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• We evaluated the impact of climate
change and human activities on runoff
changes.

• Climatic factors highly contributed to
runoff change.

• The impact of precipitation on runoff
change was stable.

• The contribution of human activities to
runoff change was low.

• We provided a understanding of the
main factors that contribute to runoff
change.
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The Yinjiang River watershed is a typical karst watershed in Southwest China. The present study explored runoff
change and its responses to different driving factors in the Yinjiang River watershed over the period of 1984 to
2015. The methods of cumulative anomaly, continuous wavelet analysis, Mann-Kendall rank correlation trend
test, and Hurst exponent were applied to analyze the impacts of climate change and human activities on runoff
change. The contributions of climate change and human activities to runoff change were quantitatively assessed
using the comparative method of the slope changing ratio of cumulative quantity (SCRCQ). The following results
were obtained: (1) From1984 to 2015, runoff and precipitation exhibited no-significant increasing trend,where-
as evaporation exhibited significant decreasing trend. (2) In the future, runoff, precipitation, and evaporationwill
exhibit weak anti-persistent feature with different persistent times. This feature indicated that in their persistent
times, runoff and precipitation will continuously decline, whereas evaporation will continuously increase. (3)
Runoff and precipitation were well-synchronized with abrupt change features and stage characteristics, and ex-
hibited consistent multi-timescale characteristics that were different from that of evaporation. (4) The contribu-
tion of precipitation to runoff change was 50%–60% and was considered high and stable. The contribution of
evaporation to runoff change was 10%–90% andwas variable with a positive or negative effects. The contribution
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of human activities to runoff changewas 20%–60% and exerted a low positive or negative effect. (5) Climatic fac-
tors highly contributed to runoff change. By contrast, the contribution of human activities to runoff change was
low. The contribution of climatic factors to runoff change was highly variable because of differences among base
periods. In conclusion, this paper provides a basic theoretical understanding of themain factors that contribute to
runoff change in a karst watershed.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

In recent decades, global climate change and human activities have
accelerated the global hydrological cycle (Allen and Ingram, 2002;
Stocker and Raible, 2005; C.Y. Xu et al., 2013; X.L. Xu et al., 2013a; X.L.
Xu et al., 2013b; Millan, 2014; Amin et al., 2017) and have changed
the spatiotemporal patterns of rainfall and evaporation (Beniston,
2002; Coulibaly, 2006; Chu et al., 2008; Hsu and Li, 2010; Liang et al.,
2011; Liu et al., 2014). Thus, the runoffs of many rivers around the
world exhibit a significantly decreasing trend (Fu et al., 2004; Xu et al.,
2010; Wang et al., 2012a; Li and Zhou, 2016; Zhang et al., 2016) that
greatly threatens global water security. In the karstwatershed in South-
west China, prominent runoff attenuation has triggered a serious water
crisis that threatens water resources and ecological security (Qin et al.,
2015), as well as influences the survival and development of the 0.22
billion people in this region. Therefore, investigating the changing char-
acteristics of runoff and quantitatively assessing the effects of climate
change and human activities on runoff change in the karst watershed
is crucial. Solving the water crisis in the karst watershed is conducive
towater resources planning andmanagement andhas vast strategic sig-
nificance in global water security.

Quantifying the impacts of climate change and human activities on
runoff change has become a hot topic in climatic and hydrologic re-
searches (Li et al., 2016; Yuan et al., 2016; Zhang et al., 2016). Previous
reports have indicated that that human activities have altered thewater
cycle and have increased runoff loss. Researchers have utilized many
methods to evaluate the contribution rates of the main influencing fac-
tors to runoff changes and have revealed that runoff changes involve the
superposition of the effects of climate change andhuman activities,with
human activities being the dominant factor (Beniston, 2012; Zhan et al.,
2013; Gao et al., 2017). The effects of climate are mainly reflected in the
inter-annual variability, multi-timescale, and future sustainability of
runoff. The hydrological model and quantitative evaluation method
are the main methods for the quantitative separation of the impacts of
climate change and human activities at the watershed scale (Wang,
2014). In the former method, hydrological models are used to assess
the influence of climate andhuman activities on runoff change by runoff
simulation. The lattermethod is based on themethods of climatic elastic
coefficient (Hu et al., 2012),multivariate regressive (Xu, 2011), sensitiv-
ity analysis (Zuo et al., 2013), water balance (Wang et al., 2009), and
double mass curve of runoff and precipitation (Guo et al., 2014; Zhao
et al., 2014; Niu et al., 2016). Many researchers have conducted a wide
range of studies on the Yangtze River basin (Zhao et al., 2015), Yellow
River basin (S.J. Wang et al., 2014; Kong et al., 2016), Wei River basin
(Huang et al., 2016a), Hei River basin of China (K.S. Luo et al., 2016),
as well as on several typical watersheds in other countries (Buendia et
al., 2016; Zare et al., 2016; Farenhorst et al., 2017; Griffioen, 2017;
Marcos et al., 2017). Based on their findings, runoff changes involved
the superposition of the effects of climate change and human activities,
and human activities was the dominant factor. Although these studies
have quantitatively evaluated the comprehensive effects of climate
change and human activities on runoff change, some shortcomings
and deficiencies in research methods and research areas have been ob-
served. For example, although the hydrological model has a good phys-
ical foundation, its structure and parameter sensitivity possess several
uncertainties (Leavesley, 1994). Unverified simulation results likely
overestimate the effect of climate change on runoff change (Legesse et
al., 2003). Furthermore, although the quantitative evaluation method
requires less data, a longer data series is needed to reach the effect of
quantitative assessment, and the noise in the long-time data series in-
terferes with the evaluation results (Sankarasubramanian et al., 2001).
Eliminating the influence of inter-annual fluctuations is also difficult.
The factors that affect runoff change and their specific contributions to
runoff change in a karst watershed are significantly different from
those in a non-karst watershed because of special hydro geographical
structures and complex humanistic background (Kong et al., 2007; Bai
et al., 2010; Patterson et al., 2013; Liu et al., 2016). Thus, the identifica-
tion ofmain driving factors ofwater resource change and their contribu-
tions to runoff change in a karst watershed by water resource
researchers and managers remains difficult. Quantifying the contribu-
tions of the major influencing factors in climate and human activities
to runoff change in a karst watershed is now a major problem.

Runoff in a karst watershed has received little attention so far, with
most studies focusing only on the research and development of water
resources utilization technology (Hartmann et al., 2014; Qin et al.,
2015; G.J. Luo et al., 2016), runoff simulation (Meng et al., 2015; Tian
et al., 2016), and soil and water loss (J.X. Wang et al., 2014; Chen and
Lian, 2016). Given the lack of theoretical basis, good technical methods,
and data support, researchers have seldom considered the trend, peri-
odicity, and future change of the hydrological and climatic factors in a
karst watershed and have ignored the impacts of climate change and
human activities on runoff change. International research on karst wa-
tersheds is not only short of relevant data but also lack experience and
contribution. Therefore, the main contribution of the present study is
the identification of the main contributing factors to runoff change in
a typical karst watershed. Furthermore, the present study establishes a
basic theoretical understanding of the influential mechanisms and con-
tribution values of runoff change is established in a karst watershed
with the support of hydrological and meteorological data from a long
period of 32 years.

In this study, a new separationmethod of slope changing ratio of cu-
mulative quantity (SCRCQ) (Wang et al., 2012b) was used to conve-
niently eliminate the noise and separate the influence values of
climatic factors and human activities on runoff change. Accumulative
amountwas introduced to decrease the influence of inter-annualfluctu-
ations in the measured data. Linear fitting between year and accumula-
tion considerably improved the correlation coefficient of the fitting
relationship. Cumulative anomaly (Wang et al., 2012a; Wang et al.,
2012b) was used to accurately detect the abrupt change features of hy-
drological and climatic time series, thus avoiding the right avertence de-
fect from double mass curve of runoff and precipitation (Ran et al.,
2010) and the multi-point abrupt change from the non-parameter
Mann-Kendall detection. The periodical influence and multi-timescale
evolution features of hydrological and climatic time series were accu-
rately reflected by continuous wavelet analysis, which was used
for signal time-frequency analysis (Labat, 2008; Mustapha et al.,
2013; Nourani et al., 2015; Rashid et al., 2015). The current chang-
ing trends of hydrological and climatic time series were accurately
analyzed by the combined application of the Theil-Sen median
trend analysis and Mann-Kendall rank correlation trend test meth-
od (Dong et al., 2009; Guo et al., 2011; Nalley et al., 2012; Araghi et
al., 2016).
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The Yinjiang River watershed, which is located in a typical karst val-
ley area in Southwest China, was selected as the research site of the
present study. This study combined Mann-Kendall rank correlation
trend test, cumulative anomaly, continuous wavelet analysis, Hurst ex-
ponent, and SCRCQ to quantitatively evaluate the impacts of climate
change and human activities on runoff change. The study has the fol-
lowing objectives: (1) to statistically detect the trends and the abrupt
change points of hydrological and climatic time series of the watershed
and to analyze itsmulti-timescale characteristics and future sustainabil-
ity features, (2) to effectively separate the influential values of climate
change and human activities on the runoff change and to quantitatively
calculate the contributions of its main influential factors, and (3) to ex-
plore the influential mechanisms of the impacts of climate change and
human activities on runoff change. This study provides amethodologies
and data references for international counterparts for studying the im-
pacts of climate change and human activities on runoff change in karst
watershed. This study also provides new understanding for balancing
the security pattern of global water resources.

2. Study site and materials

2.1. Study site

The Yinjiang River watershed (108°18′–108°47′ E, 27°53′–28°15′
N), which is located northeast of Guizhou Province (Fig. 1a), is a typical
karst valley watershed in the Yinjiang County's karst test site. The wa-
tershed, which belongs to the Yangzi River system, is an important
branch of the Wujiang River. It covers an area of 830 km2, with an ele-
vation range of 399–2465 m above sea level, and the mean elevation
is 1033m (Fig. 1b). Thewatershed's topography is mountainous. Eleva-
tion in the study area decreases from southeast to northwest, ranging in
a large scope. The watershed is located the zone of humid subtropical
monsoon climate, with an average annual temperature of 16.72 °C, av-
erage annual precipitation of 1103.44 mm/year, and average annual
evaporation of 667.01 mm/year based on the 32 years (1984–2015).

The Yinjiang River watershed has particular geographical environ-
ment and complex hydrological process. The land surface is steep and
broken with numerous underground cracks, causing a severe under-
ground loss of runoff and rainfall. In addition, the situation of runoff de-
pletion is very severe because of undulating terrain, small flow range,
and low drainage density. The average annual runoff was only
4.62 × 108 m3/year based on the 32 years (1984–2015). The middle of
the watershed is located at the bottom of valley. A karst valley (Fig.
2a) with a geographical background of a syncline structure in the center
Fig. 1. Study area location in China (a) an
of the valley with steep bedding slopes exists on both sides (Fig. 2b).
Only one river exists in the valley area, the Yinjiang River, and it is the
main channel. This river (Fig. 2a) passes through the bottom of the val-
ley and has a large number of people and sloping farmlands distributed
on both sides (Fig. 2b). It is an area with the largest intensity of human
activities in the watershed. Although the Yinjiang River watershed has
favorable water and temperature conditions, it is characterized by
sparse vegetation coverage, thin and shallow soil, frequent human ac-
tivities, severe water and soil loss, and intense evaporation. As a result,
its runoff has gradually decreased.

2.2. Materials

Remote sensing data (P126, R40 and P126, R41), with a spatial reso-
lution of 30m,were selected for this work. These data include those ex-
tracted from Landsat 5 on 08-22-1990, 11-05-2000, and 11-01-2010,
which were retrieved from the United States Geological Survey
(USGS) website (http://earthexplorer.usgs.gov/). Meanwhile, digital el-
evation model (DEM) data, with a spatial resolution of 30 m, was pro-
vided by the International Scientific and Technical Data Mirror Site,
Computer Network Information Center, Chinese Academy of Sciences
(http://www.gscloud.cn).

Hydrological data were mainly monthly runoff of the Yinjiang River
watershed (log data from 01-1984 to 12-2015). Meteorological data
with the same length of time as hydrological data weremainly monthly
precipitation and evaporation data. Themonthly runoff and evaporation
data were from the Guizhou Provincial Hydrology andWater Resources
Bureau (http://www.gzswj.gov.cn/hydrology_gz_new/index.phtml).
The monthly precipitation data for the study area were collected from
eight stations from the China Meteorological Data Sharing Service Sys-
tem (http://cdc.cma.gov.cn/). The average annual precipitation data of
each year for the watershed were interpolated by the Kriging method
using ArcGIS 10 (ESRI 2010) with annual precipitation data of the pre-
cipitation observation stations in the watershed together with those
from the neighboring observation stations outside it. The relative data
in this study is standardized to simplify calculation and description in
this study. Runoff, precipitation, and evaporation are simplified to be
Q, P, and E for a convenient description, respectively.

3. Methodology

Five approaches were used in this study: Mann-Kendall rank corre-
lation trend test, cumulative anomaly, continuous wavelet analysis,
Hurst exponent, and SCRCQ. The specific steps of these approaches are
d the Yinjiang River watershed (b).

http://earthexplorer.usgs.gov
http://www.gscloud.cn
http://www.gzswj.gov.cn/hydrology_gz_new/index.phtml
http://cdc.cma.gov.cn


Fig. 2. Karst valley (a) and slope surface features (b) in the Yinjiang River watershed.
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shown in Fig. 3. The Mann-Kendall rank correlation trend test was ap-
plied to detect changes in trends. Cumulative anomaly was used to de-
tect the abrupt change times of runoff, precipitation, and evaporation.
As a useful tool for the analysis of the time-frequency properties of var-
ious time series, continuous wavelet analysis was performed to identify
periods in standardized runoff, precipitation, evaporation time series,
and time-frequency correlations. Hurst exponent was used to detect
long-termmemory characteristics and future trends. The impacts of cli-
mate change and human activities on runoff changewere calculated via
SCRCQ based on the slope changes of the relations between years and
accumulation of runoff, precipitation, and evaporation in different
periods.

3.1. Mann-Kendall rank correlation trend test method

This study combines the Theil-Sen median trend analysis and the
Mann-Kendall rank correlation trend test to analyze the time series.
TheMann-Kendall rank correlation trend test method can quantitative-
ly detect the changing trend of the time series (Adamowski and
Bougadis, 2003; Pingale et al., 2013). It has been widely applied to
Fig. 3. Flowchart for technology system of quantifying the impac
analyze the trends and changes in sites with hydrological andmeteoro-
logical time series. The formula is as follows:

τ ¼ 4P
N N−1ð Þ−1 ð1Þ

σγ ¼ 2 2Nþ 5ð Þ
9N N−1ð Þ ð2Þ

Z ¼ τ=σγ ð3Þ

where Z refers to the rank correlation coefficient, the value of Z ranges
from −∞ to +∞. P refers to the occurrence times of Rj b Ri in all paired
observed values of runoff (Rj, Ri, j b i), and N is the length of time series
(32 years).

In terms of theMann-Kendall rank correlation tend test, in the given
α confidence level, |Z ≤ Z(1-α/2)|, the time series does not have a signifi-
cant trend if the statistic amount |Z ≤ Z(1-α/2)|; the series has a signifi-
cantly downward trend if |Z b Z(1-α/2)|; the series has a significantly
increasing trend if |Z N Z(1-α/2)|. α refers to the level of significance.
α = 0.05, if |Z(1-α/2)| = 1.64; α = 0.01, if |Z(1-α/2)| = 2.32.
ts of climate change and human activities on runoff change.
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In addition, significant trends can explain the change in long-term
time series. Theil-Sen median trend (Sen, 1968) is calculated by.

TS ¼ Median
Xk−Xj

k− j

� �
∀ jbk ð4Þ

where xi and xj represent the time series values of years i and j, respec-
tively. In case of TS N 0, the time series presents an increasing trend; oth-
erwise, it shows a decreasing trend.

To make the calculation results more concise and clear, the time se-
ries is standardized before Mann-Kendall rank correlation trend test
analysis. The standardization of the formula is shown as follows (Wu
and Huang, 2015):

X0 ¼ X−mean Xð Þ
std Xð Þ ð5Þ

where X is the original series,mean (X) is themean of the series, and std
(X) is the standard deviation of the series.

3.2. Cumulative anomaly

Cumulative anomaly is commonly used to identify the variation of
hydrological and meteorological factors, such as sequential precipita-
tion, evaporation, and runoff (Ran et al., 2010). For a discrete series xi,
the cumulative anomaly (St) for hydrological and meteorological data
point xi can be expressed as follows:

St ¼ ∑t
i¼1 xi−Xmð Þ ð6Þ

Xm ¼ 1
n
∑n

i¼1xi ð7Þ

where Xm is the mean value of the discrete point series xi, and n is the
number of discrete points (Wang et al., 2012a).

3.3. Continuous wavelet analysis

Continuouswavelet analysis based on theMorlet function (Morlet et
al., 1982; Christopher andWebster, 1998) has beenwidely used to iden-
tify periodic oscillations of signals (Labat, 2005; Werner, 2008). In re-
cent years, continuous wavelet analysis has been applied to the
analysis of multi-timescale features of hydrological and meteorological
research. This method can clearly reveal a variety of changes in the
time series and fully reflect the change trend of hydrological and mete-
orological data in different timescales.

Considering the series Xn as a continuous time series with t rang-
ing from−∞ to +∞, then theMorlet function is chosen as themother
wavelet function to detect local temporal patterns of hydrological
and meteorological data in this study, and is given (Zhang et al.,
2016) as:

Φ tð Þ ¼ π−1=4eicte−t2=2 ð8Þ

whereΦ(t) is the Morlet wavelet function; i is the imaginary symbol
of a complex number; c is the non-dimensional frequency, here
taken to be 6 to satisfy the admissibility condition (Christopher and
Webster, 1998); and t is time.

For a time series Xn,with t=0…n, then thewavelet variance can be
calculated by

Wn a;bð Þ ¼ a−
1
2

��� ���
Z ∞

−∞
X tð ÞΦ� t−b

a

� �
dt ð9Þ

Var að Þ ¼
Z ∞

−∞
Wn a;bð Þ2

n o
db ð10Þ
where Wn (a, b) is the wavelet transform coefficient and can present
the characteristics of the signal change at different timescales;
Var(a) is wavelet variance; Φ⁎(t) is the complex conjugate of Φ(t);
a is called a scaling parameter, which measures the degree of com-
pression or scale; and b is the time shift or translation parameter
which determines the time location of the wavelet (Zhang et al.,
2016).

3.4. Hurst exponent

The rescaled range (R/S) analysis, proposed by the British hydrol-
ogist Harold Edwin Hurst (1951), explores trends in the time scale to
study natural and socio-economic phenomena of non-linear quanti-
ty and the prediction method. Mandelbrot and Wallis (1969) im-
proved this theory, which has been widely used in the fields of
hydrology, climatology, economics, geology, and geochemistry. It
has also been applied in detecting the time series of vegetation
changes.

The basic principle of the R/S analysis is as follows. Defined a time se-
ries ξt (t=1, 2,…, n), divide the time series into t subseries of ξt, and the
time span of the time series is defined as follows:

τ ¼ tn−t1 ð11Þ

(1) To calculate the difference of time series.

ξi ¼ ξn−ξ1 ð12Þ

(2) To calculate the mean series of the difference of time series.

ξi ¼
1
t
∑
t

i¼1
ξi ð13Þ

(3) To calculate the accumulated deviation.

X ti;nð Þ ¼ ∑t
i¼1 ξi−ξi

� �
ð14Þ

(4) To build the range series.

R tn−t1ð Þ ¼ R τð Þ ¼ maxX t;nð Þ− minX t;nð Þ ð15Þ

(5) To build the standard deviation series.

S τð Þ ¼ 1
t
∑n

i¼1 ξi−ξi
� �2

� �1
2

ð16Þ

(6) Introducing the dimensionless ratio into rescale, obtains

R τð Þ
S τð Þ ∝

τ
2

� �H
ð17Þ
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where τ=1, 2,…, n, ratio R(τ)/S(τ) ∝ (τ/2)H then a Hurst phenomenon
exists in the time series of runoff, precipitation and evaporation. H is the
Hurst exponent. The Hurst exponent reveals trend components of the
time series and shows the intensity of the trend components. Three
kinds of conditions exist for different H (0 b H b 1). First, when
H=0.5, the time series is a stochastic series without sustainability. Sec-
ond, whenH N 0.5, the sustainability of the time series exhibits the same
trend as the time series in the future. Third, when H b 0.5, the anti-sus-
tainability of the time series occurs.

The grading intensity table (Table 1) of the Hurst exponent is raised
here to quantitatively describe the intensity of future trend compo-
nents. The grading intensity of the Hurst exponent is divided into five
grades from weak to very strong (Fan et al., 2008).

The statistic value V(τ) is introduced to quantitatively describe the
mean cycle of the future change trend of time series. The formula is as
follows:

V τð Þ ¼ R τð Þ
S τð Þ

� �
τ
=

ffiffiffi
τ

p ð18Þ

V(τ) can test the stability of R/S analysis, determine whether a time
series has a periodical cycle, and estimate the cycle length. The sta-
tistic amount V(τ)− lgτ is close to flat for a series of independent ran-
dom processes. The V(τ) − lgτ curve is upsweep for time series with
inverse state persistence (H N 0.5). By contrast, V(τ) − lgτ curve is
downward sloping for time series with inverse state persistence
(H b 0.5). If V(τ) in the V(τ) − lgτ curve is changed with the changing
trend of lgτ, that is, when the curve shows a significant turning point,
the influence of the history state on the future state will disappear.
The mean cycle of the system T is the corresponding time span τ. T
refers to themeanmemory length of initial conditions by the system,
that is how long before the system loses its dependence on the initial
condition completely and represents the length of persistent time in
the future.

3.5. SCRCQ

The SCRCQmethod was revised from the slope change ratio of accu-
mulative quantity (SCRAQ) proposed byWang et al. (2012b) to account
for the contributions of influence factors to runoff change in different
periods. The influence factors on runoff change in the Yinjiang Riverwa-
tershed generally include climate factors, groundwater recharge and
human activities (Wang et al., 2012a).

Assuming that the slope of the linear relationship between year and
cumulative runoff before and after a turning year is SRa and SRb
(108m3/year), respectively, the slope of the linear relationship between
year and cumulative precipitation before and after a turning year is SPa
and SPb (mm/year), respectively, and the slope of the linear relationship
between year and cumulative evaporation before and after a turning
year is SEa and SEb (mm/year), respectively. The steps to calculate the
contributions of climate change and human activities to runoff change
are defined as follows:

(1) To calculate the change ratio of runoff (RSR (%)), precipitation
(RSP (%)), and evaporation (RSE (%)).
Table 1
Classification of Hurst exponent.

Grade H Strength

Positive correlation Negative correlation

I 0.50 b H ≤ 0.55 0.45 b H ≤ 0.55 Weak
II 0.55 b H ≤ 0.65 0.35 b H ≤ 0.45 Weaker
III 0.65 b H ≤ 0.75 0.25 b H ≤ 0.35 Stronger
IV 0.75 b H ≤ 0.85 0.15 b H ≤ 0.25 Strong
V 0.85 b H ≤ 1.00 0.00 b H ≤ 0.15 Very strong
RSR ¼ SRb−SRa
SRaj j ð19Þ

RSP ¼ SPb−SPa
SPaj j ð20Þ

RSE ¼ SEb−SEa
SEaj j ð21Þ

(2) To calculate the contribution of the precipitation (CP, unit: %),
evaporation (CE, unit: %) to runoff change after the turning year
comparing to that before the turning year.

CP ¼ 100� RSP

RSR
¼ 100�

SPb−SPa
SPaj j

SRb−SRa
SRaj j

ð22Þ

CE ¼ −100� RSE

RSR
¼ 100�

SEb−SEa
SEaj j

SRb−SRa
SRaj j

ð23Þ

(3) To calculate the contribution of human activities (CH, unit: %) to the
runoff change based on water balance,

CH ¼ 100−CP−CE−CG ð24Þ

where CG is the contribution of groundwater to the runoff change.
The groundwater recharge does not remarkably influence the annu-

al runoff change because of distinct dry season (from Nov. to May) and
wet season (from Jun. to Oct.) within a year according to previous stud-
ies (Wang et al., 2012a). Since the groundwatermainly affects thedistri-
bution of runoff in the year, the impact on the inter annual scale is
negligible (Wang et al., 2015) and which also can be considered as
part of human activities. So, the CG in the Eq. (24) can be regarded as
0 for the Yinjiang River watershed in this study.

4. Results

4.1. The change characteristics analysis between runoff, precipitation, and
evaporation

4.1.1. Inter-annual change characteristics
As shown in Fig. 4, the highest values of annual runoff was

7.64 × 108 m3 in 2014, and the lowest was 2.91 × 108 m3 in 2015. The
maximum precipitation and evaporation values were 1435 mm in
2014 and 920.20 mm in 1985, respectively. The minimum precipitation
and evaporation values were 718.90 mm in 2013 and 568.10 mm in
2014, respectively. Runoff and precipitation have similar inter-annual
fluctuation patterns, and that evaporation has inverse characteristics
with runoff and precipitation. The change in precipitation affected run-
off change, and these two parameters were well synchronized.

Table 2 shows that the Z values of runoff, precipitation, and evapora-
tion were 0.16, 0.45, and −2.14, respectively, according to Mann-Ken-
dall rank correlation trend test. TS values were 0.01, 1.50, and −2.91,
respectively. The Z value of evaporation passed the 0.05 significance
test. This result indicated that runoff and precipitation showed a non-
significant increasing trend, whereas evaporation showed a significant
declining trend.



Fig. 4. The characteristics of inter-annual variation of runoff, precipitation, and
evaporation.

Fig. 5. The cumulative anomaly of runoff (a), precipitation (b), and evaporation(c).
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4.1.2. Abrupt change characteristics
The changing characteristics of the cumulative anomaly curves of

the runoff, precipitation, and evaporation of the Yinjiang River water-
shed over 1984–2015 are as shown in Fig. 5. The cumulative anomaly
curve of runoff reached the lowest value in 1994 and the highest value
in 2003, which were the maximum and minimum points of runoff, re-
spectively. Runoff has a decreasing trend and an increasing trend before
and after 1994, respectively, and then a decreasing trend after 2003.
Therefore, the significant inflexion points of runoff were apparently
1994 and 2003 during the whole 32 years.

The cumulative anomaly curves shown in Fig. 5 indicated that pre-
cipitation has two significant inflexion points in 1994 and 2004 and
that evaporation has two significant inflexion points in 1995 and
2007. Runoff and precipitation exhibited similar abrupt change features
and stage characteristics. Moreover, runoff and precipitation both
abruptly changed in 1994. Evaporation had an increasing stage before
1995 and exhibited characteristics that oppose those of runoff during
this period. Evaporation then underwent a declining stage after 2007
and exhibited the same stage characteristics as runoff during this time.
Thus, the abrupt change times of evaporation lagged 1–2 year(s) behind
those of runoff and precipitation as a whole.
4.1.3. Multi-timescale characteristics

4.1.3.1. Inter-annual periodicity. The real part contour graphs and modu-
lar square diagrams (Fig. 6) of the wavelet coefficient of standardized
runoff, precipitation, and evaporation were produced by continuous
wavelet analysis. The results showed that the runoff time series had
strong multi-timescale characteristics with oscillations of 3 years in 5–
10-year timescale and 8 years in 18–26-year timescale (Fig. 6a). Energy
signal was relatively strong (Fig. 6b) with the most significant periodic-
ity that almost occupied thewhole research time domain in 18–26-year
Table 2
Mann-Kendall rank correlation trend test of runoff (Q), precipitation (P), and evaporation
(E) in the Yinjiang River watershed from 1984 to 2015.

Name Z TS Trend

Q (108 m3) 0.16 0.01 +
P (mm) 0.45 1.50 +
E (mm) −2.14* −2.91 −

Notes: The Z index is a standardized Mann-Kendall rank correlation trend test to denote
the positive (+) or negative (−) trend. TS is the significant trends of the time series. * Rep-
resents significance atα=0.05. The trend significance is distinguished by judgingwheth-
er the absolute of Z value is N1.64 with a 95% statistical confidence level and 2.32 with a
99% statistical confidence level or not.
timescale, andwas relativelyweakwith locally significant periodicity in
5–10-year timescale. Periodicity was weak in the 1980s and strength-
ened after 1998. Three high centers and two low centers existed in the
whole time domain in 18–26-year timescale and corresponded to
1984, 1999, and 2015, and 1992 and 2007. The periods of 1984–1988,
1995–2003, and 2011–2015 showed positive phases with high runoff.
By contrast, the periods of 1989–1994 and 2004–2010 showed the neg-
ative phases with low runoff. Three high centers and three low centers
occurred in 5–10-year timescale and corresponded to 2003, 2009, and
2015, and 2000, 2006, and 2012. The alternating cycles of positive and
negative phases decreased. However, their frequencies were more de-
tailed. Periodic change characteristics were dominated by the dry–wet
alternating change of runoff and its multi-timescale features, further
complicating changes.

Fig. 6c shows that the precipitation time series had timescale period-
ic characteristics that were consistent with that for runoff. The high or
low centers and positive or negative phases of precipitation tended to
be close to that of runoff, however, their energy signal intensities were
different (Fig. 6d). For precipitation, the high-intensity energy signals
in 15–26-year timescale were mainly distributed before the 1990s.
Therefore, the periodic characteristics in the 1980s were strong in this
timescale. Moreover, high-intensity energy signals were distributed
after 2000 in 5–10-year timescale with a markedly strengthening
trend. Thus, the periodic characteristics of precipitation in this timescale
were considerably enhanced and those of evaporation were consider-
ably reduced (Fig. 6e). The multi-timescale characteristics of precipita-
tion were dominated by the periodic characteristics in a small
timescale. High or low centers and positive or negative phases of evap-
oration showed reverse correspondence to those of runoff and precipi-
tation. Energy signal intensity was significantly different in 5–15-year
timescale (Fig. 6f). Energy signal intensity in the 1980s and from 2010
to 2015 was strongwith a weak intermediate period. Therefore, precip-
itation and runoff had similar multi-timescale characteristics with
strong periodic characteristics in a large timescale. The multi-timescale
characteristics of evaporation showed an inverse correspondence with
that of runoff, which was mainly reflected in a small timescale.

4.1.3.2. Main influence periods of runoff, precipitation and evaporation. In
the present study, wavelet variance analysis was utilized to quantita-
tively analyze the changes in the abundant–low characteristics and pe-
riodic intensity of runoff, precipitation, and evaporation over different
main periods. As shown in Fig. 7, the wavelet variance graph for runoff
had three significant peaks of 3-year, 10-year, and 23-year timescales
from small to large. The maximum peak of the 23-year timescale was



Fig. 6. The time-frequency distribution of Morlet wavelet transform coefficients real part contour graphs and themodulus square diagrams of the standardized runoff (a, b), precipitation
(c, d), and evaporation (e, f).
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the first main period for the periodic change of runoff, and 3-year and
10-year timescales were the second and third main periods, respective-
ly. Precipitation had the first, second, and thirdmain periods of 20-year,
3-year, and 10-year timescales, respectively. Furthermore, two appar-
ent peaks existed in 10-year and 4-year timescales in the whole time
domain for evaporation, namely, the first and third main periods, and
a local peak in 32-year timescale was the secondmain period. These re-
sults showed that the periodic changing characteristics of runoff were
similar to those of precipitation.

4.1.3.3. Abundant-low transit characteristics in different main periods. In
this study, the mean period and abundant-low transit characteristics
of runoff, precipitation, and evaporation were analyzed based on differ-
ent main period timescales. Fig. 8 shows that runoff and precipitation
had more consistent abundant-low transit characteristics in the three
timescales of the main periods. The mean periods in 20-year and 23-
year timescales were approximately 16 years with two abundant-low
transit periods. Runoff, precipitation, and evaporation exhibited
consistent abundant-low transit characteristics with a transformation
period of 7 years in 9-year and 10-year timescales, with five periods of
abundant-low transformation. The abundant-low transit characteristic
of evaporation in 4-year timescale was consistent with those of runoff
and precipitation in 3-year timescale with a mean changing period of
2 years. The abundant-low transit characteristics of runoff and precipi-
tation were significant in a large timescale, whereas those of evapora-
tion were reversed. Runoff, precipitation, and evaporation had more
consistent abundant-low transit characteristics in a small time scale
and significantly features in 9-year and 10-year timescales. Those char-
acteristics, however, were only significant at the end of periods in 3-
year and 4-year timescales and without significant features in the mid-
dle of periods in these timescales.

4.1.4. Long-term memory characteristics and future trends
The Hurst exponent was used to analyze the persistent characteris-

tics of runoff, precipitation, and evaporation time series and then to gen-
erate the fitting curves of R(τ)/S(τ) − τ and V(τ) − lgτ (Fig. 9). As shown



Fig. 7. The wavelet variance curves of the standardized runoff, precipitation, and
evaporation.
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in Table 3, theH values of runoff, precipitation, and evaporation time se-
ries were 0.38, 0.35, and 0.36 (H b 0.5), respectively. This finding indi-
cated that the future trends of runoff, precipitation, and evaporation
opposed those of the past. Thus, in the future, runoff and precipitation
will decrease, whereas evaporation will continuously increase. Accord-
ing to the classification of H values with persistent strength in Table 1,
the continuous intensity of runoff, precipitation, and evaporation were
the classification of weaker persistence with Grade II persistent
strength. The persistent times of T for runoff, precipitation, and evapora-
tion were 21 years, 17 years, and 26 years, respectively. Furthermore,
evaporation had the maximum H value and the longest persistent
time, whereas precipitation had the minimumH value and the shortest
persistent time. Thus, precipitationwill continuously decrease, whereas
Fig. 8. The wavelet coefficients real part curves of different main periods of the s
evaporation will continuously increase in the next 21 years or so, and
the continuous decline of runoff might trigger a serious water shortage
crisis.

4.2. Quantifying the impacts of climate change and human activities on
runoff change

The research shows an inconsistent relationship for abrupt change
year between climatic factors and runoff. Thus, to thoroughly analyze
the influence of climatic factors on the runoff of the Yinjiang River wa-
tershed, this study divided precipitation and evaporation time series
into periods of Ta (1984–1994), Tb (1995–2003), and Tc (2004–2015)
based on the year that exhibited abrupt changes in runoff. Periods of
Ta (1984–1994), Tb (1995–2003), and Tc (2004–2015)were designated
as the base, abrupt change, and measure periods, respectively. Correla-
tion formulas were fitted (Fig. 10) between year and accumulation of
runoff, precipitation, and evaporation, respectively. The correlation co-
efficient of R values fitted between year and each factor was high and
exceeded 0.99. Meanwhile, the confidence level of P values was
b0.0001. Thus, the correlation between each factor and years was
high. To quantitatively separate the influences of precipitation, evapora-
tion, and human activities on runoff change, the first period Ta (1984–
1994) was considered as the stage during which the climatic factors
played a controlling role. Human activities in this interval were relative-
ly weak. Since the mid-1980s, however, human activities have become
more frequent. In addition, various water and soil conservation activi-
ties have been developed rapidly during this interval. Thus, climatic fac-
tors and human activities have exerted more control on runoff change
since the mid-1980s.

As shown in Table 4, the slope SR of the relation between year and
cumulative runoff during period Ta (1984–1994), Tb (1995–2003),
and Tc (2004–2015) were 3.99 × 108, 5.40 × 108, and
4.46 × 108 m3/year, respectively. Compared with runoff during period
Ta (1984–1994), that during period Tb (1995–2003) increased by
tandardized runoff (a, b, c), precipitation (d, e, f), and evaporation (g, h, i).



Fig. 9. Fitting curves for the result of Hurst exponent analysis and the persistent times of runoff (a, b), precipitation (c, d), and evaporation (e, f).

Table 3
Results of Hurst exponent analysis and the future sustainability features of runoff (Q), pre-
cipitation (P), and evaporation (E).

Name R2 H T Change trend

Historical Future

Q (108 m3) 0.85 0.38 21 + −
P (mm) 0.84 0.35 17 + −
E (mm) 0.90 0.36 26 − +

Notes: R2 is the goodness of fit with R(τ)/S(τ) and time lag τ. H is the Hurst exponent and T
is the persistent times of runoff, precipitation, and evaporation, respectively. “+” repre-
sents an increasing trend and “−” is s decreasing trend in this table.
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35.33%, and that during period Tc (2004–2015) increased by 11.78%.
Compared with runoff during period Tb (1995–2003), that during peri-
od Tc (2004–2015) decreased by 17.41%.

As shown in Table 5, taking period Ta (1984–1994) as the base peri-
od, the contributions of precipitation, evaporation, and human activities
to runoff change were 53.92%, 21.61%, and 24.47% during period Tb
(1995–2003), respectively, andwere 59.59%, 80.94%, and−40.53% dur-
ingperiod Tc (2004–2015), respectively. Ignoring the effects of evapora-
tion, the contributions of human activities to runoff changewere 46.08%
during period Tb (1995–2003) and 40.41% during period Tc (2004–
2015). Thus, taking period Ta (1984–1994) as the base period, the con-
tributions of precipitation, evaporation, and human activities to runoff
change were all slightly enhanced. In addition, the proportion of im-
pacts of climatic factors on runoff change increased from 75.53% to



Fig. 10. The relations between year and accumulation of runoff (a), precipitation (b), and evaporation (c).

Table 5
The contributions of climate change and human activities to runoff changes in study area.

Impact factor Contribution to the runoff changes (%)

Based on (Ta) Based on (Tb)
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140.53% and those of human activities changed from 24.47% to
−40.53%. Thus, taking period Ta (1984–1994) as the base period,
climate change on runoff change was the dominant factor and showed
an increasing trend.

Taking the period Tb (1995–2003) as the base period, the contribu-
tions of precipitation, evaporation, and human activities to runoff
change during period Tc (2004–2015) were 58.08%, −11.80%, and
53.73%, respectively. Ignoring the effects of evaporation, the contribu-
tion of human activities to runoff change was 41.92%. The proportions
of impacts of climatic factors and human activities on runoff change
were 46.27% and 53.73%, respectively.

Since 1984, precipitation has strongly influenced runoff change in
the whole period with a stable state and high contribution of 50%–
60%. By contrast, the impacts of evaporation on runoff change have
changed markedly with a positive or negative effect of 10%–90%. In ad-
dition, the impacts of human activities on runoff change have gradually
strengthened and have gradually changed from enhancement to atten-
uation, maintaining a lower positive or negative effect of 20%–50%. The
contribution of climatic factors to runoff change showed a great differ-
ence because of the difference of the base periods. When accounting
for the effects of evaporation, the contributions of human activities to
runoff change gradually increased but remained relatively stable
(40%–50%) without considering the effects during different periods.

5. Discussions

5.1. Comparison of the SCRCQ results with that in non-karst watershed

SCRCQwasfirst proposed in 2012 and had been applied in the inves-
tigation of Huangfuchuan River basin of the Yellow River basin in China
(Wang et al., 2012b). In recent years, SCRCQ has beenwidely used in the
basins of Songhua River (Wang et al., 2015), Liao River (Ma et al., 2015),
and Hei River (K.S. Luo et al., 2016). Given regional differences, most of
the results of previous studies were slightly different from those of the
present study. For example, a study on the whole Yellow River basin
by Wang et al. (2012a) revealed that when the effect of evaporation
was ignored, the contributions of precipitation and human activities to
runoff decrease in Huangfuchuan River basin during the abrupt change
period were 36.43% and 63.57% respectively and were 16.81% and
83.19% during the measure period, respectively. A study on the middle
reaches of the Yellow River basin reported that when the effect of evap-
orationwas ignored, the contributions of precipitation, evaporation, and
Table 4
The slopes of the relations between year and cumulative quantities of runoff (SR), precip-
itation (SP), and evaporation (SE).

Slope Ta Tb Tc

SR (108 m3/year) 3.99 5.40 4.46
SP (mm/year) 991.09 1179.94 1060.65
SE (mm/year) 717.08 662.32 648.71

Notes: Periods of Ta, Tb, and Tc represent the periods of 1984–1994, 1995–2003, and
2004–2015, respectively.
human activities to runoff change were 25.94%, −17.68%, and 74.06%,
respectively, in the abrupt change period, and were 25.13%, −18.54%,
and 74.87%, respectively, in the measure period. When the effect of
evaporation is considered, the contributions of human activities to run-
off change in the middle reaches of the Yellow River basin increased to
91.74% and 93.41% during the abrupt change and measure periods re-
spectively (Wang et al., 2013). For the entire Yellow River basin, the
contributions of precipitation and evaporation to runoff change in the
measure period were 11.76% and −3.83%, respectively. The contribu-
tion of human activities to runoff change was 92.07% when the effect
of evaporation was ignored and was 88.24% (Wang et al., 2012a)
when the effect of evaporation was considered. Moreover, it was
found that the contribution of climatic factors to runoff change was ap-
proximately 40%–60% in the basins of Songhua River (Wang et al.,
2015), Hei River (He et al., 2012), Wei River (Huang et al., 2016b), and
Huangshui River (Zhang et al., 2014). In addition, the contribution of
precipitation to runoff changewas approximately 30%, and that of evap-
oration to runoff change was generally 20% or less and even lower than
10% in most watersheds. In some watersheds, the effect of evaporation
on runoff change was approximately 10% of that of precipitation
(Meng and Mo, 2012), with only 3% in some other watersheds (Wang
et al., 2015). Human activities most strongly influence runoff change
in a non-karstwatershed,with a contributionof 70%–100%, and the con-
tribution of climatic factors is b50%.

The results of this study showed that the contributions of precipita-
tion, evaporation, and human activities to runoff change in the Yinjiang
River watershedwere in a steady state of 50%–60%, in a positive or neg-
ative effect of 10%–90%, and in a lower positive or negative effect of
20%–50%, respectively. The contribution of precipitation to runoff
change was in a relatively stable state. By contrast, the contributions
of evaporation and human activities to runoff change were significantly
different and had an enhanced trendwith period Ta (1984–1994) as the
base period. Taking period Ta (1984–1994) as a base period, climatic
factor was identified as the dominant factor, and its effects and those
of human activities on runoff changewere significantly enhanced. How-
ever, taking period Tb (1995–2003) as a base period, human activities
Tb Tc Tc

CP 53.92 59.59 58.08
CE 21.61 80.94 −11.8
CH 24.47 −40.53 53.7
CP + CE 75.53 140.53 46.27
CE + CH 46.08 40.41 41.92

Notes: Periods of Ta, Tb, and Tc represent the periods of 1984–1994, 1995–2003, and
2004–2015, respectively. CP, CE, and CH represent the contributions of precipitation, evap-
oration, and human activities to runoff changes, respectively. CP+CE represent the contri-
bution of climate change to runoff changes, and CE + CH represent the contribution of
human activities to runoff changes without considering the effects of evaporation.
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played the most important role in runoff change except for precipita-
tion. Given the complexity of the environmental background and the
differences in human activities among all periods, the dominant factors
that affect runoff change in the Yinjiang River watershed varied among
different base periods. However, human activities were the dominant
factor in non-karst watershed throughout the whole period in many
areas. Themain factors that affect runoff in the Yinjiang Riverwatershed
have changed because human activities have changed the route of part
of water cycle in this region. In addition, the effect on runoff changewas
reflected in the actual evaporation change, thus changing the propor-
tion of the influences of climatic factors and human activities on runoff
change. Moreover, in climatic factors, the contributions of precipitation
and evaporation in the Yinjiang Riverwatershedwere higher than those
in non-karst watershed, and the effects of evaporation on all periods
were significantly different. Themain driving factors and their contribu-
tions regarding climate change and human activities to runoff change in
the Yinjiang River watershed were significantly different from those in
non-karst watershed. These differences may be caused by the spatial
differences in climatic factors, the intensity of human activities, and
the hydrological and geographical environmental between a karst wa-
tershed and a non-karst watershed.

5.2. Impacts of precipitation on runoff change

Taking period Ta (1984–1994) and period Tb (1995–2004) as the
base periods, respectively, the contributions of precipitation to runoff
change all increased by 5%–6% during period Tc (2004–2015). This in-
crease was related to the implementation of numerous soil protective
measures and water resources utilization projects on the slopes of the
Yinjiang River watershed during period Tc (2004–2015). For example,
numerous surface water resources utilization technologies (Qin et al.,
2015) were implemented in rocky desertification control projects, in-
cluding collection technologies for runoff water in the gully section.
Other established technologies included road–channel–pool integrated
road rainwater collection and water cellars that were designed for
micro-relief or negative terrain. These technologies were used to inter-
cept, collect, and store rainwater. The high amounts of rainfall were
retained on the slope surface, thus hindering runoff formation. There-
fore, the effect of precipitation on runoff change during period Tc
(2004–2015) slightly increased. Moreover, precipitation and runoff
had similar multi-timescale characteristics (Fig. 6). Hence, runoff
change was affected by the periodic change in precipitation and the in-
creasing contribution of precipitation to runoff change.

During all periods, the contributions of precipitation to runoff
change in the Yinjiang Riverwatershedwere higher than those to runoff
change in non-karst watershed and were maintained at a relatively
higher level of 50%–60%. Negligible differences existed among all pe-
riods. Consistent with the results obtained in the present study, a
Fig. 11. Double mass curves for runoff and precip
study by Kong et al. (2007) indicated that in a karst area, the evolution
of annual runoff was mainly affected by the natural factors of average
annual precipitation. For example, runoff change was strongly affected
by changes in precipitation. The double mass curve of runoff with pre-
cipitation (Fig. 11a) showed that runoff and precipitation were strongly
correlated (R2 of 0.9996). Moreover, the multi-timescale characteristics
of precipitation had an important influence on runoff change. As shown
in Fig. 8, runoff had amore consistent abundant-low transit characteris-
tic with precipitation than that with evaporation during the three main
periods, showing that precipitation was the main factor of runoff
change.

In addition to the effect ofmulti-timescale characteristics, the contri-
butions of precipitation to runoff change are also restricted by the
hydrogeological structure and topographic features of the Yinjiang
River watershed. In the study area, the lithology and hydrogeological
structure are special and complex. With a typical dualistic 3-D
hydrogeological structure (G.J. Luo et al., 2016), a typical landform ex-
hibits a one-trough, two-ridge terrain feature with a synclinal structure
and a low density of the river network due to the wide development of
the karst. Thus, the area of runoff formation is greatly reduced. Given the
development of surface rock cracks, fissures, and underground channels
in karst mountain areas (Wang et al., 2004), the surface is broken, the
soil layer is shallow, the soil permeability is high, the water-holding ca-
pacity is poor (Li et al., 2011; Chen et al., 2012; Peng and Wang, 2012),
and the runoff coefficient of the slope is far lower than those in a non-
karst watershed (Yan et al., 2000; Dong et al., 2009).Water loss is espe-
cially worsened by the numerous karst fissures and channels that have
developed in the bedrock structure of the valleys. These fissures and
channels are connected to the broken surface and provide conditions
that facilitate surface water loss. Once the atmospheric precipitation
reaches the ground, high amounts of rainfall rapidly pass through the
developed underground channels and cracks into the underground riv-
ers, which then flow into other watersheds through underground rivers
or pipelines or are stored in an underground karst environment to gath-
er in a surface channel. These features result in the poor storage capacity
of the karst watershed and are themain reasons for high contribution of
precipitation to runoff change.

The high contribution of precipitation to runoff change originates
from the difficulty of runoff generation on a sloping surface after prima-
ry rainfall and the considerable influence of high runoff from gullies
after secondary rainfall on runoff change. Based on analysis of different
runoff plots in a karst mountainous area, high slope runoff will be gen-
erated froma single precipitation event that exceeds 60mm(Peng et al.,
2009). The mean monthly precipitation data for the Yinjiang River wa-
tershed indicated that each period had five months with b60 mm of
precipitation (Fig. 12). Thus, the Yinjiang River watershed did not gen-
erate considerable surface runoff for nearly half a year. Runoff is pro-
duced by the higher precipitation and the greater impact of secondary
itation (a), and runoff and evaporation (b).
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rainfall during the summer and autumn seasons. Moreover, the gully
had a low groundwater level on a dolomite slope. The epikarst is imme-
diately saturated after primary rainfall, and the surface runoff coefficient
increase and easily causes runoffs after secondary rainfall in gullies, thus
exerting a great impact on runoff change.

5.3. Impacts of evaporation on the runoff change

The fluctuation in the contribution of evaporation to runoff change
was relatively different and showed an enhanced trend in the Yinjiang
River watershed. Taking period Ta (1984–1994) as the base period,
the contribution of evaporation to runoff change increased from
21.61% during period Tb (1995–2003) to 80.94% during period Tc
(2004–2015). The effect of evaporation on runoff change was signifi-
cantly enhanced in the Yinjiang River watershed, showing a greater
contribution than that in non-karstwatershed. Evaporation has a higher
impact on runoff change because of the influence of the subtropical
monsoon climate, abundant light, and heat resources in Southwest
China. Furthermore, human activities, such as vegetation restoration
and water conservation projects (Tian et al., 2017), have changed the
underlying surface characteristics of the watershed. The construction
of water conservancy projects has changed the natural characteristics
of the spatial and temporal cycle of runoff, thus decreasing the evapora-
tion and changing the water cycle in period Tc (2004–2015). Evapora-
tion is strongly related to vegetation coverage, air temperature, and
precipitation. Evaporation is positively correlated with rainfall and veg-
etation cover (Wang et al., 2012a). The land use maps of the Yinjiang
Riverwatershed (Fig. 13) showed that vegetation coverage in the region
mainly consists of forest and pasture lands. Vegetation covered
640.34 km2 in 1990, 435.28 km2 in 2000, and 602.40 km2 in 2010. The
area covered by vegetation increased by 38.39% from 2000 to 2010
(Table 6). Precipitation showedno significantly increasing trend accord-
ing to the result of Mann-Kendall rank correlation trend test from the
Section 4.1.1. The continued increase in precipitation and vegetation
coverage contributed to the continuously increasing trend of the high
contribution of evaporation to runoff change with period Ta (1984–
1994) as the base period. Their proportions in the changing process of
precipitation and vegetation cover were different in different periods.
Thus, the effect of evaporation on runoff change was different as well.
As in shown in Fig. 11b, runoffwas strongly correlatedwith evaporation
(R2 of 0.9971), showing that runoff change was strongly affected by the
change in evaporation. Moreover, terrain features and temperature in
the Yinjiang River watershed also increased the contribution of evapo-
ration to runoff change. Surface water in the Yinjiang River watershed
ismainly concentrated in the river. The lack ofwater on the land surface,
high temperatures, and high-intensity evaporation greatly affected run-
off loss. Furthermore, the effect of precipitation on runoff change was
more stable throughout all periods, whereas the effect of evaporation
was significantly different. The above factors significantly increased
the contribution of evaporation to runoff change during period Tc
(2004–2015).
Fig. 12. Comparison of monthly average precipitation of the Yinjiang River watershed betwee
median; the small square inside the box is the average; the box-edges are the 25th and 75th p
5.4. Impacts of human activities on runoff change

The effect of human activities on runoff change in the Yinjiang River
watershed was lower than that in a non-karst river watershed but
showed an increasing trend. Taking period Ta (1984–1994) as the
base period, the contributions of human activities to runoff change
were 21.61% during period Ta (1984–1994) and−40.53% during period
Tb (1995–2003). Without considering the effect of evaporation, the
contributions of human activities to runoff change were 46.08% during
period Ta (1984–1994) and 40.41% during period Tb (1995–2003), re-
spectively. Taking period Tb (1995–2003) as the base period, the contri-
bution of human activities to runoff change during period Tc (2004–
2015) was 53.73% and was 41.92% without considering the effect of
evaporation. Thus, the impact of human activities on runoff change is re-
stricted by evaporation. Moreover, human activities interfered with
runoff change, with increasingly stronger effects.

Results showed that taking period Ta (1984–1994) as the base peri-
od, the effect of climatic factors on runoff change exhibited a decreasing
trend and that of human activities on runoff change gradually increased.
The intensity change of human activities is mainly represented by the
change in land use, which can affect the hydrological process
(Woldesenbet et al., 2017). The land use maps of the Yinjiang River wa-
tershed showed that the change in the areas of slope farmland and con-
struction reflected the change of the intensity of human activities
during period Ta (1984–1994), Tb (1995–2003), and Tc (2004–2015).
Paddy field and construction land were the main causes of runoff loss.
As shown in Table 6, the areas of construction land and paddy field
were 68.48 km2 and 8.62 km2 in 1990, 236.48 km2 and 9.81 km2 in
2000, and 176.32 km2 and 20.70 km2 in 2010. As shown in Table 7,
the percentage of change rate for construction land and cultivated
field were 245.31% and 13.70% from 1990 to 2000, 157.45% and
139.99% from 1990 to 2010, and −25.44% and 111.07% from 2000 to
2010. Other types of land use drastically and rapidly changed, thus indi-
cating that the human activities during the three periodswere intensive
and rapid. Although construction land showed the trend of initially in-
creasing and then decreasing, it increased by 245.31% in 2000 and
157.45% in 2010 compared with it in 1990. Meanwhile, paddy field
showed a sustained growth trend, thus indicating that human activities
increased the amount of water used from runoff. Therefore, the contri-
butions of human activities to the runoff change had been an increasing
trend. Period Ta (1984–1994) was the starting period after
implementing the land contract responsibility system in the Yinjiang
Riverwatershed, andhuman activities started to increase this time. Dur-
ing period Tb (1994–2003), the destruction of the natural environment
by human activities was themost intense and resulted in high amounts
of soil and water loss. Runoff enhancement represented the effect of
human activities. However, during period Tc (2004–2015), the imple-
mentation of rocky desertification projects enhanced water and soil re-
tention on sloping surfaces. These projects achieved ecological
restoration and eased the effect of water and soil loss. Abundant surface
runoff is intercepted by transforming slopes into a terraces, planting
n 1984–1994 (a), 1995–2003 (b), and 2004–2015 (c). Box plots: the central mark is the
ercentiles; and the whiskers extend to the1st and 99th percentiles.



Fig. 13. Land use of the study area in 1990 (a), 2000 (b), and 2010 (c).
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trees and grass, diversion irrigation, and other efforts. Moreover, water
demand has increased with the continued population growth, rapid
economic and urban development, and expanding industrial and min-
ing enterprises, thereby increasing water consumption from runoff.
Thus, the influence of human activities on runoff change in the Yinjiang
River watershed decreased the slope runoff through intercepting–hold-
ing–leading–using on the slope surfaces of the region. Therefore, the ef-
fective catchment area for runoff convergence was greatly reduced, and
the efficiency of flow concentration of river channels was decreased.

Previous studies have reported that the construction of reservoirs,
dams, and inter-watershedwater diversion projects to intercept and re-
tain runoff are themain anthropogenic activities that influence runoff in
non-karst watersheds (Xu et al., 2009; Wang et al., 2013; Zhao et al.,
2014). Most of the intercepted and retained water enters atmospheric
circulation via evaporation. However, the construction of reservoirs
and dams in the Yinjiang River watershed is hindered by its typical
karst terrain. Therefore, the lack of construction projects account for
low contribution of human activities on runoff change in the Yinjiang
River watershed. The influence of human activities on runoff change
in the Yinjiang River watershed involved the development of rocky de-
sertification control projects tomanagewater, conserve soil, and restore
vegetation coverage on the karst surface and slopes.Moreover, econom-
ic development and population growth also increased the amount of
water consumption, thus changing the route of water cycle. Thus, com-
pared with the non-karst watershed with many dams and reservoirs
that seriously influenced the runoff change, the effect of human activi-
ties on runoff change in the Yinjiang River watershed was relatively
weak and its contribution was slightly lower.

5.5. Uncertainty of quantitative assessment

The uncertainty of quantitative assessment was mainly manifested
in the following aspects. First, calculating the contribution of each mea-
sure to the runoff change in the Yinjiang River watershed was difficult
because the data of each measurement and project for every year
were not completely collected. In addition, several statistical data
were incorrect, especially the water data of various human activities.
Second, the decomposition of climatic factors and human activities
was lack of thoroughness. Thus, the contributions of the specific
human activities and each climatic factor was not be quantified.
Table 6
Land use area of the study area in 1990, 2000, and 2010.

Year Area (km2)

Bare
land

Construction
land

Cultivated
field

Forest
land

Paddy
field

Pasture
land

Water

1990 26.69 68.48 70.68 569.70 8.62 70.64 14.86
2000 8.63 236.48 128.53 392.80 9.81 42.48 10.96
2010 3.97 176.32 17.09 486.79 20.70 115.61 9.30
Furthermore, this study considered precipitation and evaporation only
as climatic factors, which should actually include sunshine, tempera-
ture, wind speed, and other factors. Meanwhile, the effects of human ac-
tivities have various aspects that are considered as non-natural factors.
Therefore, this study simplified the climatic factors that affect runoff
change into two major factors of precipitation and evaporation and at-
tributes all non-natural factors to human activities. The comprehensive
effects of a variety of specific human activities included the implemen-
tation of water and soil conservation projects. Thus, this study only ex-
plored the comprehensive, not specific, the effects of various human
activities on runoff change. In addition, the influence of precipitation
and evaporation on runoff change is not a purely natural effect. The
change of the underlying surface by human activities have indirectly in-
fluenced the contributions of precipitation and evaporation to runoff
change, indicating that the theoretical values of the contributions of
human activities to runoff change were lower than the actual values.

5.6. Prospects for future research

The results of this study can be used to manage water resources in a
karst watershed. Moreover, the SCRCQmethod can be applied in quan-
titatively evaluate the impacts of different factors on runoff change in a
karst watershed. However, given the influence of uncertain factors on
methods and the limitations on hydrological data, future research
should utilize hydrological models to recognize and effectively separate
the detailed influence of climate change and human activities on runoff
change. In addition, the contributions of other non-natural factors to
runoff change should be calculated to determine the runoff yield of dif-
ferent land-use types. Then, the contribution of human activities to run-
off change should be accurately calculated based on thebalance ofwater
yield and water consumption in a karst watershed. These ideas will be
carried out in the next step of hydrological researches in the Yinjiang
River watershed.

6. Conclusions

This study takes the Yinjiang River watershed as the research site,
analyzes the change trend, abrupt change characteristic, multi-
Percentage of land use change rate of the study area based on 1990 and 2000.

Land use Area change rate (%)

From 1990 to 2000 From 1990 to 2010 From 2000 to 2010

Bare land −67.67 −85.12 −53.97
Construction land 245.31 157.45 −25.44
Cultivated field 81.85 −75.82 −86.70
Forest land −31.05 −14.55 23.93
Paddy field 13.70 139.99 111.07
Pasture −39.86 63.66 172.13
Water −26.23 −37.45 −15.21
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timescale characteristics between 1984 and 2015 based on Mann–Ken-
dall rank correlation trend test method, cumulative anomaly, and con-
tinuous wavelet transform, calculates the contributions of climate
change and human activities to runoff change by SCRCQ, and analyzes
the long-term memory characteristics and future trends based on
Hurst exponent. The main conclusions are as follows:

(1) From 1984 to 2015, runoff and precipitation exhibited no signif-
icant increasing trend, whereas evaporation exhibited significant
decreasing trend. In the future, runoff, precipitation, and evapo-
ration will exhibit weak anti-persistent feature with different
persistent times of 21 years, 17 years, and 26 years, respectively.
This feature indicated that in their persistent times, runoff and
precipitation will continuously decline, whereas evaporation
will continuously increase.

(2) Runoff and precipitation exhibited similar abrupt change fea-
tures and stage characteristics, whereas the abrupt change
times of evaporation lagged 1–2 year(s) behind those of runoff
and precipitation as a whole.

(3) The periodic changing characteristics of runoff were similar to
those of precipitation, but showed an inverse correspondence
with that of evaporation.

(4) The contribution of precipitation to runoff changewas stable and
high at 50%–60%. The contribution of evaporation to runoff
change markedly changed with a positive or negative effect of
10%–90%. Meanwhile, the contribution of human activities to
runoff change maintained a relatively lower positive or negative
effect of 20%–60%.

(5) Climate factors highly contributed to runoff change. By contrast,
the contribution of human activities to runoff change was low.
The contribution of climate factors to runoff change was highly
variable because of differences amongbase periods.When the ef-
fects of evaporation were considered, the contribution of human
activities to runoff change gradually increased but remained rel-
atively stable over different periods when ignoring it.
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