076  (+)18.06  (+)81.94
Flood 1961-1989 38.01
oodseason - 1990-2018 1825 35.33 ~19.76 ~2.67 ~17.08 (1353 (+)86.47
Nomflood 1961-1986 23.41
on-flood season g0 519 17.17 22.79 —6.24 —0.61 ~5.63 (+)9.80  (+)90.20

Notes: Q indicates mean runoff; AQr indicates the total variation in runoff; ¢ and 7 represent the relative contributions of climate change
and human activities, respectively, to changes in runoff; the minus and plus signs in brackets reflect the direction of the contributions.
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3.3.2. Attribution Analysis Using the Budyko-Based Elasticity Method

Using the Budyko-based elasticity method and the observed change points, the relative
contributions of climate change and human activities to changes in annual and seasonal
runoff were estimated. As a first step, the meteorological and hydrological variables were
compared between the pre- and post-change periods. Runoff, P, PET, ep, and epgr were all
lower in the post-change period as compared to the pre-change period (Table 5), with the
exception of P in the non-flood season. Runoff reductions were measured as —25.34 mm
(annual), —19.76 mm (flood season), and —6.24 mm (non-flood season). Precipitation was
altered by —19.4 mm (annual), —15.83 mm (flood season), and 0.18 mm (non-flood season),
while PET was reduced by —8.4 mm (annual), —6.83 mm (flood season), and —8.19 mm
(non-flood season). The elasticity values changed by 0.04 (annual), 0.01 (flood season), and
0.84 (non-flood season); however, for ep the changes were negative, while for eppr they
were positive. The negative eppr values indicate negative effects of PET on runoff. Thus,
runoff was more sensitive to changes in P than to changes in PET at both the annual and
seasonal scale. Meanwhile, the observed decreases in absolute value of ep and eppr suggest
that, to some degree, other factors (mainly human activities) may have acted to reduce
runoff elasticity.

Table 5. Annual and seasonal meteorological and hydrological characteristics for the Yellow River basin during the pre-

and post-change periods.

Period Q (mm) P (mm) PET (mm) ep EPET

1961-1986 62.07 500.41 914.67 3.13 —2.13

Annual 19872018 36.73 481.02 906.27 3.09 —2.09
1961-1989 38.01 378.37 501.52 2.73 -1.73

Flood season 1990-2018 18.25 362.54 494.69 2.72 -1.72
1961-1986 23.41 119.16 417.78 5.09 —4.09

Non-flood season 1987-2018 17.17 119.34 409.59 425 —3.25

Notes: Q indicates mean runoff; P indicates mean precipitation; PET indicates potential evapotranspiration; and ep and epgr represent the
elasticity in Q to P and PET, respectively.

Following the analysis of hydrological and meteorological variables, the Budyko-based
elasticity method was used to evaluate the effects of climate change and human activities
on runoff (Table 6). The effects were both positive and negative, with plus and minus signs
reflecting effect direction. The PET had a negative effect on both annual and seasonal runoff
reductions, indicating that lower PET in the post-change period (Table 5) caused runoff to
increase. Changes in PET accounted for 0.94 mm (3.45%), 0.66 mm (3.13%), and 1.11 mm
(12.79%) of the total variation in runoff annually, in the flood season, and in the non-flood
season, respectively. Meanwhile, precipitation had a positive effect on both the annual
and flood season runoff reductions, and a negative effect on the non-flood season runoff
reduction. This suggests that a decrease in precipitation during the post-change period also
decreased runoff annually and in the flood season, while an increase in precipitation during
the post-change period increased runoff in the non-flood season. Changes in precipitation
accounted for —5.93 mm (21.79%), —3.27 mm (15.51%), and 0.11 mm (—1.27%) of the total
variation in runoff annually, in the flood season, and in the non-flood season, respectively.
Human activities negatively affected annual and seasonal runoff reductions, accounting for
—20.35 mm (74.76%), —17.15 mm (81.36%), and —7.46 mm (85.74%) of the total variation in
runoff annually, in the flood season, and in the non-flood season, respectively. In general,
no matter whether the effects were positive or negative, human activities were far more
important than climate change in driving variation in runoff during the post-change period.
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Table 6. Attribution of variation in annual and seasonal runoff at Huayuankou hydrological station in the lower Yellow

River from 1961-2018 to climate change versus human activities.

Post-Change , 1p YPET H

Period AQ(mm) AQ'(mm) AQp(mm) AQppr(mm) AQg (mm) (%) (%) (%)
Annual 1987-2018 —25.34 27.22 —5.93 0.94 —20.35 (+)21.79 (—)3.45 (+)74.76
Flood season 1990-2018 ~19.76 21.08 327 0.66 ~17.15 (11551  (-)3.13  (+)81.36
Non-flood season ~ 1987-2018 —6.24 8.68 0.11 1.11 —746 ()127  (—)1279  (+)85.94

Notes: AQ indicates the actual variation in runoff; AQ” indicates the sum of runoff variation caused by all individual variables; AQp, AQpgT,
and AQp indicate the relative contributions of precipitation, potential evapotranspiration, and human activities, respectively; #p, #yper, and
1y indicate the percent contributions of precipitation, potential evapotranspiration, and human activities; plus and minus signs in brackets

reflect effect directions.

3.3.3. Comparison of the Double Mass Curve Method and Budyko-Based Elasticity Method

The assessment of factors underlying runoff variation was essentially consistent for
both the double mass curve method (Table 4) and the Budyko-based elasticity method
(Table 6). Together, these methods suggested that both human activities and climate change
positively affected runoff reductions both annually and in the flood season for the post-
change period: more than 74% of the variation in runoff could be explained by human
activities, while the remainder was explained by climate change. However, with regard to
the non-flood season, precipitation had the opposite effect on the runoff reduction. The
Budyko-based elasticity method found that precipitation negatively affected the runoff
reduction, while the double mass curve method found a positive effect. This discrepancy
could be attributed to the fact that the double mass curve method only considers the
relationship between precipitation and runoff, and not the effects of other climatic factors,
such as temperature, net radiation, vapor pressure, and PET. This also explains the smaller
observed contribution of climate change to runoff variation during the post-change period,
as calculated by the double mass curve method. In brief, the double mass curve method
is simple and easy to calculate, but it lacks a consideration of physical mechanisms; in
contrast, the Budyko-based elasticity method considers both the water balance and the
sensitivity of runoff to changes in precipitation and PET, consistent with actual hydrological
cycles in watersheds. Therefore, the Budyko-based elasticity method was selected to test
for effects of the XLD construction on runoff in the lower Yellow River.

3.4. Relative Contribution of the Xiaolangdi Dam to Runoff Changes in the Lower Yellow River

After determining the pre- and post-change periods for runoff, the post-change period
was further subdivided using the XLD construction date (i.e., into a pre-dam and post-dam
period). In this study, the main human activities affecting runoff in the pre-dam period
were assumed to be changes in the underlying surface characteristics of the upper and
middle Yellow River basin; meanwhile, for the post-dam period, the XLD construction was
assumed to be the human activity most affecting runoff in the lower Yellow River. Based
on the above assumptions, the impact of the XLD on runoff was separated from that of
climate change.

Runoff, P, PET, ep, and eppr were compared between the pre- and post-dam periods
(Table 7). In comparison with the pre-dam period, post-dam runoff was reduced by 2.15%
annually, increased by 18.66% in the flood season, and reduced by 4.05% in the non-flood
season. Precipitation increased by 8.04% (annually), 9.67% (flood season), and 5.15% (non-
flood season), while PET was reduced by 3.27% (annually), 2.96% (flood season), and 3.33%
(non-flood season). Meanwhile, runoff was more sensitive to changes in precipitation
versus PET, though runoff elasticity became less sensitive to climate change in general
following dam construction.
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Table 7. Annual and seasonal meteorological and hydrological characteristics in the Yellow River basin for the pre- and

post-dam periods.

Scale Period Q (mm) P (mm) PET (mm) ep EPET
Pre-dam (1987-2001) 37.16 461.31 920.58 3.16 —-2.16

Annual Post-dam (2002-2018) 36.36 498.41 890.47 3.03 —2.03
Pre-dam (1990-2001) 16.45 343.09 502.24 2.80 ~1.80

Flood season  p s qam (2002-2018) 19.52 376.27 487.39 2.65 ~1.65
Pre-dam (1987-2001) 17.54 116.16 416.96 4.34 —3.34

Non-flood season  p o\ 3am (2002-2018) 16.83 122.14 403.08 4.18 —-3.18

Notes: Q indicates mean runoff; P indicates mean precipitation; PET indicates potential evapotranspiration; and ep and epgr represent the
elasticity of Q to P and PET, respectively.

According to the Budyko-based elasticity method, annual runoff was 0.8 mm lower
in the post-dam period than in the pre-dam period (Table 8). Precipitation, PET, and
dam construction accounted for 8.20 mm (—31.39%), 4.46 mm (—17.08%), and —13.46 mm
(51.53%) of this reduction, respectively. This result suggests that, although climate change
caused an increase in annual runoff, this was countered by a decrease in annual runoff
caused by dam construction. Thus, dam construction moderated the influence of climate
change on annual runoff in the lower Yellow River.

Table 8. Effects of the Xiaolangdi Dam on changes in annual and seasonal runoff at the Huayuankou hydrological station
for the post-dam period (2002-2018).

Scale AQ AQ’ AQp AQper AQdam 1P HPET fldam
Annual —0.80 26.12 8.20 446 —13.46 (-)31.39  (—)17.08 (+)51.53
Flood season 3.08 8.60 457 1.27 —2.76 (+)53.14 (+)14.77 (—)32.09
Non-flood season —-0.71 19.79 3.45 6.09 —10.25 (—)17.43 (—)30.77 (+)51.79

Notes: AQ indicates the actual variation in runoff; AQ” indicates the sum of runoff variation caused by all individual variables; AQp, AQpkr,
and AQq,, indicate the relative contribution to changes in runoff from precipitation, potential evapotranspiration, and the Xiaolangdi Dam,
respectively; 17p, 17pgr, and 1 4,,, indicate the percent contributions of precipitation, potential evapotranspiration, and the Xiaolangdi Dam;
the plus and minus signs in brackets reflect effect directions.

Flood season runoff increased by 3.08 mm in the post-dam period, as compared to
the pre-dam period. Both P and PET positively affected the runoff increase, contributing
4.57 mm (53.14%) and 1.27 mm (14.77%), respectively; in contrast, dam construction had
a negative effect, contributing —2.76 mm (—32.09%). Runoff in the non-flood season de-
creased by 0.71 mm in the post-dam period, as compared to the pre-dam period. Both
P and PET negatively affected this runoff reduction, contributing 3.45 mm (17.43%) and
6.09 mm (30.77%), respectively; meanwhile, dam construction had a positive effect, con-
tributing —10.25 mm (51.79%). In general, during the post-dam period, increased P and
decreased PET together facilitated an increase in annual and seasonal runoff; however,
dam construction mitigated this positive effect.

4. Discussion
4.1. Changes in Runoff

Previous studies have reported a decrease in runoff in the Yellow River basin over the
past six decades; this decrease has been attributed to both human activities and climate
change. In the upper Yellow River basin, Cuo et al. [25] observed significantly lower
annual, wet, and warm season runoff from 1956-2009. In the middle Yellow River basin,
runoff in the high-flow season (June to September) exhibited a downward trend in 15 out
of 17 catchments across the Loess Plateau from 1961-2013 [51]. Annual runoff in 14 of
the 15 catchments of the Loess Plateau significantly decreased from 1961-2009 [29], and
abrupt changes in annual runoff also occurred between 1971 and 1996 [7]. In a study of the
Yellow River basin as a whole [19], runoff decreased over time, but this was only significant
for the middle and lower Yellow River basin; runoff in all reaches of the River showed
abrupt changes in the mid-1980s and the 1990s. Overall, this study found a similar trend
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to previous studies, with both annual and seasonal runoff decreasing (p < 0.01) from 1961
to 2018. Abrupt changes in the annual, flood season (June to October), and non-flood
season (November to May) runoff were observed in 1986, 1989, and 1986, respectively.
The change points identified here were inconsistent with previous studies, perhaps due to
differences in the methods used, time periods examined, and base scenarios. For example,
Jiang and Liu [52] described a single change point in 1985 (between 1955 and 2013), while
Hu et al. [53] documented two such points: 1933-1934 and 1989-1990 (between 1919 and
2016). In contrast to the middle Yellow River basin, where runoff shifted at least twice
(in the mid-1980s and the 1990s) [4,11,21], no abrupt changes were observed in runoff in the
lower Yellow River after 1990 [52,53]. In particular, no changes were seen after completion
of the XLD in 2001. This suggests that either the XLD did not affect runoff in the lower
reaches of the Yellow River, or it moderated the effects of climate change and other human
activities on runoff (negating any overall changes) [4].

4.2. Effects of Climate Change and Human Activities on Runoff

In this study, the double mass curve method and the Budyko-based elasticity method
were used to test for effects of climate change and human activities on annual and seasonal
runoff in the Yellow River. The quantitative results were essentially consistent between
methods: runoff reductions in the post-change period were due to the combined effects
of human activities and climate change, with human activities having a greater impact.
Climate change accounted for 18.06-25.24%, 13.53-18.64%, and 9.80-14.06% of the reduction
in annual, flood season, and non-flood season runoff, respectively, while human activities
accounted for 74.76-71.94%, 81.36-86.47%, and 85.94-90.20%, respectively. These results
are consistent with those of previous studies [54]. For example, Wang et al. [54] found
that human activities contributed 83% of the reduction in runoff in the Yellow River basin
from 1970-2008, while changes in precipitation contributed 17%. However, with regard
to seasonal runoff, different results were observed here, in comparison with a study that
examined 17 catchments across the Loess Plateau from 1961-2013 [51]. In that study,
human activities were found to have a greater impact on runoff (accounting for 73% of
the total variation) than climate change during the high-flow season, while the reverse
was true in the low-flow season. The larger effect of climate change during the low-flow
season was attributed to a combination of greater climate change effects and lower human
activity effects. This inconsistency between studies could be related to differences in
the hydrological seasons used, locations (mainstream and/or tributaries) of hydrological
stations, and time periods studied.

Human activities are the most important driver of runoff changes in the Yellow
River basin (accounting for more than 70% of runoff variation), and these effects are only
increasing with time [4,7,11,21,51]. The effects of specific human activities on runoff have
been examined, including surface water consumption and vegetation cover changes [4],
cropland changes [19], land use/cover change, sediment-trapping dam operation [21],
reservoir operation [46], and ecological restoration [7]. However, it remains difficult to
distinguish the role of individual factors, due to interactions among factors and limitations
of currently available methods. Firstly, different human activities impact runoff in different
ways, but most previous studies have grouped all such activities together. This is likely
because obtaining the requisite data for individual analysis is challenging; all other human
activities, except the target activity, must be absent [5]. Therefore, consistent with previous
studies, this study separated the effects of climate change from human activities as a whole,
without considering activities individually. Second, climate change and human activities
are inter-related and may affect each other [31,51]. However, most attribution analyses
(including that of the present study) have assumed their independence [2,3], ignoring any
potential interactions [5]. Third, disregarding the above assumptions, there remain other
limitations associated with the attribution approaches. In the present study, the double
mass curve method and the Budyko-based elasticity method were used to separate the
effects of climate change and human activities on runoff. Although the two methods yielded
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consistent results (i.e., similar percent changes in runoff for the post-change period), the
first method only distinguished the effects of precipitation on runoff, with no consideration
of local human activities or other climatic factors [2]. The second method distinguished the
effects of precipitation versus AET/PET [6,10]. In addition, as precipitation and AET/PET
changed in opposite directions, this might lead to underestimation or overestimation of the
climate contribution [2]. As such, the number of climatic factors to include in these two
methods of analysis remains under debate [55]. Consequently, more work should be done
to accurately quantify the effects of climate change and human activities, as well as their
interaction, on runoff, whether in the Yellow River basin or other river basins worldwide.

4.3. Runoff Changes Associated with the Xiaolangdi Dam

In spite of the uncertainties and limitations associated with the attribution approaches
used here, the comparable results found by both methods suggests that human activity
effects were reliably separated from those of climate change. Therefore, using the Budyko-
based elasticity method, the impact of the XLD construction was further separated from that
of climate change. The XLD reduced annual and non-flood season runoff (by 51.53% and
51.79%, respectively), while increasing flood season runoff (32.09%). This result is consistent
with that of Fang et al. [56], who found that dam construction and land use changes
contributed 41.24% and 6.21%, respectively, to runoff reductions at the Huayuankou
hydrological station. Indeed, most previous studies have found that dam construction
exacerbates existing runoff reductions [57]. In addition, dams are increasingly being
discussed as an option to buffer against climate-induced hydrological changes [37,40]. This
was supported here, as the XLD mitigated increases (due to increased precipitation and
decreased PET) in annual and seasonal runoff seen during the post-dam period.

5. Conclusions

Climate change and human activities affect all aspects of the hydrological cycle in
river basins. The impact of human activities on runoff is becoming more pronounced over
time in the context of the warming climate. A particularly problematic human activity, dam
construction, can directly and dramatically alter downstream runoff. Therefore, a better
understanding of the effects of dam construction on runoff is crucial for river management.
However, such studies are complex, due to the need to account for the interacting and
cumulative effects of multiple factors. As an attempt to explore how dam construction
affected annual and seasonal runoff in the lower Yellow River, the present study first
measured long-term trends and abrupt changes in runoff for the period from 1961-2018;
next, the relative effects of climate change and human activities were separated. Unlike
previous studies, which utilized the abrupt change points for annual runoff across multiple
time scales, this study separately identified the base periods and change points for annual
and seasonal runoff. Runoff in the Yellow River basin was simultaneously affected by
both climate change and human activities, with human activities having a stronger impact.
To better understand these effects, the contribution of dam construction to runoff changes in
the lower Yellow River was examined from 2002 to 2018 (after the XLD became operational).
The main conclusions are summarized below.

Both annual and seasonal runoff decreased over time (p < 0.01). However, abrupt
changes were seen in different years for annual runoff (1986), flood season runoff (1989),
and non-flood season runoff (1986). It is worth noting that no abrupt changes in runoff
occurred during or after construction of the XLD; this suggests that the XLD either did not
significantly alter runoff in the lower Yellow River, or it moderated runoff changes induced
by climate change and other human activities.

Human activities were responsible for 74.76-71.94%, 81.36-86.47%, and 85.94-90.20%
of annual, flood season, and non-flood season reductions in runoff, respectively; climate
change was only responsible for 18.06-25.24%, 13.53-18.64%, and 9.80-14.06% of the
reductions. Among the tested climatic factors, lower PET had a negative effect on the
runoff reductions, and accounted for 3.45%, 3.13%, and 12.79% of the total variation
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annually, in the flood season, and in the non-flood season, respectively. In contrast, lower
precipitation had a positive effect on the annual (21.79%) and flood season (15.51%) runoff
reductions, while higher precipitation in the non-flood season had a negative effect on the
runoff reduction (—1.27%).

For the post-dam period, the XLD decreased runoff annually (by 51.53%) and in the
non-flood season (51.79%), while increasing runoff in the flood season (by 32.09%). As such,
the XLD mitigated runoff increases induced by higher precipitation and decreased PET
during the post-dam period. In this regard, the XLD moderated the effects of climate
change on runoff in the Yellow River basin. This important insight into the effects of
dam construction has implications for the sustainable management of water resources in
regulated rivers.
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