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Abstract: The 400 mm annual precipitation fluctuation zone (75°55’'-127°6’E and 26°55’-53°6'N) is
located in central and western China, which is a transition area from traditional agricultural to animal
husbandry. It is extremely sensitive to climatic changes. The corresponding changes of the ecosystem,
represented by vegetation, under the dual influences of climate change and human activities are
important issues in the study of the regional ecological environment. Based on the Savitzky-Golay
(5-G) filtering method, the Global Inventory Modeling and Mapping Studies (GIMMS) Normalized
Differential Vegetation Index (NDVI) dataset (NDVI3g) was reconstructed in this paper. Sen’s slope
estimation, Mann-Kendall (M—-K), multiple regression residual analysis, and the Hurst index were
used to quantify the impacts of climate change and human activities on vegetation; in addition, the
future persistence characteristics of the vegetation changes trend were analyzed. Vegetation changes
in the study area had an obvious spatio-temporal heterogeneity. On an annual scale, the vegetation
increased considerably, with a growth rate of 0.50%/10a. The multi-year mean value of NDVI and
growth rate of cultivated land were the highest, followed by the forest land and grassland. On a
seasonal scale, the vegetation cover increased most significantly in autumn, followed by spring and
summer. In the southeastern and central parts of the study area, the vegetation cover increased
significantly (P < 0.05), while it decreased significantly in the northeastern and southwestern parts.
In summer, the NDVI value of all vegetation types (cultivated land, forest land and grassland) reached
the maximum. The change rate of NDVI value for cultivated land reached the highest in autumn
(1.57%/10a), forest land reached the highest in spring (1.15%j/10a), and grassland reached the highest
in autumn (0.49%/10a). The NDVI of cultivated land increased in all seasons, while forest land
(—0.31%/10a) and grassland (—0.009%j/10a) decreased in winter. Partial correlation analysis between
vegetation and precipitation, temperature found that the areas with positive correlation accounted for
66.29% and 55.05% of the total area, respectively. Under the influence of climate change alone, 62.79%
of the study area showed an increasing tendency, among which 46.79% showed a significant upward
trend (P < 0.05). The NDVI decreased in 37.21% of the regions and decreased significantly in 14.88%
of the regions (P < 0.05). Under the influence of human activities alone, the vegetation in the study
area showed an upward trend in 59.61%, with a significant increase in 41.35% (P < 0.05), a downward
trend in 40.39%, and a significant downward trend in 7.95% (P < 0.05). Vegetation growth is highly
unstable and prone to drastic changes, depending on the environmental conditions.

Keywords: vegetation; climate change; human activity; GIMMS NDVI3g; 400-mm annual
precipitation fluctuation zone
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1. Introduction

The fifth assessment report of the Intergovernmental Panel on Climate Change (IPCC) points out
that almost all regions of the world are experiencing climate warming, and since 1950, precipitation in
Asia has been significantly decreasing [1]. Climate change will inevitably affect the growth environment
of plants, and thus, the growth state of plants. Vegetation changes, along with the changes in regional
hydrothermal conditions, such as solar radiation, atmosphere, water, and soil energy transmission, show
interannual and seasonal variation characteristics and are indicators of global climatic changes [2,3].
With the rapid development of remote-sensing technology in recent years, remote-sensing data has
become the main data source for the study of vegetation changes in long time series with high spatial
and temporal resolution [4,5]. For example, the Normalized Differential Vegetation Index (NDVI) has a
good correlation with the biomass and leaf area index and can, therefore, adequately reflect the growth
status of surface vegetation [6]. Against the background of climatic changes and enhanced human
activities, terrestrial ecosystems have undergone significant changes [7], and vegetation changes have
recorded the imprint of human activities profoundly [8]. In this sense, vegetation has become the focus
and core issue of scholars in the context of climate change due to its strong indicative effect on the
ecological environment [9-11].

The transition zone is the intersection zone between adjacent ecosystems and represents a key
location for terrestrial ecosystems to respond to climate change and human activities. The transition
zone between agriculture and animal husbandry, which takes the 400 mm annual precipitation line
as the dividing line, is a transitional land-use mode and a transition zone between grassland and
cultivated land, the planting industry, and animal husbandry [12]. Most of the world’s semi-arid
regions are farming-pastoral zones, and the four major agricultural and pastoral ecotones in the world
are the northeast and southwest agricultural and pastoral ecotone in China, the east-west agricultural
and pastoral ecotone in the southern margin of the Sahara desert in Africa, the southwest agricultural
and pastoral ecotone in the west of the United States, and the agricultural and pastoral ecotone at the
junction of Russia and Kazakhstan [13]. Under a changing climate, the natural elements of the transition
zone are extremely sensitive, and the stability of the original appearance of the natural environment is
relatively low. The system evolves easily, and once such evolution occurs, it is irreversible, and the
ecological environment is sensitive and fragile. Therefore, it is important to quantify the contribution
of the climate and of human activities to the evolution of vegetation.

The 400 mm annual precipitation fluctuation zone covers most of China’s arid and semi-arid
regions. In recent years, research on the response of vegetation to climate change and human activities
in the transition zone of agriculture and animal husbandry in China has attracted considerable attention.
In terms of regional selection, studies have been carried out in regions where the coupling effect between
vegetation and climate change and human activities is typical within the fluctuation area of the 400 mm
annual precipitation line, for example on the Loess Plateau [14-16], in the northeast of China [17,18],
on the Qinghai-Tibet Plateau [19-21]. Shi et al. [22] have found that climate change and human
activities had a significant driving effect on the boundary change of the northern farming-pastoral
ecotone, and some studies quantitatively analyzed the impacts of climate change and human activities
on arable land [23,24]. Sun et al. [25] have found that vegetation coverage on the Loess Plateau showed
a significant upward trend in the past three decades under the influence of human activities, mainly
ecological restoration projects. Global warming is beneficial to vegetation growth in regions with
strong water-bearing capacity, while vegetation growth is severely restricted in regions with poor
water resources [26,27]. Studies have found that precipitation is the most important factor affecting
vegetation growth on the Mongolian plateau [28], and the spring climate warming can only promote
the early greening of the meadow steppe vegetation, while the water shortage of the typical steppe
vegetation and desert steppe vegetation may eliminate the impacts of climate warming [29]. At present,
unitary linear regression is mostly used to analyze interannual changes in vegetation in research on
vegetation change trends, but this method has a weak ability to avoid errors [30]. Vegetation NDVI
changes are the result of joint action between climate change and human activity [31,32], but previous
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studies have paid more attention to the response of vegetation NDVI to climate change from the
perspectives of natural elements. As the influence of human activities on vegetation can mainly be
described qualitatively, how to quantify the impacts of human activities is one of the important topics
that needs to be investigated in more detail [33]. In addition, in terms of the selection of adequate
research regions, previous studies have focused mainly on several subregions of extremely typical
regions within the transition zone of agriculture and animal husbandry, but have mostly failed to study
the spatial range of the fluctuation regions of 400 mm annual precipitation lines.

On the basis of quantifying climate and vegetation change, this study focuses on assessing the
impact of climate change and human activities on vegetation change. The interaction mechanism
between climate change, human activities and vegetation growth was discussed in depth in this study to
provide a theoretical basis and scientific support for the coupling research of the human-Earth system.

2. Materials and Methods

2.1. Study Area

The designation of the study area was based on the historical period of the meteorological station
precipitation data. The annual precipitation fluctuation zone [34] covers 17 provinces and autonomous
regions, including Heilongjiang, Jilin, Liaoning, Hebei, Inner Mongolia, Shanxi, Shaanxi, Gansu,
Ningxia, Sichuan, Qinghai, Xinjiang, Tibet, Shandong, Henan, Beijing, and Tianjin, with an area of
about 3.56 million km? (Figure 1). The regions with large precipitation are mainly distributed in the
south of the study area; the average annual precipitation in the entire study area was about 500 mm
from 1951-2015. The study area spans the first, second, and third steps of China, with a large elevation
drop and an extremely complex terrain. The study area is close to the pastoral area in the northwest,
with a higher proportion of grassland, and close to the agricultural area in the southeast, with a higher
proportion of arable land.
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Figure 1. The geographical location of the 400 mm annual precipitation fluctuation zone and digital

elevation model.
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2.2. Global Inventory Modeling and Mapping Studies Normalized Differential Vegetation Index (GIMMS
NDVI3g) Dataset

The AVHRR Global Inventory Modelling and Mapping Studies (GIMMS) NDVI3g remote-sensing
datasets are the latest version of the global vegetation dataset from 1982 to 2015, launched by the
National Aeronautics and Space Administration (NASA) Ames Ecological Forecasting Lab (http:
//ecocast.arc.nasa.gov). The GIMMS NDVI3g dataset with the temporal resolution of monthly and the
spatial resolution of 8 x 8 km. Because GIMMS NDVI3g data has large signal noise, the premise of
relevant research is to reconstruct the NDVI time-series data of vegetation. Considering the advantages
of S-G filtering in the reconstruction of NDVI vegetation data, for example, the data set of the NDVI
sequence reconstructed by the S-G filtering algorithm can effectively remove the influence of outliers,
better retain the continuity characteristics of vegetation growth changes, and does not change the
numerical value of the continuity changes. Therefore, this paper adopts the S-G filtering method to
reconstruct NDVI timing sequence data.

2.3. Climate Dataset

The temperature and precipitation data of the 2474 meteorological stations were obtained from the
China meteorological data-sharing network (http://data.cma.cn/). The original time resolution of the
meteorological dataset was daily, which was converted into monthly and yearly in this study. All data
were obtained through field observation. It provides complete statistical analysis, data diagnosis, and
spatial distribution standard error. The ANUSPLIN software is a tool for interpolating multivariable
data using thin disk smooth spline interpolation, and this study used ANUSPLIN (Australian National
University, Canberra, Australia) to perform interpolation analysis on the precipitation data of 2474
meteorological stations across the Chinese mainland from 1951 to 2015 and the temperature data from
1982 to 2015, thereby obtaining grid data (8 x 8 km) of the temperature and precipitation in each year
within the Chinese mainland during the corresponding period.

2.4. Methods

2.4.1. Sen’s Tendency Estimation

The Sen slope estimation method is suitable for the qualitative description of time series with
obvious trends. Although it is also a mathematical statistical method, it is in essence a qualitative
method for describing the trend of sequences. At the same time, the advantage of Sen’s slope estimation
method is that even the lack of data or the existence of bad points in individual data series do not affect
the trend result. In this paper, the tendency of NDVI time series was calculated by Sen’s estimation
method. For the time series x; = (x1, X2, ..., X), is the formula was as follows:

— Medianl 2
ﬁMedlan( -

—i

i ) Vo 1)

where g is the tendency of the NDVI sequence, x;, x; are the sequences of NDVI, i, j is the year of the
NDVI. When the calculated result of § is greater than 0, the time series shows an upward trend; when
the calculated result of f is less than 0, the time series shows a downward trend.

2.4.2. Mann-Kendall (M-K) Significance Test

In this paper, the significance of the linear variation trend of the NDVI was tested by the M-K
trend test. Since this method does not require sample data to obey a certain distribution and is less
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affected by outliers, it can be used to effectively test the variation trend of the NDVI in time series.
The formulas are as follows:

51 g5
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where NDVI; and NDVI; are the NDVI values of the pixels in the it and jt years, n represents the
length of time series, sgn is a symbolic function, and the Z value is (-0, +0). Under the given
significance level (P < 0.05), there is a significant change when |Z| > ul-«/2. When |Z]| > 1.96, it
means that the linear trend has passed the significance test of 0.05. When |Z| > 2.58, it has passed the
significance test of 0.01.

2.4.3. Multiple Regression and Residual Analysis

Due to the lack of long time series observation data of the impact of human activities on vegetation
NDV], it is difficult to directly quantify the impact of human activities on vegetation. In this paper, the
effects of climate change and human activities on vegetation were quantified by multiple regression
analysis and residual analysis. The theoretical basis of this method is that under natural conditions
NDVlIis only affected by climate change, so it can be understood that in the absence of human influence,
the change characteristics of NDVI should be consistent with those of climate change [35]. The multiple
regression residual method [36,37] was used to quantify the impacts of climate factors on vegetation.
Temperature and precipitation, two climate factors that mainly affect vegetation [38,39], were used
as independent variables, and vegetation values were used as dependent variables for regression.
Through regression analysis, the equation characterizing the correlation between vegetation NDVI,
temperature and precipitation was obtained. Then, the annual temperature and precipitation data from
1982 to 2015 were respectively put into the equation to obtain the vegetation NDVI,,. The predicted
value of NDVI,,, was taken as the impact of climate factors on vegetation NDVI without interference
of human activities. Finally, the residual analysis was adopted to quantify the contribution of human
activities on vegetation by calculating the difference between the remote-sensing data and the predicted
value [40,41]. The formulas are as follows:

NDVIye = AXT+BxP+C (6)

where NDV 1, is the NDVI simulation value, T is the average temperature, P is precipitation, A, B are
regression coefficients, and C is a constant.

This paper defines the impact of human activities on vegetation as all impacts except the impact
of climate change on vegetation. The calculation formula is as follows:

NDVlyes = NDVIyp = NDVI,, @)

where NDVI, is the residual error, that is, the NDVI value under the influence of human activities
alone, NDVI,, is the remote-sensing data value, NDV I is the vegetation NDVI value under the
influence of climate change alone. In this study, NDVI,,s and ND V1, from 1982 to 2015 were analyzed



Remote Sens. 2019, 11, 1159 6 of 21

to obtain the NDVI change trend under the influence of human activities and climate change. If the
trend is positive, it indicates that human activities or climate change have a promoting effect on
vegetation growth. A negative trend indicates an inhibitory effect on vegetation growth.

2.4.4. Hurst Index

The Hurst index method [42], which is based on the R/S analysis method, is generally used to
analyze the fractal characteristics and long-term memory process of time series. It is an effective method
to quantitatively describe the long-term dependence of time series information and is now widely
used to judge the intensity of persistence or anti-persistence of the change trend of time series [43,44].
The Hurst index method was used to study the spatial distribution and persistence of vegetation
change trend in the 400 mm annual precipitation line fluctuation area. The calculation steps are as
follows, for the time series of NDVI;,t=1,2,3,4,5,... ,n

NDVI, ZNDVI t=1,23,...,n )
t —
X, = ) (NDVI; -NDVI()) 1< t<rt )
j=1
Rit) = X () ~ TetecXtr)  T=12,3,...,m (10)
e At
S = |- Z(NDVIU) -NDVL)'| t=123,..,n (11)
t=1
R(7) H
_ 12
30 (c7) (12)

The value of H ranges from 0 to 1. When 0.5 < H < 1, the future change of the NDVI will be
consistent with the changing trend in the past; when H = 0.5, the changes before and after the time
series of the NDVI are independent, and when 0 < H < 0.5, the NDVI will show trend opposite to that
from the past.

2.4.5. Partial Correlation Analysis

Temperature and precipitation are the variables most closely related to vegetation growth. In this
study, partial correlation analysis method was adopted to study the correlation between vegetation
NDVI and temperature by using precipitation as the control variable. Secondly, temperature was used
as the control variable to analyze the partial correlation between vegetation NDVI and precipitation.
Partial correlation analysis is carried out on the basis of correlation calculation, and the specific
calculation formula is as follows:

Y (=% (yi-v)

\/Zl 1 xl_x \/Zl 1 ]/1

where: Ryy is the correlation coefficient; x; and y; represent the values of variables x and y at period i,
respectively. x and y represent the average of the variables x and y; n is the sample size. The value
range of the correlation coefficient is —1 ~ 1.

(13)

ny - szRyz

V- R)(1-R)

(14)

ny,z -
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where: ny/Z is the partial correlation coefficient between variables x and y when the variable z
is regarded as a constant; Ry, Rz, Ry, represent the correlation coefficients between x, y and z,
respectively. The partial correlation coefficient ranges from —1 to 1.

3. Results
3.1. Spatial and Temporal Patterns and Variations Analysis

3.1.1. Temperature and Precipitation

Figure 2 shows the spatial pattern of average annual precipitation, temperature and its interannual
change trend from 1951 to 2015. The average annual precipitation and temperature show an obvious
spatial heterogeneity. The average annual precipitation in the eastern and southern parts (> 800 mm)
of the study area is significantly higher than that in the northwest (< 300mm), and the precipitation in
Inner Mongolia, Ningxia and the central and western parts of Qinghai is extremely scarce (Figure 2a).
The average annual temperature is higher in the middle (> 12 °C) and lower at both ends of the study
area. The average annual temperature in the southeast of the study area (Shaanxi, Shanxi, Henan, Hebei
and Shandong) was highest (11.23 °C), followed by Inner Mongolia, Liaoning, Jilin and Heilongjiang.
The Qinghai-Tibet Plateau region has the lowest average annual temperature (—1.44 °C) due to high
elevation (Figure 2b). According to the change trend of precipitation from 1951 to 2015 (Figure 2c),
except Qinghai and Heilongjiang, the annual precipitation showed a decreasing trend in most regions.
The annual precipitation in the vast western region of Tibet showed a significant downward trend
(<=6 mm/a). The increase of temperature is most obvious in the Qinghai-Tibet Plateau, followed by
the Loess Plateau and the northwest edge of Inner Mongolia (Figure 2d). The temperature increased
slightly in Henan, Hebei, Shandong, Liaoning, Jilin and Heilongjiang in the southeast of the study
area. In general, the study area generally shows a warming trend, in which the northwest and the
Qinghai-Tibet Plateau region have a higher warming tendency.
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Figure 2. The spatial pattern and variation trend of average annual precipitation and temperature from
1951 to 2015 (a): Precipitation, (b): Temperature, (c): Precipitation variation trend; (d): Temperature
variation trend.
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3.1.2. Vegetation Patterns and Variations on Annual Scales

From 1982 to 2015, the spatial distribution of the average annual vegetation NDVI with temporal
resolution yearly in the study area showed obvious spatial heterogeneity (Figure 3a). Generally
speaking, it shows the distribution rule of vegetation NDVI is higher in the southeast, lower in the
northwest and decreasing from southeast to northwest. The average annual change rate of the NDVI
was 0.45%/10a, indicating that the overall vegetation in the study area presented a gradually increasing
trend. The regions with high NDVI values are mainly distributed in the Greater Hinggan mountains
in the northeast of Inner Mongolia, Henan, southern Shaanxi, Gansu, Qinghai, and southeast Tibet.
In contrast, the regions with low NDVI values are mainly distributed in Ningxia, Gansu, on the Inner
Mongolia plateau, in Qinghai, and in northwest Tibet. Among them, the low NDVI values in Qinghai
and the northwest of Tibet are caused by the perennial low temperature in the region as a result of
the elevation, while the low precipitation and water resource shortage in Ningxia, Gansu, and parts
of the Inner Mongolia plateau, which are deeply inland, further increase the evaporation capacity
due to climate warming and aggravate regional droughts. To study the characteristics of vegetation
NDVI changes over time, based on the NDVI data set from 1982 to 2015, this paper adopts the Sen
trend analysis method to analyze the change trend pixel by pixel (Figure 3b). Based on the results,
the change trend of vegetation in the study area decreases at both ends and increases in the middle
part of the space. Increases in the NDVI are mainly distributed in Shanxi, Shaanxi, and the border
areas of Shandong, Henan, and Hebei. The values of the NDVI decreased in northeast Inner Mongolia
(=2.3%/10a) and on the central Qinghai-Tibet Plateau (—1.4%/10a). The M-K method was used to test
the significance of the NDVI variation trend, and the spatial distribution of regions with significant
variation (p < 0.05) and extremely significant variation (p < 0.01) was roughly consistent (Figure 3c,d).
The NDVI values were significantly increased, and the regions that passed the significance test were
mainly distributed in the border areas of Shaanxi, Shanxi, and Henan, and Hebei and Shandong.
The NDVI increased by 2.4 and 5.9%/10a; the regions where the NDVI value decreased significantly
and passed the significance test were mainly distributed in the Greater Hinggan mountains of Inner
Mongolia, Qinghai, and the south-central part of Tibet. Figure 3e is the land-use type diagram of the
research area, and Figure 3f is the multi-year mean value of NDVI and its change slope of each land
type (cultivated land, forest land and grassland). From the perspective of the NDVI value of land
types, forest land has the highest NDVI value (0.41), followed by cultivated land (0.37), and grassland
has the lowest NDVI value (0.24). From the perspective of the change slope of NDVI of each land type,
cultivated land increased the fastest (0.79%j/10a), followed by forest land (0.72%j/10a) and grassland
(0.2%/10a).

Referring to the research carried out in arid and semi-arid regions [45] and combining with the
specific actual conditions in this study area, the NDVI values in the study area were divided into six
grades. Table 1 shows the proportion of the coverage area of each grade in the total area of the study
area. The vegetation coverage area (NDVI > 0.1) accounts for 90.2% of the total study area, but the
overall vegetation coverage of the study area is low. The average NDVI value is only 0.29, with a
minimum of 0.018, and the standard deviation is 0.14. Among the six grades, the area with NDVI
values between 0.3 and 0.4 accounted for the largest proportion (24.37%), followed by the area with
NDVI values between 0.2 and 0.3, accounting for 22.81%. Non-vegetated areas accounted for 9.8% of
the total area and were mainly composed of lakes, Gobi, and deserts. Areas with NDVI values higher
than 0.4 accounted for 21.98% of the total area, and the vegetation types under the NDVI grade were
mainly woodland.
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Figure 3. Vegetation spatial pattern, interannual variation trend and significance test. (a) NDVI_mean;
(b) Sen’s trend/10a; (c) Significance test (P < 0.05); (d) Significance test (P < 0.01); (e) Land use type; (f)
Normalized Differential Vegetation Index (NDVI) and interannual rate of change.

Table 1. Area statistics of NDVI values of each grade (Unit: %).

Level NDVI<o0.1 0.1 < NDVI<0.2 02<NDVI<03 03<NDVI<04 04<NDVI<05 05<NDVI<O0.8
Area 9.80 21.04 22.81 24.37 16.37 5.61

3.1.3. Vegetation Patterns and Variations on Seasonal Scales

Figure 4 shows the spatial pattern and variation trends of the NDVI on a seasonal scale for the
period from 1982 to 2015. From the perspective of the seasonal scale, the average NDVI trend rate
of vegetation in spring was 0.72%/10a, and the areas with significantly increased values were mainly
concentrated in Henan, Shandong, and southern Shaanxi on the southeastern edge of the study area.
This was because the temperature increased earlier in the spring in the above areas, and the water
conditions were better, resulting in an earlier start of the growing season. The regions where NDVI
decreased were mainly distributed along the border of Inner Mongolia, Heilongjiang and Liaoning,
and the northwest of Tibet (Figure 4a). The mean trend rate of the NDVI in summer was 0.52%/10a,
and the areas of continuous increase were mainly located in northern Shaanxi, Shanxi, and Liaoning
(Figure 4b). Compared with the areas of gradual NDVI decreases in spring, they were spatially shifted
from the junction of three provinces to the northeast of Inner Mongolia. In addition, the vegetation
in the central part of Tibet also showed a trend of continuous decline in summer. This phenomenon
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may be related to the continuous decrease of precipitation in this region in recent years (Figure 3c).
The mean change rate of the NDVI in autumn was 0.79%/10a (Figure 4c). The area with increasing
values was basically consistent with that in summer, while the area with decreasing values moved to
the central region of Inner Mongolia. The average trend rate of the NDVI in winter was 0.003%/10a,
and the regions with increasing NDVI values were mainly distributed in the border areas of southern
Shaanxi, Henan, Shandong, and Hebei, while the regions with decreasing NDVI values covered the
entire northeast. In winter, the decrease in NDVI was most pronounced. The reason may be that under
the background of global warming, the warming and drying trend of climate in the middle and high
latitudes of China gradually strengthens [46]. The rise of temperature increases the evaporation of soil
water and the extension of vegetation growth period, which indirectly increases the consumption of
water by vegetation. As a result, the water shortage is more serious in winter when the precipitation is
extremely poor, which eventually leads to the reduction of vegetation NDVL In addition, the NDVI
values in the central region of Tibet also showed an obvious downward trend in winter (Figure 4d).
In this study, the four seasons were defined as: spring (March, April and May), summer (June, July and
August), autumn (September, October and November), and winter (December, January and February).
In terms of seasonal scale (Table 2), the vegetation NDVI of cultivated land (0.57), forest land (0.71) and
grassland (0.37) was the highest in summer. Among the four seasons, the vegetation NDVI of forest
land was the highest, followed by cultivated land and grassland. The NDVI change rate of cultivated
land reached the highest in autumn (1.57%/10a), the NDVI change rate of forest land was the highest in
spring (1.15%/10a), and the NDVI change rate of grassland was the highest in autumn (0.49%/10a).
The vegetation NDVI of cultivated land increased in all seasons, while forest land (-0.31%/10a) and
grassland (—0.009%/10a) decreased in winter.

Table 2. The average NDVI of each land use types and its variation on seasonal scale from 1982-2015.

Land Use Type Average NDVI Value Rate of Vegetation Change (%/10a)
Spring Summer  Autumn Winter Spring Summer Autumn Winter
Cultivated land 0.34 0.57 0.39 0.22 1.43 1.07 1.57 0.38
Forest land 0.40 0.71 0.48 0.29 1.15 0.24 1.14 -0.31
Grassland 0.19 0.37 0.25 0.15 0.43 043 0.49 -0.009

The significance test results of vegetation variation trends in each season (Figure 4e-h) showed
that NDVI increased in spring and autumn, and the area that passed the significance test (P < 0.05) was
the largest, mainly concentrated in the southern parts of Shaanxi, Shanxi, Hebei, and Inner Mongolia,
while the area with significantly increasing NDVI values in winter was the smallest. The area with
NDVI decreases in winter was the largest, followed by those with decreases in spring and summer.
In terms of time scale, from 1982 to 2015, the increase rate of NDVI in the study area was the highest in
autumn, followed by spring and summer. In terms of spatial scale, NDVI increased most significantly
in the middle part of the study area, especially in Shaanxi, Shanxi, Henan, Shandong, and Hebei, and
the most obvious downward trends were observed in Inner Mongolia, Qinghai, and Tibet. From the
perspective of spatial and temporal dynamics of vegetation changes, vegetation NDVI changes in
different seasons showed an obvious spatial heterogeneity. The region with a high growth rate of
vegetation shifted with the spatial and temporal changes of hydrothermal conditions, that is, it was
concentrated in the southeastern edge of the study area in spring, gradually moved from southeast to
northwest in summer and autumn to northern Shaanxi and southern Inner Mongolia and retreated
to the southeastern edge of the study area in winter. Similarly, the spatial evolution of regions with
significantly reduced NDVI values was also accompanied by seasonal changes. such as regions
with a decreasing NDVI were distributed in the southeastern edge of the northeastern region of the
study area in spring. In summer, it moved to the western edge of the northeast, while in autumn,
it continued to move to central Inner Mongolia. In winter, it moved back to the northeast of the study
area (Figure 4a—d).
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Figure 4. Vegetation NDVI variation trend and significance test of seasonal vegetation (a—h).

3.1.4. Persistence Analysis of Vegetation Variations Trend

Based on the Sen'’s trend and Hurst index of NDVI on annual and seasonal scales, the persistence
characteristics of future vegetation change trends can be obtained (Figure 5 and Table 2). From the
perspective of a seasonal scale, the regions with significant increases in NDVI in spring and a strong
persistence in the future are mainly distributed in the southeastern and central regions with relatively
good hydrothermal conditions. In contrast, the regions with significant decreases in NDVI and
persistence in the future are mainly distributed in the central and western regions of Tibet. The NDVI
increased significantly in northern Shaanxi, but the regions with anti-persistence will be concentrated in
the north of Shaanxi. The regions with NDVI decreased significantly, but regions with the characteristics
of anti-persistence were concentrated in the central south of Shaanxi, the southwest of Shanxi, the
northeastern edge of Inner Mongolia, Heilongjiang, and the west of Jilin. At the same time, there were
sporadic distributions in the southeast of the Qinghai-Tibet Plateau (Figure 5a). In summer, the NDVI
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decreased significantly, but in the future, the area with anti-persistence will increase rapidly in summer
compared to spring, while moving towards the west. The area of vegetation increased significantly and
with persistence in the future will decrease compared with that in spring, which mainly be concentrated
in Shaanxi, Shanxi, eastern Gansu, western Hebei, Liaoning, and Jilin (Figure 5b). In autumn, the NDVI
decreased significantly, but in the future, the area with anti-persistence characteristics will decrease
significantly compared with that in summer, with the main distributions in the central and western
parts of Inner Mongolia and the southeastern edge of the Qinghai-Tibet Plateau. In autumn, the NDVI
will increase significantly, and the area with strong persistence in the future will reach the maximum
(1,131,597 km?), covering the entire central and southern parts of the study area (Figure 5c). In winter,
the NDVI will decrease significantly in the entire northeastern part of the study area in areas with
anti-persistence characteristics, with a small range distribution on the Qinghai-Tibet Plateau. In the
future, the NDVI will be significantly increased in regions with strong persistence characteristics, such
as central and southern Shaanxi, central and northern Henan, and central and western Shandong
(Figure 5d). On an annual scale, the regions with significantly increasing NDVI values in the future,
but with strong anti-persistence characteristics, will be concentrated in northern Shaanxi, north-central
Shanxi, western Liaoning, Shandong, and Hebei. In general, the NDVI will increase significantly
(Figure 5e).
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Figure 5. Persistence of the change trends of NDVI on annual and seasonal scales (a—e).

Table 3 shows the persistence statistics of annual and seasonal NDVI variation trends in the future.
On each time scale, the proportion of NDVI in the region with persistence characteristics increased
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significantly in autumn, reaching 32.82%. The area of vegetation with persistence and anti-persistence
characteristics in the future is 28,791 km? and 109,187 km? at the annual scale, respectively. In the
future, the area of NDVI with anti-persistence will be larger than that with persistence on annual
scales. The regions with increasing NDVI values and an anti-persistence feature account for the largest
proportion (43.60%) in the annual scale, followed by autumn (41.32%), spring (40.69%), winter (38.17%)
and summer (37.08%). The area of vegetation NDVI with anti-persistent properties in the study area is
greater than persistence, showed that although the area of vegetation in recent decades was restored,
but due to the environmental bearing capacity being limited, especially the water resources carrying
capacity, coupled with environmental fragility and instability characteristics, makes the vegetation
degeneration may exist in the future.

Table 3. Persistence statistics of NDVI annual and seasonal scale variation trends in the future (unit: %).

Significant Persistence Significant Significant Anti-Persistence Significant
Level Decrease Decrease
Increase Increase Decrease Increase Increase Increase
Spring 24.03 3.61 2.85 0.52 2.51 40.69 22.75 3.03
Summer 25.18 2.13 1.55 0.70 3.20 37.08 22.08 8.08
Autumn 32.82 0.01 0.81 0.14 2.50 41.32 19.49 2.90
Winter 9.97 6.50 5.06 242 0.90 38.17 27.60 9.40
Year 14.76 8.20 4.13 0.53 7.85 43.60 18.93 2.00

3.2. Impacts of Climate Change and Human Activities on Vegetation

3.2.1. Estimating Relations of Vegetation, Temperature, and Precipitation

Figure 6a is the partial correlation analysis results between vegetation and temperature, the areas
with positive correlation account for 66.29% of the total area. The areas with higher correlation
coefficient were distributed in mountainous areas such as Yanshan mountain, Taihang mountain,
Qinling mountain and Taishan mountain. The regions with negative correlation between vegetation
and temperature were mainly concentrated in Inner Mongolia, northwest Shaanxi and north Qinghai
where lack of rainfall for a long period. In addition, in plain areas with relatively low elevation,
such as southern Hebei, northern Shandong and northern Henan, vegetation is negatively correlated
with temperature. The correlation analysis results between vegetation and precipitation show that
the precipitation is positively correlated with vegetation in 55.05% of the study area, indicating
that precipitation is the main limiting factor for vegetation growth in the study area (Figure 6b).
However, the spatial distribution of the correlation coefficients between vegetation and precipitation
has no obvious rule, which is closely related to the randomness and suddenness of precipitation
events on the space-time scale. The vegetation and precipitation show good positive correlation in
northeast Inner Mongolia and west Heilongjiang (R = 0.65), southwest Henan and Qinling mountains
(R = 0.34), northeast and southwest of the Qinghai-Tibet Plateau (R = 0.44), and the junction area
of Shandong, Henan and Hebei (R = 0.42). Among them, the regions of northeast Inner Mongolia
and west Heilongjiang are irrigated, while the regions of southwest Henan and Qinling mountains,
northeast and southwest of the Qinghai-Tibet Plateau, and the junction area of Shandong, Henan and
Hebei are rain-fed. The regions of the southeast of the Qinghai-Tibet Plateau are fain-fed. Vegetation
and precipitation in the southeast of the Qinghai-Tibet Plateau are significant negative correlation
(R =—0.52), this is due to the adequate moisture conditions, vegetation growth is mainly limited to low
temperatures. However, the occurrence of precipitation events leads to the increase of cloud cover
and soil moisture, which further aggravates the harm of low temperature and indirectly inhibiting the
growth of vegetation.



Remote Sens. 2019, 11, 1159 14 of 21

80°0'0"E 100°0'0"E  120°0'0"E 80°0'0"E  100°0'0"E  120°0'0"E
| | 1 1 | |
N N
z | os6-032 [_]ooi-02 T A z |l ©s6-02 [ Joo-o A
o ' >
27 -031--018 [ 021-05 { |z S 021--0.09 >
I = I ot
= 0.17 - e < -0.089 - 0 -3
] 0.17-0 B o5 -0 ; 5 (. =
{ Tibetan plateu . : *Vanshan & _
1 .‘ : = z
:% Mountain Tai| ;g :Cé | :g
a) = S
“ b) km -
T T T T T T
80°0'0"E 100°0'0"E 120°0'0"E 80°0'0"E 100°0'0"E 120°0'0"E

Figure 6. Partial correlation analysis between vegetation and temperature (a), precipitation (b) from
1982 to 2015.

3.2.2. Spatial Patterns of Vegetation under the Influence of Climate Change and Human Activities

Under the influence of climate change alone, the NDVI,,. presented an obvious spatial
differentiation from southeast to northwest, and the values gradually decreased from southeast
to northwest (Figure 7a). Areas with good vegetation growth (0.53 < NDVI,, < 0.98) accounted for
3.64% of the total area, mainly distributed in southern Shaanxi, eastern Gansu, and central Henan.
The area with the lowest vegetation coverage (-0.96 < NDVI,, < 0.14) was distributed in the northwest
of Qinghai and Tibet, accounting for 29.52% of the total area. Figure 7b represents the spatial pattern
of NDVI,,s under the influence of human activities alone; areas where human activities have a
strong promoting effect on vegetation growth (0.0025 < NDVI,, < 0.008) were mainly distributed
in northern Shaanxi, eastern Gansu, Ningxia, southwestern Liaoning, Shandong, Henan, and Hebei,
accounting for 5.95% of the total area. The regions where human activities inhibited vegetation growth
(—0.005 < NDVIW < 0) were mainly distributed in the northeast of Inner Mongolia and the Greater
Khingan mountains in the west of Heilongjiang, the Guanzhong Plain in the south of Shaanxi, central
Henan Province, and the Taihang Mountains in the west of Hebei. In addition, the NDVI,,s values in
Qinghai and central and western of Tibet were also negatively affected by human activities. These
results lead us to infer that climatic changes have a higher impact on the NDVI in the study area than
human activities, and the influence of human activities on vegetation growth is most pronounced in
the central part of the study area.
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Figure 7. Spatial distribution of NDVI values under the impacts of climatic change (a) and human
activities (b) from 1982-2015.

3.2.3. Vegetation Changes under the Influence of Climate Change and Human Activities

The interannual variation trend and significance test results of NDVI,;,. under the influence of
climate change alone (Figure 8a,b) showed that 62.79% of the regions showed an increasing NDVI trend,
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while 46.79% showed a significant increase (P < 0.05). The NDVI,, decreased in 37.21% of the regions
and decreased significantly in 14.88% of the regions (P < 0.05). The regions with significantly increasing
NDVI,. values were distributed in Shaanxi, Shanxi, northern Hebei, western Henan, and most of
Qinghai, while the regions with significantly decreasing NDVI,, values were mainly distributed in
the northwestern margin of Inner Mongolia. The regression analysis obtained the annual NDVI,,
under the influence of climate change from 1982-2015. The NDVI,, significantly increased in Tibetan
Plateau. The residual analysis method was used to obtain the annual vegetation NDVI,,s from 1982
to 2015 under the influence of human activities. The variation trend and significance test results
of NDVI,,s under the influence of human activities alone showed that human activities positively
impacted vegetation growth (Figure 8c,d); the NDVI, increased in 59.61% of the study area and
increased significantly in 41.35% (P < 0.05). In contrast, 40.39% of the regions showed a decreasing
NDVI,¢s and 7.95% showed a significant decrease in NDVI,¢s (P < 0.05). The regions where NDVI,,s
increased significantly under the influence of human activities were concentrated in Shaanxi, Ningxia,
Henan, Shanxi, Shandong, Hebei, the southeastern edges of Inner Mongolia and Qinghai, and northern
Tibet. The NDVI,.s decreased significantly in the region between Inner Mongolia and Heilongjiang as
well as in central Tibet and southwest of Qinghai.
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Figure 8. Sen’s slope and Mann-Kendall (M—K) significance test of NDVI under the impacts of climate
change (a,b) and human activities (c,d).

4. Discussion

From 1982 to 2015, the NDVI values in the fluctuation area of the 400 mm precipitation line
showed an upward trend on both the seasonal scale and the annual scales, which was consistent
with the NDVI variation trend obtained for different scales in global arid regions, Eurasia, China,
and various river basins [47-49]. In 2019, Nature [50] and NASA [51] successively released research
reports pointing out that China and India led the Earth to turn green, and the net increase in leaf area
index in China accounted for 25% of the global total increase. This is also a partial confirmation of
the gradual improvement of vegetation cover in China, which plays a role in reducing soil erosion
and air pollution and in coping with the consequences of climatic changes. In this study, climatic
factors (temperature and precipitation) played a positive role in promoting vegetation, while human
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activities had an obviously positive and negative effect on the NDVI, which was similar to the results
of previous studies [52]. Affected by the warm and humid airflow in the Indian Ocean, the vegetation
condition in the southeast of the Qinghai-Tibet Plateau, with more suitable hydrothermal conditions,
is significantly better than that in the northwest, which is consistent with the conclusions drawn from
relevant studies [20,53]. The vegetation in the Greater Hinggan Mountains, in the northeast part of
Inner Mongolia, shows a significant downward trend, mainly affected by factors such as decreased
precipitation, increased evaporation caused by significant temperature increases, and more frequent
droughts [54,55]. The vegetation on the Qinghai-Tibet Plateau showed a declining trend at both
annual and seasonal scales, mainly because the continuous global warming results in higher spring
temperatures in this region, which has relatively abundant water resources and is therefore suitable for
grassland growth, however the grasslands are threatened by overgrazing [56].

The spatial distribution of the Hurst index values at different time scales indicates that in the
southeast, with better hydrothermal conditions, the NDVI will significantly increase in the future.
This is in line with the advanced agricultural technology, better agricultural irrigation facilities,
adjustment of crop varieties and cropping systems, and mulching to adapt to climate change in the
aforementioned areas. Although the NDVI will increase significantly, the regions with anti-persistence
in the future will be concentrated in the northwest of Inner Mongolia and the north of Shaanxi, where
the climatic conditions will be slightly less favorable. This region, located in the hinterland of the
mainland, has the lowest precipitation, the largest evaporation, and an extreme water scarcity when
compared with other regions at the same latitude. Droughts are further aggravated by the warmer and
drier climate. Against with the background of long-term drying and warming, the vegetation is at risk
of being permanently degraded, showing a poor adaptability to a changing climate. In general, in
the future, the persistent of NDVI change tendency in the study area will be more negatively, which
is consistent with the conclusion reached by Zhao et al. [57]. This shows that Hurst index method
has good applicability in the analysis of vegetation change persistence characteristics in arid and
semi-arid areas.

The change of temperature and precipitation has bidirectional regulating on vegetation growth.
Before the temperature reaches the critical point where vegetation photosynthesis is most suitable, the
increase of temperature will promote vegetation activities, but beyond the critical value of vegetation
suitability, the consumption of nutrients by vegetation will be accelerated, and soil moisture evaporation
will be intensified [58]. The temperature rise promoted the vegetation growth in the southeast of
the study area and the Qinghai-Tibet Plateau with relatively good soil moisture, but inhibited the
vegetation growth in the arid and rainless northwest. The increase of precipitation promoted the
vegetation growth in most areas of Inner Mongolia with water-scarce, but inhibited the vegetation
growth in the southeast of Qinghai-Tibet Plateau. Vegetation on both sides of the Yellow River at
the junction of Shaanxi and Shanxi with relatively little annual precipitation should be positively
correlated with precipitation, but the partial correlation analysis between precipitation and vegetation
shows that vegetation is significantly negatively correlated with precipitation. The reason may be that
the surface of this region is dominated by loess (one of loose soil type in semi-arid region of northwest
China) which is easily eroded by precipitation. The soil erosion caused by precipitation offsets the
benefits brought by precipitation for vegetation growth, making vegetation negatively correlated
with precipitation. In the study of the relationship between vegetation growth and human activities,
Deng et al. [59] proposed that human activities play a positive role in promoting vegetation growth
in the Qinling Mountains. This paper found a similar phenomenon by quantitatively analyzing the
impacts of human activities on vegetation, but the duality influence of human activities on vegetation
in the study area was more typical. On the one hand, a series of ecological restoration projects
(Grain for Green Program, Three-north Shelterbelt Forest Construction Project, Wildlife Protection
and Nature Reserve Development Program) have generated a positively impact on the vegetation
growth [60-64]. The national strategy of ecological civilization construction proposed by the Chinese
government is to translate sustainable development into green development and build a beautiful
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China, which is of great significance to improve a resident’s environmental awareness [65]. In addition,
agricultural irrigation facilities in arid and semi-arid areas have been continuously improved in recent
years, the agricultural water-saving irrigation infrastructure has also been built to expand the area of
water-saving irrigation [66]. On the other hand, in the process of industrialization, a large amount of
land is being changed into construction land, resulting in the increase of impermeable water surface
and decrease of vegetation coverage. The unreasonable exploitation of natural resources implemented
by resource-based cities and the rapid expansion of large and medium-sized cities have resulted in
the serious degradation of vegetation, especially for some cities in Henan, Shaanxi, Shanxi, and Inner
Mongolia [67].

The change of one element in a geographical system inevitably affects the change of other elements.
Therefore, a partial correlation analysis method was adopted in this study to examine the correlation
between vegetation and temperature, precipitation by controlling relevant variables, so that the
analysis results can more accurately depict the correlation between vegetation and climate factors.
The interactions among vegetation, climate change, and human activities are highly complex, and the
stability of different vegetation types and their adaptability to climate change vary greatly. In this
sense, further studies will have to analyze the impacts of climate change on different vegetation types.
In this study, we only used temperature and precipitation, which have the most obvious influence
on vegetation growth, when analyzing the influence of climate on vegetation changes. However, any
changes in vegetation are the result of the comprehensive action of various elements (temperature,
precipitation, soil, solar radiation, topography and human activities), and these elements should be
considered more comprehensively to objectively quantify the internal driving mechanisms of vegetation
change. Therefore, in the following study, the authors will collect all kinds of climatic factors affecting
vegetation growth and screen them based on the stepwise regression method in order to obtain the
main climatic factors affecting vegetation growth. On this basis, the geographical weighted regression
method may be used to analyze the impact of climate factors on dynamic changes of vegetation, and
the human variation coefficient model may be constructed to evaluate the impact of human activities
on vegetation changes. In addition, in the partial correlation analysis between climate factors and
vegetation, the two variables of temperature and humidity, which have the most significant influence
on vegetation, were taken into account. However, evapotranspiration has a direct impact on water
conditions, which may increase the uncertainty of the analysis results. Therefore, the second-order
partial correlation analysis method is required in the following study to take temperature, precipitation
and evapotranspiration into account regarding the impact factor of vegetation. The multiple regression
analysis method was used to separate the effects of climate change and human activities on vegetation,
and the comparative study found that this study achieved relatively ideal and accurate results. This
verifies the adaptability of this method in this field, which is similar to the conclusion reached by
relevant scholars [68,69].

5. Conclusions

The interannual changes of vegetation in the fluctuation area of the 400 mm precipitation line
show a spatio-temporal heterogeneity, with a growth rate of 0.50%/10a. On the seasonal scale, the
increase rate of NDVI in autumn was the highest (0.79%j/10a), followed by those for spring and summer.
Spatially, vegetation growth in the southeast and central regions of the study area showed a significant
upward trend (P < 0.05), while the vegetation in the northeast (-2.3%/10a) and southwest (—1.4%j/10a)
regions decreased significantly. Along with the seasonal changes, the area with significant NDVI
changes retreated from southeast to northwest.

Under the influence of climatic factors alone, the spatial pattern of NDVI,,, showed a spatial
differentiation from southeast to northwest, and the values gradually decreased from southeast to
northwest. The areas where human activities had a positive impact on vegetation, with a relatively
high impact, accounted for 5.95% of the total area of the study area. Areas where the vegetation cover
was reduced as a result of human activities were mainly distributed in the northeast of Inner Mongolia
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and the Greater Hinggan Mountains in the west of Heilongjiang, the Guanzhong Plain in the south of
Shaanxi, the Taihang Mountains in the central of Henan and the west of Hebei, and the central and
western parts of Qinghai and Tibet. Under the influence of climate change alone, the area of NDVI,;.
that increased accounted for 62.79% of the total area, of which 46.79% increased significantly (P < 0.05).
The area with decreasing NDVI,,, values accounted for 37.21% of the total area, and the decreasing
area of 14.88% was significant (P < 0.05). Under the influence of human activities, the vegetation
NDVI,; in the study area from 1982 to 2015 was mainly increased on an annual scale, and the area that
passed the significance test (P < 0.05) accounted for 41.35% of the total area, and the area that showed a
decreasing trend and passed the significance test only accounted for 7.95% of the total area.

In this study, the authors using the dataset of GIMMS NDVI3g with the spatial resolution of
8 x 8 km, data fusion technology could be adopted to combine MODIS NDVI with the spatial resolution
of 250 x 250 m or other image data with higher resolution to improve the spatial resolution of GIMMS
NDVI3g (1982-2000) in the future. Furthermore, by combining high-resolution remote sensing image
data (MODIS NDVI) from 2001 to 2015, high-resolution image datasets of the past 34 years were
obtained, which is beneficial to study the response of vegetation dynamics to climate change and
human activities in a more detailed way. In addition, the impacts of human activities and climate
change on vegetation dynamics were separated, and the impacts of climate change and human activities
on vegetation were quantitatively analyzed in this study. However, the impacts of climate factors
of various types (temperature, precipitation, relative humidity, solar radiation, soil moisture and
evaporation) and types of human activities (ecological restoration projects, agricultural technical
measures and urban construction) on vegetation were not specifically quantified. Therefore, how to
build a model for quantifying the various influence factors of on vegetation at a more precise scale is a
challenge that needs to be solved.
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