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ARTICLE INFO ABSTRACT

As a principal part of terrestrial ecological environment, vegetation is dominant in maintaining the function of
terrestrial ecosystem. In order to systematically study the change patterns, causes, and implications of vegetation
cover in a typical semi-humid and semi-arid region under changing environments, the Wei River Basin (WRB)
was selected as the case study. Spatial-temporal changing patterns of vegetation cover in the WRB were firstly
examined based on satellite-based Normalized Difference Vegetation Index (NDVI). Then, the underlying causes
were studied by investigating the relationships among precipitation, temperature and soil moisture (SM) con-
dition using the cross wavelet technique. Furthermore, implications of changing vegetation cover on runoff and
sediment load were also analyzed. Results indicated that: (1) significant increasing trends of vegetation cover
were detected at annual scale; and seasonal vegetation cover in the WRB is characterized with significant in-
creasing trends in spring and autumn, while insignificant decreasing trend of summer vegetation cover in the
upstream and midstream; (2) stationarity of annual NDVI is invalid with change points identified in all sub-
regions of the WRB; (3) the correlations between annual NDVI series and precipitation, temperature and SM
series demonstrate that significant increasing vegetation cover in the WRB are more influenced by temperature
and SM condition than precipitation, anthropogenic factor however is also another reason for changing vege-
tation cover in the basin; and (4) statistically significant negative correlations between NDVI and runoff, sedi-
ment discharge imply that aside from human activities, increasing vegetation cover partially contributes to the
reduction of runoff and sediment in the WRB. These findings are helpful for scientific assessment of ecological
restoration projects, thereby facilitating local soil and water conservation.
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ecosystem (Jong et al.,, 2011; Cao et al., 2014). Affected by global
warming and increasing anthropogenic pressures, there are notable
changes in vegetation cover at global and regional scales in recent

1. Introduction

Terrestrial ecosystem is highly vulnerable to environmental changes

(Chen et al., 2016, 2018; Zewdie et al., 2017), which has been severely
affected by global climate change and the intensification of human
activities in the past few decades (Piao et al., 2014; Bao et al., 2016;
Wen et al., 2016; Meng et al., 2019). Hence, comprehensive study of
long term terrestrial ecosystem changes is important for a better idea of
sensitivity and vulnerability of ecosystem to environmental changes.
Moreover, it is helpful for management of natural resources and de-
velopment of adaptive strategies to changing environments (Gillespie
et al., 2018). As a principal part of terrestrial ecological environment,
vegetation is dominant in maintaining the function of terrestrial

decades (Jong et al., 2011; Zhang et al., 2013; Piao et al., 2014; Pang
etal., 2016; Huang et al., 2016; Wen et al., 2016). Therefore, vegetation
cover is usually considered as a sensitive indicator of biological re-
sponses to environmental changes (Jong et al., 2011; Wen et al., 2016).
Systemic investigation on dynamic changes in vegetation cover and the
drivers thus has been a hot topic, which is conducive to monitor ter-
restrial ecosystem evolution, eco-environmental changes and to guide
regional environmental management under changing environments
(Zhang et al., 2013; Pang et al., 2016; Fang et al., 2017; Wen et al.,
2016).
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Over the past decades, satellite remote sensing provided a thriving
perspective to monitor vegetation cover changes at various spatial and
temporal scales in a repeatable manner (Wen et al., 2016). The satellite-
based Normalized Difference Vegetation Index (NDVI), available since
the early 1980s, has been the most widely used proxy of vegetation
cover around the world (Begue et al., 2011; Chen et al., 2014a, b; Bao
et al., 2016; Li et al., 2016; Wen et al., 2016). To date, many studies
have focused on vegetation cover and their response to changing en-
vironments with the use of NDVI (Liu and Menzel, 2016). For example,
on the global scale, Jong et al. (2011) found there was a significant
greening (increasing NDVI) trend across western India, north-western
Canada, Western Australia, Asia Minor and parts of the Sahel, whilst
browning (decreasing NDVI) trend was observed in the tropical Africa
and Indonesia/Oceania and in northern Argentina. At the regional
scale, increasing trends have been detected in the monthly NDVI time
series for all vegetation types in Southwest Germany which can be
primarily attributed to temperature variation (Liu and Menzel, 2016).
Based on biweekly NDVI dataset, Wang et al. (2003) claimed a sig-
nificant increasing trend of vegetation in growing season in the central
Great Plains of the USA, and precipitation is highly correlated with
NDVI values during growing season and seven preceding months. In
Southwestern Karst Region of China, Hou et al. (2015) discovered a
significant increasing trend of NDVI in growing season, and claimed
that the reduced temperature and solar radiation caused by the increase
of precipitation may account for vegetation cover changes. Generally,
these studies well advanced our knowledge of vegetation cover re-
sponse to changing environments at different spatial and temporal
scales. Nevertheless, there is no study comprehensively investigating
the changing patterns, causes and implications of vegetation cover in a
specific region, which is of important significance to monitor terrestrial
ecosystem evolution under changing environments, especially for semi-
humid and semi-arid region, like the Loess Plateau. The Loess Plateau is
considered as the most severely eroded zone in the world, in which
severe water loss and soil erosion have increased the fragility of the
ecology (Reynolds et al., 2007; Li et al., 2016; Jia et al., 2017; Liu et al.,
2018a). Due to changing climate and increasing human activities, it is
essential to study vegetation cover variability in this region, along with
exploring its causes and implications.

Drivers for vegetation cover variability are complex. They might be
climatic factors, such as precipitation, temperature, soil moisture (SM)
condition as well as human activities (e.g. Chen et al., 2014b; Hou
et al., 2015; Liu and Menzel, 2016). However, previous studies tend to
apply correlation coefficients (e.g. Pearson’s correlation, linear corre-
lation; Bao et al., 2016; Li et al., 2016) to investigate the relationships
between vegetation coverage (indexed by NDVI) and climatic factors,
which is too simple to reflect the changes or evolution of the relations
between them (Liu et al., 2017). Hence, in this study we employed a
new method called the cross wavelet analysis to fully examine their
linkages in both time and frequency domains rather than simply cal-
culating correlation coefficients. The cross wavelet analysis is a tech-
nique combining the cross spectrum analysis with wavelet transform
(Torrence and Compo, 1998). Furthermore, it provides the distribution
laws of the energy resonance and covariance of two time series in both
time and frequency fields, thus being able to capture the nonlinear
characteristics in their relationships (Torrence and Compo, 1998;
Huang et al., 2017).

On the other hand, changes in vegetation cover has been well de-
monstrated to influence the regional hydrological cycle through reg-
ulating the surface energy balance and evapotranspiration (Begue et al.,
2011; Zhang et al., 2011; Chen et al., 2014b; Bao et al., 2016; Wen
et al., 2016; Li et al., 2016). Moreover, vegetation cover would directly
or indirectly affect soil erosion processes (Lei et al., 2014; Duan et al.,
2016). Specifically, vegetation cover could reduce the kinetic energy of
raindrops; and the litter layer could protect soil surfaces (Zhang et al.,
2015; Duan et al.,, 2016), increase soil surface roughness, impede
overland flow and increase infiltrating time (Lei et al., 2014; Zhang
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et al., 2015; Duan et al., 2016). Consequently, streamflow and sediment
load would be affected by changing vegetation cover. However, vege-
tation-induced changes in runoff and sediment load have not been well
documented (Zheng, 2006; Li et al., 2016). Therefore, this study aims to
explore the changing vegetation cover implications on runoff and se-
diment load, which helps to evaluate local soil and water conservation
and ecological restoration projects.

Situated in southeastern part of the Loess Plateau, the Wei River
Basin (WRB) is a typical semi-humid and semi-arid region in China
(Guo et al., 2018; Liu et al., 2018b; Fang et al., 2019). As an eco-vul-
nerable and eco-sensitive zone (Chang et al., 2015; Huang et al., 2017),
recent decades have witnessed severe environmental degradations in
the basin. To tackle the serious environmental and ecological issues in
the basin, Chinese government carried out a series of ecological re-
storation projects since the 1970s (Chang et al., 2015). Besides, climate
change across the basin, including precipitation (Chang et al., 2015; Liu
et al., 2017), temperature (Chang et al., 2015; Liu et al., 2018b), eva-
poration (Huang et al., 2014a; Fang et al., 2018) and drought (Huang
et al., 2014b; Huang et al., 2015) have been well examined. However,
little attention was paid to vegetation cover dynamics in the WRB,
which constitutes the motivation of our study.

The main objectives of this study are: (1) to examine the changing
patterns of vegetation cover across the WRB; (2) to explore the possible
drivers of vegetation cover variations in terms of precipitation, tem-
perature, SM condition and human activities; and (3) to investigate the
possible implications of vegetation cover variations on runoff and se-
diment load.

2. Study area and data
2.1. Study area

As shown in Fig. 1, the WRB is located between 33.5° N-37.5° N and
103.5° E-110.5° E. It is the largest tributary of Yellow River Basin (YRB).
Long-term average annual precipitation of the river is about 600 mm,
and long-term average annual temperature ranges from 7.8 °C to 13.5°C
(Guo et al., 2018). Originating from the north side of the Niaoshu
Mountains in the Gansu Province, the river flows through three pro-
vinces: Gansu, Ningxia, and Shaanxi. The drainage area of the WRB is
134,800 km?, of which Gansu Province accounts for 44.1%, Ningxia
Province 6.1%, Shaanxi Province 49.8% (Huang et al., 2014c). The
main stream of the basin is 818 km, which can be divided into three
sections: upper, middle and lower reaches. Their corresponding hy-
drological stations are the Linjiacun, Xianyang and Huaxian stations,
respectively (Fig. 1B). There are two largest tributaries of the WRB, i.e.
the Jing River Basin (JRB) and the Beiluo River Basin (BRB) with their
corresponding hydrological stations are the Zhangjiashan and
Zhuangtou stations, respectively. Notably, topography and geomor-
phological conditions in the river are complicated (Fig. 1A). Hence, to
fully examine the spatial variation features of vegetation coverage
across the WRB, the whole basin was divided into five sub-basins in this
study. They are the upstream, midstream, downstream, the JRB, and
the BRB (Fig. 1B).

2.2. Data

The following dataset were used in this study. NDVI data
(1982-2010) was provided by NOAA’s Advanced Very High Resolution
Radiometer (AVHRR) (https://nex.nasa.gov/nex/projects/1349/).
Daily temperature and precipitation of 21 meteorological stations
(Table 1 and Fig. 1) were downloaded from China National Climatic
Centre. In order to study the impacts of changing vegetation on runoff
and sediment load, related dataset of five hydrological stations (Table 2
and Fig. 1) were collected from Yellow River Conservancy Commission.
Besides, the gridded yearly SM data are simulated and obtained by the
Variable Infiltration Capacity model. In addition, we also collected data
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Fig. 1. Location of the WRB and relevant hydro-meteorological stations across the basin (A); and the five sub-basins of the WRB (B).

of different soil conservation practices (e.g. grass-planting, afforesta-
tion, check dam) in the WRB from Shaanxi and Gansu Provincial Bureau
of Statistics.

Growing season of NDVI in the WRB is the average NDVI from April
to September (Shao et al., 2009) since the moderate temperature and
concentrated precipitation during that time are favorable for vegetation
growth. Besides, monthly and seasonal variation of NDVI were also
studied. Spring NDVI was the average monthly NDVI from March to
May; summer NDVI was the average monthly NDVI from June to Au-
gust; and the autumn NDVI was the average monthly NDVI from
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September to November. Vegetation cover in winter was not in-
vestigated because of the influence of snow cover on vegetation and
inappropriate condition for vegetation growth.

3. Methodology
3.1. Modified Mann-Kendall trend test method

The Modified Mann-Kendall (MMK) trend test was used to study the
monotonic trends in time series. Compared with the Mann-Kendall
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Table 1
The information of weather stations of the WRB.

NO. Weather station Location Altitude (m)
Latitude (°N) Longitude (°E)
1 Baoji 34.35 107.13 612
2 Changwu 35.20 107.80 1206
3 Foping 33.52 107.98 827
4 Guyuan 36.00 106.27 1753
5 Huajialing 35.38 105.00 2450
6 Huanxian 36.58 107.30 1255
7 Huashan 34.48 110.08 2064
8 Lintao 35.35 103.85 1893
9 Luochuan 35.82 109.50 1159
10 Minxian 34.43 104.02 2315
11 Pingliang 35.55 106.67 1346
12 Shangzhou 33.87 109.97 742
13 Tianshui 34.58 105.75 1141
14 Tongchuan 35.08 109.07 978
15 Wugong 34.25 108.22 447
16 Wuqi 36.92 108.17 1331
17 Xian 34.30 108.93 397
18 Xifengzhen 35.73 107.63 1421
19 Xiji 35.97 105.72 1916
20 Yanan 36.60 109.50 958
21 Zhenan 33.43 109.15 693
Table 2

The information of hydrological stations of the WRB.

NO. Hydrological station  Location Drainage area (km?)
Latitude ("N)  Longitude (°E)

1 Linjiacun 34.38 107.05 30,661

2 Xianyang 34.32 108.70 46,827

3 Huaxian 34.58 109.77 106,498

4 Zhangjiashan 34.63 108.60 43,216

5 Zhuangtou 35.03 109.83 25,645

(MK) trend test, the MMK is good at dealing with serial autocorrelation
in time series by considering the lag-i autocorrelation (Mann, 1945;
Kendall, 1955; Hamed and Rao, 1998). Nowadays, the MMK test is
widely adopted to detect trends in hydro-meteorological time series
(Daufresne et al., 2009; Huang et al., 2014a,b,c; Liu et al., 2017). More
details about this method can be found in Huang et al. (2014b). In this
study, the MMK trend test was applied to evaluate the trends in NDVI,
precipitation, temperature, SM, runoff and sediment load series across
the WRB at the 95% significance level.

3.2. The heuristic segmentation method

The heuristic segmentation method was introduced to detect po-
tential abrupt change point of the NDVI time series.

Given a time series X = X, %, ---X,_1, X,, set a sliding pointer to
divide the X into two subseries with one on the left and the other on the
right of the pointer, then moves from x; to x,_; step by step. %, S; and
%, S, are the mean and standard deviations of these two subseries,
respectively. The difference in their means is estimated as:

(i) = X () —x@
S (i) (€8]
S(i) = f(”l — 1S+ (- 1)-S, % (i n i)
\/ n—2 non 2)

where T (i) is the statistic denotes the difference in mean values at i
(1 =i < n) position; S (i) is the pooled variance at i position; and ny, n,
are the length of left and right subseries, respectively.

The largest T value is taken as a potential change point. Then, the
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statistical significance P (tyax) corresponding to the largest T is defined
as follows:

P(tmax) 2 {1 = Dy 412,01 (B0 8D} 3)

where § = 040, v =n — 2 and 5 = 4.19In(n) — 11.54 are derived from
the Monte Carlo simulations; and I, (a, b) refers to the incomplete beta
function.

The time series will be cut into two subseries if P (t,,x) is larger than
a threshold of P, (ranging from 0.90 to 0.95), and it will continue to
iterate until P (t,,,) is smaller than P, or the subseries is shorter than the
preset minimum segment length [y(l, = 25). Otherwise, the time series
will not be split.

3.3. The cross wavelet analysis

For two given time series {x,} and {y,}, the cross wavelet transform
can be used to examine their change characteristics and coupled os-
cillations both in time and frequency domains (Torrence and Compo,
1998; Huang et al., 2015; 2017). Their cross wavelet transform is ex-
pressed as WXY¥ = WXWY"| where * is their complex conjugation. The
cross wavelet power of them is defined as IW*Y|. The complex argument
arg (WXY) is considered as the local relative phase of {x,} and {3} in
time-frequency field. The theoretical distribution of the cross wavelet
power between {x,} and {y,} is defined with their background power
spectra PX and P}, as follows:

D(%X(s)WZ*(s) <p)= Zv‘fp)m .

Ox Oy
where Z,(p) denotes the significance level connected with the prob-
ability p for a probability distribution function defined by the square
root of the two x? distributions. The related codes are at http://noc.ac.
uk/using-science/crosswavelet-wavelet-coherence.

4. Results
4.1. Changes in vegetation cover at annual scale and in growing season

The MMK trend test was adopted to estimate the long-term trends of
annual vegetation cover across the WRB, and the results are displayed
in the Fig. 2A. It shows that the WRB is dominated by widespread
significant increasing trend of vegetation cover at the 95% confidence
level since MMK statistics of annual NDVI in the upstream, the mid-
stream, the downstream, the JRB, and the BRB (this order remains the
same in the following) are 3.53, 2.81, 2.81, 2.42 and 2.21, respectively.
In general, there is a remarkably irregular spatial distribution of the
annual NDVI across the basin as shown in Fig. 2B. Long-term mean
annual NDVI of the WRB ranges from 0.33 to 0.58. According to Fig. 2B,
the mean annual NDVI in the WRB is relative larger in the lower part of
midstream and the whole downstream (most part of the Guanzhong
plain), while relatively smaller values exist in other sub-regions of the
WRB. The lowest NDVI can be found in the lower reaches of the JRB
(part of the Loess Plateau).

Similarly, the MMK statistics of NDVI in the growing season of the
five sub-basins are 1.01, 0.99, 2.85, 2.19 and 2.19, respectively, which
implies significant increasing trend of vegetation cover in the down-
stream, the JRB and BRB while insignificant increasing trend of vege-
tation coverage in the upstream and the midstream in the growing
season (Fig. 2C). Besides, vegetation cover of the WRB in growing
season also varies greatly, ranging from 0.45 to 0.78, with highest NDVI
in the lower reaches of the midstream and smallest NDVI in the lower
reaches of the JRB (Fig. 2D). On the whole, vegetation coverage in the
WRB exhibits significant increasing trend with the MMK statistics of the
whole basin NDVI are 3.53 and 2.29 at annual scale and in growing
season, respectively. Overall, the results are consistent with previous
studies illustrating increasing trend of “greenness” in many parts of the
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world (Jong et al., 2011; Piao et al., 2014; Liu and Menzel, 2016; Wen
et al., 2016; Gillespie et al., 2018).

4.2. Changes of monthly and seasonal vegetation cover

In order to gain better knowledge of vegetation coverage variation
in the WRB during the year, changing patterns of NDVI at monthly and
seasonal scales were also examined.

The results of the MMK statistics and spatial distribution of seasonal
vegetation cover across the WRB are showed in the Fig. 3. In general,
there are significant increasing trends of vegetation coverage in spring
and autumn, while no significant trend was detected in summer vege-
tation cover across the WRB (Fig. 3A, C and E). Specifically, the MMK
statistics of NDVI in spring of the five sub-basins are 3.53, 2.81, 2.81,
2.42 and 2.21, respectively, and in autumn are 3.00, 2.59, 3.04, 3.30
and 3.56, respectively. For vegetation in summer, the MMK statistics of
NDVI of these five sub-basins are —0.79, —0.51, 0.51, 0.90 and 0.41,
respectively, which suggest insignificant decreasing trend of vegetation
cover in the upstream and midstream, and insignificant increasing of
vegetation coverage in the downstream, the JRB and the BRB. This is in
agreement with previous studies which revealed that hotter and drier
summer climates would lead to decrease in vegetation cover (Angert
et al., 2005; Zhang et al., 2013). When spatial distribution of seasonal
NDVI are further considered, the highest value of NDVI mostly appear
in the lower reaches of the midstream and smallest NDVI in the lower
reaches of the JRB. In addition, with greater NDVI intensity, summer
(NDVI ranging from 0.50 to 0.76) tends to be more “greener” than
spring (NDVI ranging from 0.29 to 0.59) and autumn (NDVI ranging
from 0.34 to 0.57) in the WRB (Fig. 3B, D and F).

Fig. 4 shows the MMK statistics and mean value of monthly vege-
tation cover at each sub-basins from 1982 to 2010 across the WRB.
Significant increasing trends of monthly NDVI are mostly observed in
March, April, September, October and November, which might be ex-
plained by extended length of growing season caused by warming
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climate (Li et al., 2016; Fig. 4A). By contrast, significant decreasing
trend of monthly NDVI are mainly concentrated in June, July and
August, which might account for the decreasing vegetation cover in
summer in the upstream and midstream (Fig. 4A). Besides, monthly
variation of NDVI in the five sub-basins shows an upside-down U shape
distribution over time in general (Fig. 4B). Maximum monthly NDVI are
all found in summer (i.e. in July or August), whilst the minimum NDVI
of the five sub-basins are all found in winter (i.e. in January or Feb-
ruary). Compared to other sub-regions, NDVI intensity of the midstream
is largest, and the JRB is smallest, which is in agreement with Fig. 2(B
and D) and Fig. 3(B, D and F).

4.3. Change point in annual vegetation cover series

Enhanced human disturbance (e.g., urbanization, deforestation,
land use change, and construction of water conservancy projects) and
climate change have been observed in the WRB (Huang et al., 2015; Liu
et al., 2018b), which might give rise to the abrupt change in annual
NDVI time series that may not detected in the overall trend (Wen et al.,
2016). Accordingly, the heuristic segmentation method was used to
examine the stationarity of annual NDVI time series in the five sub-
basins of the WRB. The threshold By, was set to 0.95 and minimum
segment length ¢, was set to 25.

Fig. 5 is the segmentations and change point in annual NDVI in the
upstream. The blue line in Fig. 5 refers to the iteration and segmenta-
tion process. Fig. 5 shows that the maximum value of T occurred in
1996, with corresponding P(tmax) = 0.997 > By = 0.95. This demon-
strates that the year 1996 was a turning point in annual NDVI time
series (1982-2010) in the upstream. Since the length of the segments
was smaller than ¢, the segmentation process stopped. Based on the
same procedures mentioned above, the change points in annual NDVI
series in other four sub-regions were also identified, which were sum-
marized in Table 3. Except change point of annual NDVI series of the
midstream appeared in 2000, most of the breakpoints occurred in the
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mid-1990s: the upstream and the JRB in 1996, the downstream and the
BRB in 1995. Hence, the vegetation cover in the basin has considerably
changed during the past few decades with significant trends and change
points detected in all sub-regions of annual NDVI across the WRB, in-
dicating that the stationarity of annual NDVI series is invalid.

5. Discussion
5.1. Causes of vegetation cover variation in the WRB
In order to find out potential causes for changing vegetation cover

in the WRB, the relationship between annual NDVI series and pre-
cipitation, temperature and SM series were investigated.

5.1.1. Relationship between NDVI and precipitation

Annual precipitation in the WRB exhibits distinct temporal and
spatial patterns (Liu et al., 2017). According to the MMK trend test,
there is a dominant but non-significant decreasing trend of precipita-
tion from 1982 to 2010 with the MMK statistics of precipitation of the
five sub-basins are —0.84, —0.58, —0.66, —0.58 and —0.77, respec-
tively (Fig. 6).

Fig. 7 is the cross wavelet transforms between precipitation and
NDVI in the five sub-basins of the WRB. It shows that precipitation has a
statistically significant negative correlation with NDVI series in the
upstream with a 4-5 years signal in 1985-1988 (Fig. 7A) at the 95%
confidence level. Also, statistically significant negative correlation be-
tween precipitation and NDVI series was observed with a signal of
3-5years from 1983 to 1990 in the midstream and the downstream
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Table 3

Change points of annual NDVI in the five sub-regions of the WRB.
Sub-basin Occurrence Corresponding P Compared to  Change

time of Tpax (tmax) Py (=0.95) point

The upstream 1996 0.997 > 1996
The midstream 2000 0.972 > 2000
The downstream 1995 0.998 > 1995
The JRB 1996 0.984 > 1996
The BRB 1995 0.994 > 1995

(Fig. 7B and C). However, no obvious correlation was found between
precipitation and NDVI in the JRB, which is consistent with previous
study (Fig. 7D; Liu et al., 2018b). For the BRB, precipitation has

statistically significant negative correlation with NDVI series with a
signal of 3-5 years in 1983-1992 at the 95% confidence level (Fig. 7E).
In general, these significant correlations between precipitation and
NDVI suggest that, except for the JRB, precipitation plays an important
role in the variations of vegetation cover in most parts of the WRB.

5.1.2. Relationship between NDVI and temperature

Similar to vegetation cover in the WRB, there is a significant in-
creasing trend of temperature from 1982 to 2010 at the 95% confidence
level with MMK statistics of the five sub-basins are 4.45, 4.22, 4.03,
4.67 and 3.99, respectively (Fig. 6).

Fig. 8 is the cross wavelet transforms between temperature and
NDVI in the five sub-basins of the WRB. Obviously, temperature has
strong influences on the variations of vegetation coverage across the
WRB. Specifically, temperature has a statistically significant positive
correlation with NDVI in the upstream with a 2-5years signal from
1986 to 1992, a 4 years signal from 1993 to 1995, and a 3-4 years
signal from 1996 to 2000 at the 95% confidence level (Fig. 8A).
Moreover, temperature exhibits a statistically significant positive cor-
relation with the NDVI in the midstream at the 95% confidence level
with a 3-5 years signal from 1985 to 1993, a 3—-4 years signal from 1994
to 1996, a 2—4 years signal around 1996, a 3-4 years signal from 1997
to 2000, and a 1-2years signal from 2002 to 2005 (Fig. 8B). For the
midstream, statistically significant positive correlation between tem-
perature and NDVI are also found with a 3-5 years signal in 1985-1995
and a 2-4 years signal in 1995-1998 (Fig. 8C). Fig. 8D illustrates that
there is a statistically significant positive correlation between tem-
perature and NDVI series in the JRB with a 3.5-4.5years signal in

6 T

T T T T
I Precipitation [ Temperature [ |SM I Runoff [l Sediment load

MMK Statistic

1 1

Upstream Midstream

Downstream

1 1
The JRB The BRB

Fig. 6. The MMK trend test results of precipitation, temperature, SM, runoff and sediment load of the five sub-basins of the WRB. The red dash line refers to the 95%

significance level (namely, + 1.96).
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1987-1992 and in 1996-1999 at the 95% confidence level. In addition,
temperature shows a statistically significant positive correlation with
NDVI series in the BRB with a 3-4 years signal from 1986 to 1994, and a
2-4years signal from 1995 to 1999 at the 95% confidence level
(Fig. 8E). Moreover, change points of NDVI in the five sub-basins cor-
respond to the period when temperature is statistically positive corre-
lated with the NDVI series in the five sub-basins, suggesting that tem-
perature has remarkable impacts on the variations of vegetation cover
across the WRB.

5.1.3. Connections between NDVI and SM

The MMK statistics of SM of the five sub-basins are —2.34, —1.22,
—1.82, —1.11 and —0.73 (Fig. 6), respectively, which implies sig-
nificant decreasing trend of SM condition in the upstream at the 95%
confidence level, and non-significant decreasing trend of SM condition
in the other sub-basins of the WRB.

Fig. 9 is the cross wavelet transforms between SM and NDVI in the

469

five sub-basins of the WRB. There is a significant negative correlation
between SM and NDVI variations in the upstream at the 95% con-
fidence level, with a 4-5 years signal from 1985 to 1989 and a 1-2 years
signal around 2001 (Fig. 9A). SM also has a significant negative cor-
relation with NDVI variations in the midstream at the 95% confidence
level, with a 3.5-5years signal from 1983 to 1991 and a 1-3years
signal from 2001 to 2003 (Fig. 9B). For the downstream, statistically
significant negative correlation between SM and NDVI variations was
detected with a 3-5 years signal in 1983-1991 at the 95% confidence
level (Fig. 9C). Similar relation between SM and NDVI in the BRB has
also been found with a 4-5 years signal from 1985 to 1990 (Fig. 9D).
However, SM shows a statistically significant positive correlation with
NDVI series in the JRB with a 6-6.5 years signal from 1991 to 1998 at
the 95% confidence level (Fig. 9E). These findings suggest that varia-
tions of vegetation cover in the WRB are also significantly linked to SM.
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5.1.4. Causes of increasing vegetation cover in the WRB

To find out the potential climatic factors for significant increase of
vegetation cover across the WRB, the relationship between annual
NDVI series and precipitation, temperature and SM series of the WRB
were investigated. Combining Figs. 7-9, it shows that the relationships
between temperature and NDVI are generally the strongest. Moreover,
the correlations between SM and NDVI are generally stronger than
those of precipitation (Figs. 7-9). To further support these findings, we
calculated the correlation coefficients between NDVI and these climatic
factors across the basin and results are shown in Fig. 10. Fig. 10 de-
monstrates that the correlation coefficients between NDVI and tem-
perature is the largest while the coefficients between NDVI and pre-
cipitation is the smallest in the WRB.

In general, these findings are consistent with previous studies con-
firming the influence of temperature on vegetation is more greater than
precipitation (e.g. Hou et al., 2015; Liu and Menzel, 2016). As a matter
of fact, temperature is important in the growth and development of
vegetation which would have effect on the pollination of plants (Bao
et al., 2016; Li et al.,, 2016; Liu et al.,, 2018b). Although the

relationships between temperature and NDVI are strongest among cli-
matic factors, they are different in various sub-regions in both time and
frequency domains, which may account for the different spatial change
patterns of vegetation coverage across the WRB. As for SM condition, it
is more directly associated with dynamics in plant photosynthesis and
respiration processes than precipitation (Chen et al., 2014b). Moreover,
SM condition is vital in regulating vegetation productivity and con-
trolling terrestrial carbon uptake (Chen et al., 2014b), which might
account for stronger relationship between NDVI and SM condition than
that between precipitation.

Taking Figs. 7-9 as a whole, the correlations between precipitation,
temperature, SM and NDVI are found basically concentrated before the
year 2000, and the relationships are weakening after 2000, which
means aside from climate change, human activities cannot be ne-
glected. In fact, large-scale ecological restoration projects funded by
Chinese Government have been implemented since the 1970s to control
soil loss in the WRB. Then two large-scale ecological restoration pro-
jects, i.e., the Natural Forest Conservation project and the Grain for
Green project, have been launched in 1999 to improve vegetation
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coverage in the WRB, especially in the Loess Plateau (Li et al., 2016). As
shown in Fig. 11, the past decades have witnessed remarkable expan-
sion in the area of grass-planting and afforestation from 374 km? in
1960 to 21422 km? in the 2006 in the WRB. Hence, it can be concluded
that increasing vegetation coverage in the WRB is driven by both cli-
mate change and human activities. And human activities are expected
to be the dominant reasons for vegetation cover increase in the WRB (Li
et al., 2016).

5.2. Implications of changing vegetation cover in the WRB

5.2.1. Effects of changing vegetation cover on runoff changes

Contrary to vegetation coverage in the WRB, there is a significant
decreasing trend of runoff from 1982 to 2010 at the 95% confidence
level with MMK statistic of the five sub-basins are 3.59, —2.04, —2.31,

—3.62 and — 3.40, respectively (Fig. 6).

Fig. 12 is the cross wavelet transforms between the NDVI and runoff
series spanning 1982-2008 across the WRB. It is illustrated that NDVI
has a statistically significant negative correlation with runoff series
with a signal of 3-5years in 1988-1988 and a 2-4years signal in
1989-1990 in the upstream (Fig. 12A). Fig. 12B indicates there is a
statistically significant negative correlation between NDVI and runoff
series with a 3.5-5 years signal from 1982 to 1991 and 1-2 years signal
from 2002 to 2004 in the midstream at the 95% confidence level. For
the downstream, there is a statistically significant negative correlation
between NDVI and runoff variation with a 3-5years signal in
1983-1991 at the 95% confidence level (Fig. 12C). However, no ob-
vious relationship was found between NDVI and runoff in the JRB
(Fig. 12D). for the BRB, similar relation between NDVI and runoff has
also been detected with a signal of 4-5years from 1983 to 1992
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(Fig. 12E). In general, these correlations suggest that increasing vege-
tation cover would impact the reduction of runoff in the WRB.

5.2.2. Effects of changing vegetation cover on sediment load changes

Annual average sediment transported into the five sub-basins of the
WRB during 1982-2010 are roughly 0.52 x 10%, 0.47 x 10%,
2.20 x 108, 1.80 x 10% and 0.57 x 103, respectively. The trend test
shows that, except for the JRB, there is a significant decreasing trend of
sediment discharge in the WRB at the 95% confidence level with MMK
statistic of the five sub-basins are —4.48, —3.81, —2.98, —1.67 and
—2.08, respectively (Fig. 6).

Fig. 13 is the cross wavelet transform between NDVI and sediment
load series in the five sub-basins of the WRB. It is demonstrated that the

NDVI has a statistically significant negative correlation with the sedi-
ment load variations in the upstream with a 2-4 years signal from 1986
to 1991 and a 2years signal around 1992 to 1993 at the 95% con-
fidence level (Fig. 13A). Also, there is a statistically significant negative
correlation between NDVI and sediment load series in the midstream
with a 2-4 years signal in 1986-1991 and a 1-3 years signal from 2001
to 2004 (Fig. 13B). For the downstream, NDVI shows a statistically
significant negative correlation with sediment load with a 3-5 years
signal in 1984-1911 (Fig. 13C). By comparison, there is no correlation
between NDVI and sediment load in the JRB (Fig. 13D). For the BRB,
NDVI exhibits statistically significant negative correlation with sedi-
ment load with a 2-3 year signal in 1994-1997 (Fig. 13E). These cor-
relations indicate that increasing vegetation coverage plays an im-
portant role in affecting the sediment load changes, thereby influencing
local soil and water conservation.

5.2.3. Causes for reduced runoff and sediment load in the WRB

In contrast to increasing vegetation coverage across the basin, there
is a dominant significant decreasing trends of runoff and sediment in
the WRB. Similar to the correlations between NDVI and different cli-
matic factor, the relationships between NDVI and runoff, sediment are
mostly concentrated before the year 2000 (Figs. 12 and 13), suggesting
increasing vegetation cover might be the reason for reduction of runoff
and sediment to some extent. Whilst large-scale human activities, in-
cluding hyper-irrigation and water and soil conservation, are the direct
reason for the decrease of runoff and sediment load in the WRB (Chang
et al., 2015). It was reported that the irrigated areas in the WRB have
reached about 9500 km? in 2008 due to the development of economy
and increasing population with large amounts of water diverted from
the JRB and WRB (Chang et al., 2015; Liu et al., 2018b). Decreasing
runoff in the river lowered the sediment carrying capacity and further
reduced sediment discharge. Fig. 11 shows the accumulative area of
different soil conservation practices in the WRB from 1960 to 2006. In
the past decades, the soil conservation area in the WRB has expanded
tens-fold from 552 km? in 1960 to 33344 km? in 2006 (Fig. 11), which
effectively reduced sediment load in the river. Meanwhile, these soil
conservation practices would reduce runoff by changing local
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Fig. 12. The same as Fig. 7, but for NDVI and runoff series in the five sub-basins of the WRB.

microtopography, intercepting precipitation, impeding overland flow
and increase infiltrating time (Chang et al., 2015; Duan et al., 2016).
Hence, both vegetation cover and human activities lead to the reduc-
tion of runoff and sediment discharge in the WRB.

5.2.4. What should we do with increasing vegetation cover

In order to control soil loss in the Loess Plateau, Chinese
Government have made great effort to carry out large-scale ecological
restoration projects since the 1970s by planting grass, afforestation,
which lead to increasing vegetation cover in the WRB (part of the Loess
Plateau). At present, these projects begun to highlight its ecological
effects. According to the study of Liu et al. (2016), evapotranspiration
increased significantly due to the vegetation recovery strategies and
resulted in the decrease of runoff, which further support our findings.
However, Liu et al. (2016) argued it has reached a relative stable state
between the hydrothermal and vegetation conditions. If we keep the
status quo, the water consumption of forest and grass will be main-
tained at a relative level and will fluctuate associated with precipitation
(Liu et al., 2016). Otherwise, if we continue to adopt the large-scale

ecological measures, new problems will inevitably arise since there is
enhanced evapotranspiration while reduced renewability of runoff (Xin
et al., 2009). Therefore, confronted with increasing vegetation cover, it
is worthwhile to study the potential influences of large-scale ecological
restoration projects on water supply security and the balance of erosion
and sedimentation in the Yellow River Delta and to determine the
reasonable project scale.

6. Conclusions

Investigation of vegetation coverage is of important significance to
monitor terrestrial ecosystem evolution and to guide regional en-
vironmental management under changing environments. In this study,
we focused on vegetation cover in the WRB, a typical eco-en-
vironmentally vulnerable region in the Loess Plateau, China.

Our results show significant increasing trends of vegetation cover
(indexed by NDVI) at annual scale and in growing season. However, the
stationarity of annual NDVI series is invalid with change points iden-
tified in all sub-regions of the WRB.
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Fig. 13. The same as Fig. 7, but for NDVI and sediment load series in the five sub-basins of the WRB.

Significant increasing vegetation cover in the WRB are more influ-
enced by temperature and SM condition than precipitation. Moreover,
human activities including glass-planting and afforestation also con-
tributes to vegetation cover increase in the WRB. Increasing vegetation
cover is found responsible for the reduction of runoff and sediment to
some extent. Therefore, runoff and sediment into the YRB would be
further reduced with expansion of the ecological restoration project in
the future in the Loess Plateau, which would negatively influence local
water supply and the balance of erosion and deposition in the Yellow
River Delta. Therefore, it is very necessary to deal with the relationship
between the scale of the ecological restoration project and local water
supply and the balance of erosion and deposition in the Yellow River
Delta for the department concerned.
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