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Impact of rural depopulation and climate change on
vegetation, runoff and sediment load in the Gan River
basin, China

Lidong Huang, Aizhong Ye, Chongjun Tang, Qingyun Duan
and Yahai Zhang

ABSTRACT

Climate change and rural depopulation are changing the ecological and hydrological cycles in China.
Data on the normalized difference vegetation index (NDVI), temperature, precipitation, streamflow,
sediment and rural population are available for the Gan River basin from 1981 to 2017.

We investigated the spatio-temporal variations in climate, human activity and vegetation mainly
using the Mann—Kendall test and examined their relationship using the Granger causality test. The
results showed that (1) the temperature markedly increased in all seasons; (2) the precipitation
increased in summer and winter but decreased in spring and autumn; (3) overall, the NDVI increased
markedly during 2005-2017, but showed seasonal differences, with decreases in summer and winter
and increases in spring and autumn; (4) the annual sediment transport showed a significant
decreasing trend and (5) a large number of the population shifted from rural to urban areas, resulting
in a decrease in the rural population between 1998 and 2018. Rural depopulation has brought about
farmland abandonment, conversion of farmland to forests, which was the factor driving the recovery
of the vegetation and the decrease in sediment. The results of this study can provide support for
climate change adaptation and sustainable development.
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HIGHLIGHTS

The temperature markedly increased in all seasons.

The precipitation increased in summer and winter but decreased in spring and autumn.
The NDVI increased markedly during 2005 to 2017.

The annual sediment transport showed a significant decreasing trend.

A large number of the population shifted from rural to urban areas.
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According to the Intergovernmental Panel on Climate
Change (IPCC) Fifth Assessment Report (AR5), global
climate change is unquestionable. The urbanization process
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has also been developing rapidly over the past 30 years in
China. Urbanization is a dynamic process generated by the
population exchange from rural to urban areas through
internal migration (Ledent & Jacques 1982). The United
Nations predicts that population growth of urban areas
will represent the bulk of the world’s projected population
growth, rising to 6.3 billion by 2050 (While & Whitehead
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2013). Additionally, some developed countries in Asia will
experience a very high rate of urbanization between 2005
and 2030 (Jacobson 2011). China’s urbanization rate reached
57.35% in 2016, indicating that 792.98 million people live in
cities and towns according to the National Bureau of Stat-
istics of China. Both climate change and urbanization
affect the terrestrial surface system in which humans live,
while the ecological and hydrological cycles play an impor-
tant role in the terrestrial surface system (Pumo et al. 2017).
In recent years, the impacts of climate change and urbaniz-
ation on eco-hydrological processes have been the focus of
research (Wei et al. 2013; Cristea et al. 2014; Hagemann
et al. 2014; Sellami et al. 2015; Pumo et al. 2017; Qi et al.
2019; Zhang et al. 2019).

The influence of climate change on vegetation is differ-
ent in different climatic zones. The increase in summer
temperature leads to drought, which is unfavorable to veg-
etation growth in arid areas (Tang ef al. 2016). And the
precipitation rate is the main limiting factor affecting veg-
etation growth in arid and semi-arid regions (Cai et al
2014). Furthermore, vegetation cover change will have com-
plex impacts on the local hydrological process. The relative
intensity of interception, infiltration and evapotranspiration
resulting from vegetation change in different places is
different, and the effect of vegetation cover change on
runoff production is also different (Price 2011). Urbanization
will lead to rural depopulation and land-use change
(Salvadore et al. 2015; Leroux et al. 2017; Liu et al. 2019).
The urban land cover change could lower water per-
meability and increase runoff and evapotranspiration
(Leopold 1968; Doyle et al. 2000; Jacobson 2011; Salvadore
et al. 2015). A large number of rural people moving into
cities results in abandoned arable land in China (Shao
et al. 2016). The land abandonment changes the carbon con-
tent (Novara et al. 2017) and hydraulic conductivity of the
soil, further affects infiltration and runoff (Cerda 1997; Di
Prima et al. 2018), and increases soil organic matter, restores
vegetation (Cerda ef al. 2018) and reduces soil loss (Cerda
et al. 2019). The Sustainable Development Goals related to
the sustainable development goals of food, water and cli-
mate proposed by the United Nations require us to attach
importance to the study of land-use change (Keesstra et al.
2018) and help strengthen sustainable land use and manage-
ment (Keesstra et al. 2016).

In order to quantify the specific causal relationship
between eco-hydrological elements and human activities
and climate change, the Granger causality test (GCT) can
be used as a reference method. The GCT (Granger 1969),
which was first proposed in 1969 by Clive W. Granger, the
Nobel laureate in economics, defines causality as ‘the ability
of a priori value of one time series to predict another time
series’ when predicting the future of a set of data. If predict-
ing future information using the past information of another
set of data is better than using only that data itself, then
there is a Granger causality between the two sets of data
(Papagiannopoulou et al. 2017).

Granger causality should not be interpreted as ‘real
causality’. To simplify, one assumes that if the past of a
time series A is helpful in predicting the future of a time
series B, A Granger causes B. This kind of analysis has
been commonly applied in attribution analysis to investigate
the influence of one variable on another. Papagiannopoulou
et al. (2017) investigated the Granger-causal relation between
climatic variables and NDVI, while Attanasio et al. (2012)
applied the GCT to times series of natural/anthropogenic
forcings and global temperature anomalies. Furthermore,
Attanasio ef al. (2013) investigated a Granger-causal relation-
ship between greenhouse gases and temperature. In
addition, Kaufmann et al. (2007) analyzed the causal influ-
ence of urbanization and enlargement of towns on
precipitation in a Chinese case study.

In China, how do ecological and hydrological con-
ditions change in the context of climate change and rural
depopulation? What impact do climate change and rural
depopulation have on the eco-hydrological process? In
this study, data for precipitation, temperature, population,
normalized difference vegetation index (NDVI), runoff and
sediment load were available for the Gan River basin from
1981 to 2017. The trend and relationship of eco-hydrological
factors will be analyzed to determine the impact of rural
depopulation and climate change on the ecological and
hydrological processes by using the Mann-Kendall (M-K)
test and the GCT.

The organization of the paper is as follows: The next
section describes the study area and data; the following
two sections introduce the methodologies and present the
results and discussion; and the final section provides the
conclusions.
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STUDY AREA AND DATA The Gan River is a tributary of the Yangtze River, with a drai-
nage area of 82,809 km?, occupying more than 50% of Jiangxi
Study area Province (Zhang et al. 2016a, 2016b). The Gan River basin is in

a humid subtropical monsoon climate zone with abundant
The Gan River (24°29’ to 29°11'N, 113°30' to 116°40'E) is precipitation and frequent heavy rain. The mean annual pre-
located in Jiangxi Province in southeast China (Figure 1). cipitation is about 1,505 mm (1981-2016), and the mean
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Figure 1 | Location of the Gan River basin and hydro-meteorological stations.
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annual temperature is 17.9 °C (1981-2016), with distinct sea-
sonal variations (Zhang ef al. 2017). The total mean annual
streamflow of the Gan River is approximately 68.7 billion
m>, accounting for 50% of the total streamflow in the
Poyang Lake basin (Chen ef al. 2014). The annual average
runoff coefficient value is 0.54 (Liu 2016).

In the 1980s, China’s urbanization began to accelerate. The
urbanization rate in Jiangxi Province increased from 16.8% in
1978 to 51.6% in 2015 (Ding 2017). While the surrounding
areas of the Gan River basin (such as the Yangtze River Delta
and the Pearl River Delta) are urbanizing even faster. This
results in a large number of people in the Gan River basin
migrating to the more developed surrounding areas. In addition,
the development is uneven in the Gan River basin. The popu-
lation is gradually concentrated in the more developed urban
areas of the basin. All of these have led to a sharp decline in
the agricultural population in the basin. Before the 1980s, the
ecological environment of the Gan River basin was seriously
damaged, and soil erosion was serious due to developing agri-
culture and obtaining firewood. Since 1980s, the ecological
and hydrological conditions have been gradually improved.
The forest coverage rate increased from 34.73% in the late
1983 to 63.10% in 2010 in Jiangxi Province according to the
Jiangxi Statistical Yearbook in 2011. Therefore, this paper
chooses the Gan River basin as the research area.

Data

Global Inventory Modelling and Mapping Studies (GIMMS)
NDVI and MODIS NDVI (MOD13A) data were used in this
study.

The GIMMS NDVI dataset is available from 1981 to
2006 at a spatial resolution of 8 km with 15-day intervals.
The dataset is provided by Environmental and Ecological
Science Data Center for West China, National Natural
Science Foundation of China (http://westdc.westgis.ac.cn/
data/1lcadla63-ca8d-431a-b2b2-45d9916d860d). The 1-km
MOD13A3 product is released every month and was down-
loaded from https://ladsweb.modaps.eosdis.nasa.gov/ for
the period of 2000-2017. Observations from GIMMS were
temporally synthesized to monthly maximum value to
match the monthly temporal resolution of MODIS.

For analyzing the long-term dynamics of high-quality data,
linear regression was applied to monthly MODIS NDVI and

GIMMS NDVI data that were averaged over the entire study
area. When using the temporal overlap (2000.2-2006.12) of
monthly GIMMS and MODIS, the data fitting was reliable
(R%> 0.7), as shown in Figure 2. These are spatially averaged
values of NDVI for the entire basin for each month, and 83
points are on the scatter plot (Figure 2). Compared with other
sensors, the MODIS sensor offers improved features to monitor
terrestrial vegetation (Fensholt & Proud 2012; Fan & Liu 2016).
Here, the monthly GIMMS NDVI data (1981.1-2000.2) of
each pixel were modified according to the linear regression
equation in Figure 2. Then, the seasonal mean NDVIs were
averaged by season, with spring including months from
March to May, summer from June to August, autumn from Sep-
tember to November, and winter from December to February
of the following year.

The gridded daily precipitation and temperature obser-
vations for 1981-2016 at a 0.5° resolution were obtained
from the National Meteorological Information Center,
CMA (http://data.cma.cn/). Considering that NDVI and
meteorological data had different spatial resolutions, in
order to unify the spatial scales of analysis, the Gan River
basin was divided into 329 sub-basins based on the digital
elevation model (DEM) data (https://eros.usgs.gov/). All
data were analyzed at the sub-basin scale, and the sub-
basin was taken as the smallest research unit. The daily
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Figure 2 | The correlation between averaged monthly MODIS NDVI and GIMMS NDVI in
the entire Gan River basin from 2000 to 2006.
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streamflow datasets (1981-2013) were obtained from the
Hydrological Yearbook. The yearly sediment data (1981-
2013) were gathered from five articles on sediment transport
research in the Gan River basin (Deng 2010; Zheng et al.
2012; Peng 2015; Liu 2016; Mo ef al. 2017). This paper took
the average of these five sets of data as reference data. The
yearly rural population data (1985-2016) were obtained
from the Jiangxi Statistical Yearbook. The investment data
from the Soil and Water Conservation (e.g., total investment
during the period of 1983-2005, yearly investment from
2008 to 2015) were obtained from the Bulletin of Soil and
Water Conservation in Jiangxi Province. The urban and
rural population dataset in 2000 was based on a quantitative
model (Mao ef al. 2012). The gross domestic product (GDP)
data for 2000 was from the Data Center for Resources and

METHODOLOGIES
M-K test

In this paper, the M-K test was used to detect the trends in
seasonal temperature, precipitation and NDVI. The M-K
test is a nonparametric testing method (Mann 1945; Kendall
1955). Samples are not required to follow a certain distri-
bution, nor are they interfered with by a few outliers. It is
recommended and widely used by the World Meteorological
Organization. Hence, it is suitable for non-normal distri-
bution data in hydro-meteorological time series.

The statistic S is calculated using the following equations:

n

n—1
S=Y" > sgn(x —x) (1)

Environmental Sciences of the Chinese Academy. The k=1 j=k+1
specific information can be seen in Table 1. 1 (% —xx) >0
Figure 3 shows the physical and geographical conditions ~ S81(% —*x) = ¢ 0 (o —xz) =0 2
(e.g., altitude, spatial distribution of precipitation and temp- -1 (6 =) <0
erature) and socioeconomic conditions of the Gan River  E(S) =0 var(S) ~ n(n —1)@2n +5) (3)

basin in 2000. In general, the vegetation growth at the
higher elevations of the Gan River basin is better, while
the rural population is widely distributed in areas with rela-
tively low altitudes near the outlet of the Gan River basin.

Table 1 | Information of basic data for the Gan River basin

18

where {x1, x5, ..., x,} is the time-series data, and # is the
number of data points. E(S) and var(S) are the mean and var-

iance of the statistic S, respectively. When n > 10, the

Spatial Temporal
Data type resolution resolution Time range Source
DEM 90 m - - USGS (https://eros.usgs.gov/)
Precipitation 0.5 ° (~55 km) Daily 1981-2015 CMA (http://data.cma.cn/)
Temperature - Daily 1981-2016
GIMMS NDVI 8 km 15 days 1981.11-2006.12 Environmental and Ecological Science Data Center for
West China (http://westdc.westgis.ac.cn)
MODIS NDVI 1km Monthly  2000.2-2017.11 NASA LAADS DAAC (https://ladsweb.modaps.eosdis.
(MOD13A3) nasa.gov/)
Discharge - Daily 1981-2013 Hydrological Yearbook
Sediment - Yearly 1981-2013 Deng (2010); Liu (2016); Mo et al. (2017); Peng (2015);
Zheng et al. (2012)
Rural population - Yearly 1985-2016 Jiangxi Statistical Yearbook
Investment in soil and - - The total investment from Bulletin of Soil and Water Conservation in Jiangxi
water conservation 1983 to 2005,yearly from Province
2008 to 2015
Urban and rural GDP 1km - 2000 Mao et al. (2012); Data Center for Resources and

and population

Environmental Sciences of the Chinese Academy

' -’ means no data.


https://eros.usgs.gov/
https://eros.usgs.gov/
http://data.cma.cn/
http://data.cma.cn/
http://westdc.westgis.ac.cn
http://westdc.westgis.ac.cn
https://ladsweb.modaps.eosdis.nasa.gov/
https://ladsweb.modaps.eosdis.nasa.gov/
https://ladsweb.modaps.eosdis.nasa.gov/

773 L. Huang et al. | Impact of rural depopulation, climate change on vegetation, runoff and sediment

Hydrology Research | 51.4 | 2020

C
Annual Precipitation &

0 0

2" Legend

Annual Average (d)
Temperature

Annual Average

() (9)

Urban Population

Legend

16000
' 0

(h)

Rural GDP Rural Population

Legend
. 16000
0

Figure 3 | The spatial distribution of natural and social conditions in the Gan River basin in 2000.

standard normal test statistic Z is computed using the follow-
ing equation:

ﬁ S>0
var(S)
Z= 0 S=0 )
& S<0
var(S)

The statistic Z-value of the calculated time series is
used to test the significance of trend statistics. A positive
Z-value indicates an upward trend, while a negative Z-
value shows a downward trend. When the absolute
value of Z is greater than or equal to 1.28, 1.64 and 2.32,
the significance tests of 90, 95, and 99% reliability are
indicated, respectively.

Granger causality test (GCT)

In this paper, the GCT was mainly used to examine the
causal relationships among the climatic factors, vegetation,
water and sediment variables and socioeconomic factors.

The steps of the GCT are as follows:

Step 1: Test the stationarity of the time series X and Y. X
and Y are cause and effect factors, respectively. The augmen-
ted Dick-Fuller test (ADF test) is generally used to test the
stationarity of the time series X and Y by a unit root test
(Dickey & Fuller 1979). If the time-series data are not
stable, difference the time series to obtain a stationary series.

Step 2: Select a suitable lag term 1, set up the auto-regres-
sive model and calculate the residual sum of squares (RSSg):

m
Y=o+ Y ayii+e &)
i=1
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where the term y; is the dependent variable at time ¢, a is a
constant term, a; is the regression coefficient, and & is the
error term.

Step 3: Select the appropriate lag value g for time series
X to establish the regression and calculate the residual sum
of squares (RSSyg):

m q

Yi=@o+ Y ayii+y bixei+e (6)
i=1 =1

Step 4: Assume that Hg: b;=...... =b,=0. That is, lag

items of all time series do not belong to the regression.
Step 5: Perform the F-test:

. (RSSR + RSSUR)/(]
T RSSur/(i—m—q—1)

where 7 is the sample size.

Step 6: If the F-value under the significant level « is
greater than the critical value F, (obtained by looking up
the F-test threshold table), the original hypothesis (Ho) is
rejected; thus, the lag term of time series X belongs to this
regression, which indicates that time series X is the Granger
cause of time series Y. If the p-values obtained from the
F-test are lower than a certain significance level (0.1 in
this paper), the null hypothesis that Y fails to ‘Granger
cause’ X can be rejected.

RESULTS AND DISCUSSION

Trend analysis of annual temperature, precipitation and
NDVI

The Gan River basin was divided into 329 sub-basins based
on the DEM data. All observed temperature, precipitation
and NDVI data were interpolated to each sub-basin by the
IDW method (inverse distance weighting method) (Shepard
1968). Figure 4 illustrates the trend of the seasonal average
temperature in the Gan River basin during 1981-2016. All
seasonal average temperatures, except the summer average
temperature (0 <Z < 1.28), showed significant increasing
trends (Z > 1.28) in almost the entire Gan River basin.

Legend
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Figure 4 | M-K test trends of seasonal average temperature in the Gan River basin during
the period 1981-2016. (a) Spring (March to May), (b) summer (June to August),
(c) autumn (September to November) and (d) winter (December to February of
the following year).

Figure 5 shows the spatial distribution of the seasonal
precipitation trends. The precipitation of the Gan River
basin in spring showed a decreasing trend except for the pre-
cipitation of the southern sub-basins, which increased non-
significantly. In summer, the majority of the sub-basins in
the north showed a non-significant increasing trend, while
the southern sub-basins showed non-significant decreasing
trends. In autumn, the precipitation of the northeastern
corner of the Gan River basin, which is near the watershed
outlet, showed a non-significant increasing trend, while the
precipitation in all other sub-basins showed a decreasing
trend. In winter, almost all of the sub-basins showed non-sig-
nificant increasing trends.

The spatial distributions of trends of the NDVI in the
Gan River basin are shown in Figure 6. The NDVI of the
Gan River basin in spring showed an increasing trend in
most sub-basins, especially in the central sub-basins. In
summer, the NDVI tended to decrease along the Gan
River riverway, and the decreasing trend was significant in
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Figure 5 | Spatio-temporal changes in the seasonal precipitation in the Gan River basin
during the period 1981-2015: (a) spring, (b) summer, (c) autumn, and (d)
winter.

the southeastern and the southwestern sub-basins. The
NDVI of almost all of the sub-basins showed an upward
trend in autumn. The NDVI of most sub-basins showed a
decreasing trend in winter. Comparing Figure 5 with
Figure 6, it could be seen that corresponding seasonal pre-
cipitation and NDVI showed opposite trends. The possible
reason was that the NDVI responded to precipitation with
a time lag. Previous studies have shown a time-lag effect of
vegetation responses to climatic factors (Anderson et al.
2010; Bai et al. 2012; Wu et al. 2015; Kong et al. 2018).

Rural depopulation in the Gan River basin, China

Urbanization refers to the population shift from rural to
urban areas and the gradual increase in the proportion of
people living in urban areas. The urbanization rate
increased from 16.8% in 1978 to 51.6% in 2015 in the
Gan River basin. The economic development level of cities
within the Gan River basin was all lower than the average
level of Jiangxi Province (Ding 2017). A large number of

Z value
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¥ -1.64 ~-1.28

v -1.28~0
0~1.28
1.28 ~ 1.64

A > 1.64

Figure 6 | M-K test trends of seasonal average NDVI in the Gan River basin during the
period 1981-2017: (a) spring, (b) summer, (c) autumn, and (d) winter.

rural laborers have gradually moved to places with higher
levels of urbanization in the Gan River basin since the end
of last century. Migrant workers working outside the pro-
vince were mainly concentrated in the more developed
Yangtze River Delta and Pearl River Delta regions. At the
end of 2012, approximately 7.56 million workers of the
total 19 million rural laborers in Jiangxi Province were
employed outside the province (Qian 2014).

Thus, besides being under the influence of climate
change, the Gan River basin is also affected by the process
of rural depopulation. The following analyzes the specific
features of the ecological and hydrological changes in the
entire Gan River basin under these background conditions.

The runoff and sediment load change

Runoff and sediment characteristics play an important role
in maintaining the regional environment and stabilizing
the ecosystem (Wesselink et al. 2009). The Waizhou Hydro-
logical Station is at the outlet of the Gan River basin. We
applied the M-K test for the analysis of time-series trends
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of water discharge and sediment load. A simple linear fitting
of the dynamic process of runoff and sediment was per-
formed. The results showed that the annual runoff had an
unnoticeable change (Z=0.11) in the Gan River basin, the
annual sediment load showed a significant downward
trend (Z = —5.50) since 1993 and decreased at a rate of
32.055 x 10° t/year (Figure 7).

Figure 7 indicates that the patterns of the dynamic
changes in the sediment load and runoff were consistent,
but the downward trends of the sediment load did not
match the runoff after 1993. Therefore, the declining trend
of the sediment load may be ascribed to human activities,
such as the construction of reservoirs and dams and the
reduction of sediment yield in the upper basin of the Gan
River.

The impact of rural depopulation and climate change on
the vegetation, runoff and sediment load

Soil erosion was very serious in the Gan River basin before
the 1980s because of the destruction of vegetation caused by
human activities. Since 1983, the country has adopted a
series of ecological construction measures in the Gan
River basin. Therefore, here, we have also considered the
impact of the ecological conservation on the eco-hydrology
of the Gan River basin.

Figure 8 presents the interannual variations of veg-
etation, runoff and sediment variables at the entire basin
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Figure 7 | Annual runoff and sediment load process at the Waizhou Hydrological Station
from 1981 to 2013.
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Figure 8 | Changes in (a) temperature, (b) annual precipitation, (c) rural population and (d)
investment (since only the total investment data from 1983 to 2005 were
obtained, the total investment in these years was plotted in the middle of the
1983-2005 period), (e) NDVI anomaly, (f) annual runoff, and (g) sediment load
in the Gan River basin from 1981 to 2015.

scale since 1981 during the process of climate change, con-
tinuous rural depopulation, and implementation of the Soil
and Water Conservation Project and other ecological con-
struction programs.

Figure 8(c) shows that the rural population began to
decline around the year 2000, which basically coincided
with the emergence of an upsurge of migrant workers at the
end of the 20th century. More than 4 million migrant workers
in Jiangxi Province, an administrative unit within the Gan
River basin, enter the metropolis every year. In 2003, the
number of labor exports reached 4.6 million. By the end of
2012, there were 7.56 million migrant workers. The 70%
were employed outside the province (Qian 2014). This directly
led to a reduction in the rural population engaged in agricul-
tural production, resulting in a shortage of farming labor and
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abandonment of arable land. In 2000, the abandoned farm-
land area in Jiangxi Province was 433 km?, which occupied
approximately 2% of the existing arable land in the province.
During the period of 2009-2014, more farmland was aban-
doned in Jiangxi Province, and the abandoned farmland area
increased by 1,054 km? in 6 years (Liu 2016).

Figure 8(e) depicts that the annual mean NDVI anomalies
before 2005 were negative but positive after 2005, that is, the
annual mean NDVI in the Gan River basin began to exceed
the multi-year average value in 2005, and the change trend of
NDVI was relatively consistent with the rural population
change during 2005-2017 (Figure 8(c)). Figure 8(a) shows
that the temperature has been rising over the past 30 years,
while the annual precipitation has not changed considerably
(Figure 8(b)). The annual sediment load shows a sharp down-
ward trend (Figure 8(g)). Precipitation and runoff are
important factors influencing sediment load, and precipitation
is the main factor affecting runoff in the Gan River basin (Liu
2016), but Figure 8(f) and 8(b) shows that precipitation and
runoff changes are all small. The changes of NDVI and sedi-
ment load should be related to human activities, such as the
rural depopulation and ecological protection project and the
water conservancy project. In the Gan River basin, rural
depopulation can reduce the frequency of human activities in
rural areas, and also, this can reduce the activity of cutting
down trees for firewood. There was 30.78 million tons of fire-
wood used in 1985 in rural areas of Jiangxi Province (Qian
2014). Therefore, the large population moving out of the rural
areas can reduce the damage to forest trees to a certain
extent. The change of the NDVI also had a certain correspond-
ing relationship with the investment intensity of ecological
construction projects (Figure 8(d)). The implementation of
these ecological projects is one of the main reasons for veg-
etation restoration. Rural population migration could cause
abandonment of farmland. Some studies have shown that
abandoned land can increase the content of organic matter
and the infiltration ability of the soil, which help restore veg-
etation, weaken soil and water loss from the land surface,
and restore the ecosystem (Romero et al. 20m; Romero-Diaz
et al. 2016). The reduction of sediment load is also likely to be
related to water conservancy project, and 4,355 reservoirs
have been built in the Gan River (Liu 2016).

To further quantitatively analyze the relationship
between rural depopulation/climate change and eco-

hydrological processes, the GCT was carried out on an
annual scale on the precipitation and temperature, NDVI,
socioeconomic factors, runoff and sediment variables in
the entire Gan River basin. It was found that the influence
of the precipitation and temperature on the NDVI was not
significant on the annual scale. We can see from Figure 9
that the rural population (RP) had a significant effect on
the NDVI changes (p = 0.08).

The effect of precipitation on the streamflow was signifi-
cant (p < 0.1). The influence of the NDVI on streamflow on
the annual scale was not significant (p = 0.46). In addition,
the effect of the NDVI on sediment transport (p = 0.15) was
relatively obvious compared with the effect of the average
flow on sediment transport (p = 0.58) on the annual scale.
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Figure 9 | The p-values of GCT for temperature (T), precipitation (P), NDVI, streamflow
(Q), sediment (S), and rural population (RP). The variables indicated by the
arrows are the dependent variables. P, are the p-values on the annual scale,
respectively. A smaller p-value indicates a more obvious causal relationship
between the variables, and the value of p < 0.1 indicates that the causality is
significant.
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Vegetation restoration does play an important role in
alleviating soil erosion and reducing the source of river sedi-
ments (p =0.15). The migration of a large number of rural
laborers improved vegetation restoration in rural areas,
which regulated the amount of sediment to a certain degree.

CONCLUSIONS

In the context of climate change and urbanization, the tempera-
ture of the Gan River basin has shown a significant increase.
Precipitation has increased in spring and autumn, and
decreased in summer and winter. Its vegetation has been con-
tinuously restored, and runoff has not changed significantly,
but sediment load has shown the downward trend, the rural
population showed a decreasing trend. Here, the GCT was
used to analyze the statistical causality of these variables. The
effect of climate change on the vegetation-hydrological process
was found to be not significant on the annual scale, but rather
one of the main reasons for the vegetation restoration and sedi-
ment load reduction was rural depopulation.

This study can provide reference for studying the rural
depopulation effect in other areas of the world, such as
India and Vietnam that are rapidly urbanizing. However, a
comprehensive analysis of the reasons for the ecological
and hydrological changes in the Gan River basin requires
further studies in the future.
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