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Abstract. Changes in vegetation growth are important indicators of health of terrestrial ecosystems.
Located in China’s semi-arid and semi-humid transitional zone, the Fenhe River Basin is the second
largest tributary of the Yellow River, which is vital for soil and water conservation in the Loess Plateau.
In this study, based on the Normalized Difference Vegetation Index (NDVI) and meteorological data
during 1982-2015, we evaluated the spatial-temporal distribution and changes in the vegetation greenness
and meteorological variables in the Fenhe River Basin before and after the Grain for Green Program
(GGP), in order to reveal the driving factors of changes in vegetation growth, and then quantify their
relative contributions. The results show that since the GGP being implemented in 1999, the vegetation
coverage in the Fenhe River Basin has significantly improved. Climate change and human activities are
two important factors affecting the vegetation greenness detected from NDVI and the combined effects of
the two factors play a leading role in NDVI change. After the implementation of GGP, the influence of
climate on NDVI change has weakened, and the area proportion of human activities improving vegetation
growth has raised significantly. This study is valuable for providing knowledge about the dynamic
changes of vegetation in the Fenhe River Basin under the influence of climate change and human
activities, and provides decision support information for vegetation restoration and sustainable
development in the Fenhe River Basin.

Keywords: Fenhe River Basin, changes in vegetation greenness, climate change, human activity,
normalized difference vegetation index

Introduction

As a crucial component of the terrestrial ecosystem, vegetation plays an important
role in the terrestrial energy exchange (Shi et al., 2021), soil and water conservation
(Guo et al., 2020), and carbon cycles (Xu et al., 2020). As a sensitive indicator,
vegetation change is typically used to assess environmental conditions (Deng et al.,
2019). In the past few decades, global climate has undergone significant changes, thus
along with its impact on vegetation change it gained the broad attention (Chen et al.,
2015; Guo et al., 2021). In addition to climate change, human activities have also
greatly altered vegetation cover (Shi et al., 2021). Consequently, in the context of
climate change and human activities, revealing the mechanisms of vegetation change
and its driving factors is of great significance for the development of ecological
protection strategies.

Precipitation and temperature are two key factors in studying the mechanisms of
vegetation change (He et al., 2015). Potter et al. (1998) explored the driving factors of
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global vegetation change and the results show that precipitation and soil moisture
content accounted for 70% to 80% of the impact on vegetation. Satellite observation
data in the past forty years indicate that with the increase of global temperature, there
are significant differences in vegetation structure and coverage in different temperature
zones in the Northern Hemisphere (Myneni et al., 1997; Nemani et al., 2003). In
addition, with the increasing population and the continuous development of
urbanization, the human impact is significant. On the one hand, overgrazing and
overcultivation have caused vegetation degradation, and human overexploitation of
natural resources have reduced vegetation coverage and disrupted the balance of the
ecosystem (Feng et al., 2021). On the other hand, in order to solve ecosystem
degradation problems, a series of ecological restoration projects have been carried out.
Among them, the Grain for Green Program (GGP) of China was implemented on the
Loess Plateau in 1999 with the aim of reducing soil erosion and improving the
ecological environment in western China, which significantly improved vegetation
coverage by afforestation and grass planting in farmland areas prone to soil erosion and
desertification (Feng et al., 2016).

Exploring the impact of climate and human activities on vegetation requires long-
term monitoring, but traditional vegetation monitoring methods are time-consuming
and labor-intensive (Tong et al., 2019). The development of remote sensing
technology has enabled efficient and accurate dynamic monitoring of large-scale
vegetation cover. Currently, vegetation monitoring research mainly relies on
vegetation indices (Hess et al., 1996). The recognized effective index in vegetation
dynamic monitoring research is the NDVI (Normalized Difference Vegetation Index),
which is widely used in various studies related to vegetation (Sun et al., 2015). The
NDVI was obtained by calculating the ratio of the difference between the near-
infrared and red-light bands and the sum of the two, with values ranging from -1 to 1
(Rouse et al., 1974). When NDVI is negative, it indicates no vegetation cover or other
surface cover, while the opposite indicates vegetation cover, and the higher value
means greater vegetation density (Myneni et al., 1995). With the rapid development of
remote sensing technology, many reliable NDVI dataset can be obtained based on
different satellite sensors. And many researches have been made in the use of NDVI
data for dynamic monitoring of vegetation at different scales (Myneni et al., 1997;
Sun et al., 2019; Wang et al., 2012; Wu et al., 2014). The Basin defines all areas that
discharge water to the specific basin outlet and is one of the most important research
scales for freshwater resource management (Vicuna et al., 2010). The imbalance
between water supply and demand in arid and semi-arid regions is noticing, and
exploring the driving factors of vegetation change can lead to better understand
hydrological processes. Studying vegetation changes and their driving factors in arid
and semi-arid basins is of great significance for both water resources management and
ecosystem restoration (Sun et al., 2019).

The Fenhe River Basin is the second largest tributary of the Yellow River and is
located in the semi-arid and semi-humid transition zone of China. As an independent
watershed unit in the eastern part of the Loess Plateau, it is a key implementation area
of the GGP, but there are relatively fewer studies investigating how vegetation cover
changes in this area. The objective of this study is to explore how the vegetation
greenness of the Fenhe River Basin changes before and after the implementation of
the GGP, and how meteorological factors and human activities contributed to the
changes in vegetation cover. In this study, the implementation of GGP was considered

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 22(5):4045-4063.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2205_40454063
© 2024, ALOKI Kft., Budapest, Hungary



Chang et al.: Satellite observed vegetation greenness in a semi-arid basin of North China
- 4047 -

as a temporal changing point, the spatiotemporal distribution and change
characteristics of vegetation and meteorological elements were analyzed based on
long-term NDVI and meteorological data from 1982 to 2015, then the impacts of
climate change and human activities on NDVI changes were quantified. The findings
from this study could provide important knowledge for decision-making on terrestrial
ecosystem protection in the Fenhe River Basin and other similar basins in arid and
semi-arid regions.

Material and methods
Study area

The Fenhe River Basin is the largest river in Shanxi Province, China and the second
largest tributary of the Yellow River Basin. It is located in the eastern part of the Loess
Plateau (110.5-113.5° E, 35.3-39.0° N), with an area of 39,471 km?, accounting for
25.3% of the total area of Shanxi Province. The Fenhe River Basin is located between
the Lvliang Mountains and the Taihang Mountains, with significant terrain fluctuations
within the region. The overall terrain shows high in the north and low in the south, with
an elevation range of 365-2687 m (Fig. 1). The Fenhe River flows from north to south
through 8 prefecture level cities in Shanxi Province, including Xinzhou, Taiyuan,
Jinzhong, Ivliang, Changzhi, Linfen, Yuncheng, and Jincheng City (Fig. 2). Figure 3
shows the land use of the Fenhe River Basin in 1982, 1999, and 2015, using GLASS-
GLC data (available at: https://doi.pangaea.de/10.1594/PANGAEA.913496) with a
resolution of 5 km. It is found that cropland, forest and grassland are three major land
use types in the basin.

Data sources and processing
NDVI data

In this study, the NDVI was used as the indicator for the spatiotemporal distribution
and change characteristics of vegetation cover in the Fenhe River Basin. The GIMMS
NDVI3g data were observed by the Global Monitoring and Simulation Research Group
at NASA’s Goddard Space Center, and is more effective than previous data in
monitoring vegetation (Wang et al., 2014). This dataset provides relatively standard
long series NDVI1 data on a global scale since 1981 with a spatial resolution of 8 km and
a temporal resolution of 15 days. In this study, the monthly NDVI data of the Fenhe
River Basin from 1982 to 2015 were obtained based on the maximum value synthesis
method (Li et al., 2016) and then annual average values were computed after the data
were converted into GeoTIFF format and WGS1984 coordinate system.

Meteorological data

To ensure the uniformity and consistency of the spatial distribution of meteorological
data in the research area, the research has selected the monthly rainfall (mm) and
average temperature (°C) data for the 12 meteorological stations located in the Fenhe
River Basin and adjacent regions from 1982 to 2015 (Fig. 1). The data are available on
the China Meteorological Data Sharing Service (http://data.cma.cn/). The inverse
distance weighting method was used for spatial interpolation to obtain grid scale
meteorological data of the Fenhe River Basin, with a spatial resolution of 8 km.
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Figure 1. Topography and meteorological stations of the Fenhe River Basin in China
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Figure 2. Boundary of prefecture level cities in the Fenhe River Basin
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Figure 3. Land use map of the Fenhe River Basin for (a) 1982, (b) 1999, and (c) 2015
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Methods
Trend analysis method

To explore the spatiotemporal variation trends of vegetation cover and
meteorological elements in the Fenhe River Basin, this study used the univariate linear
regression method for analysis. This method is widely used in research on vegetation
cover and meteorological element changes as follows:

y; =a+slopexx +¢ (Eq.1)

Y =% -Y)
Z?:l(xi -%)°

where y; represents NDVI or meteorological variables at the ith year; a is the intercept;
slope is the annual trend slope of change; x; is the time; & indicates error; n represents the
total number of years during the research period; x and y are the average values of x and y.

slope =

(Eq.2)

Multiple regression residual analysis

This study used multiple regression residual analysis method to explore the response of
NDVI to climate change and human activities. It is assumed that meteorological factors
affecting changes in vegetation NDVI are precipitation and temperature, and that non-
meteorological factors influence the vegetation NDVI mainly through human activities
such as afforestation and urbanization. Multiple regression residual analysis method is
widely used in the study of driving forces of vegetation cover change, and its calculation
process includes the following three steps: (a) Establish a linear regression equation with
NDVI as the dependent variable and precipitation and temperature as the independent
variables, and calculate the values of each parameter in the model; (b) Substitute
measured meteorological data into the model for calculation to obtain NDVI predicted
values, which are used to represent the impact of climate change on vegetation NDVI; (c)
The difference between the measured and predicted NDVI values is used to represent the
impact of human activities on vegetation NDVI. The calculation formulas are as follows:

NDVI .. =axP+bxT+c (Eq.3)
NDVI ,, = NDVI ,-NDVI .. (Eq.4)

where NDVIcc represents the computed NDVI due to climate change; a, b and c are
parameters; P and T represent precipitation and temperature, respectively, with units of
mm and °C; NDVIua is the computed NDVI due to human activity; NDVlops is the real
NDVI derived from satellite observations.

Analysis of contributions of climate change and human activity on vegetation growth

Applying the univariate linear regression method, the slope of NDVlcc
(Slope(NDVlcc)), NDVIna (Slope(NDVIHa)) and NDVloss (Slope(NDVlebs)) were computed.
Based on different combinations of Slope(NDVlebs), Slope(NDVlcc) and Slope(NDVIna),
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the contributions of climate change and human activities on vegetation growth are
quantified under 6 different situations, as shown in Table 1. In the cases that values of
Slope(NDVloss), Slope(NDVlcc) and Slope(NDVIna) are all positive or negative, it is
considered that the changes in vegetation growth are caused by the combined effects of
climate change and human activities. Their relative contributions are computed as follows:

_ Slope (NDVI.)

Con.. =
°© = Slope (NDVI,,) (Ea-5)

_ Slope (NDVI,,»

Con,, =
"~ Slope (NDVI ) (Eq.6)

obs

where Concc and Conna represent the relative contributions of climate change and
human activities to NDVI change, respectively. For the other 4 cases in Table 1, the
changes of NDVI are considered by either climate change or human activities, alone, for
which the contribution is regarded as 100%.

Table 1. Methods for assessing the relative contributions of climate change (CC) and human
activities (HA)

Situations of Situations of detected slope of . . P,
detected slope of NDVlce and NDVIva _|d_ent|f|ed Relative contribution (%)
driving factors
NDV lobs Slope(NDVlcc) |Slope(NDVIna) CcC HA
Slope(NDVIcc) | Slope(NDVIgs)
>0 >0 CC and HA Slope(NDViobs) | Slope(NDVIobs)
>0 >0 <0 cC 100 0
<0 >0 HA 0 100
Slope(NDVIcs) Slope(NDViga)
<0 <0 CCand HA Slope(NDVIobs) | Slope(NDVIobs)
<0 <0 >0 cC 100 0
>0 <0 HA 0 100
Results

Spatiotemporal distributions and trends of the normalized difference vegetation index

In Figure 4, it can be seen that the NDVI in the western and southeastern areas of the
Fenhe River Basin generally decreased in 1999 compared to 1982. In 2015, vegetation
NDVI increased significantly in the whole Fenhe River Basin, especially the proportion
of vegetation NDVI value above 0.70 in the eastern and western parts of the basin
expanded, and the vegetation NDVI value in the central part of the basin also basically
reached above 0.30.

The average NDVI of the Fenhe River Basin from 1982 to 2015 was 0.384, of which
the average NDVI from 1982 to 1999 was 0.370. After the implementation of The Grain
for Green Project in the Loess Plateau region in 1999, the average NDVI increased to
0.40 from 2000 to 2015. The NDVI of the Fenhe River Basin ranged from 0.07 to 0.70.
Figure 5 shows that the distribution of average NDVI1 from 1982 to 1999 and 2000 to
2015 was generally high in the eastern and western regions and low in the middle of the
basin. After the implementation of the GGP, the area with low NDVI in the upper and
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middle reaches of the Fenhe River Basin was significantly reduced. The higher NDVI
values in Figure 5b compared with those in Figure 5a indicate that the vegetation cover
of the Fenhe River Basin has been significantly improved after the GGP Project.
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Figure 4. Spatial distribution of annual NDVI of the Fenhe River Basin for (a) 1982, (b) 1999,
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Figure 5. Spatial distribution of average annual NDVI values (a) during 1982-1999 and (b)
during 2000-2015 in the Fenhe River Basin

The inter-annual trend of NDVI for the whole Fenhe River Basin from 1982 to 2015
is shown in Figure 6, from which it can be seen that the regional average NDVI values
ranged from 0.35 to 0.44. The overall NDVI showed a significant increasing trend in the
last 34 years, and the inter-annual trend slope was 0.017/10a. Taking the
implementation of GGP as the demarcation point and dividing the whole period into
two phases, it can be seen that in the first phase (1982-1999), the NDVI value was
relatively small, and the overall trend showed only a statistically insignificant increase,
and the inter-annual trend slope of change was only 0.003/10a. In the second stage
(1999-2015), the NDVI showed a significant increasing trend which reached 0.049/10a,
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and the increase slope was about 16 times of the previous period, among which the
NDVI value increased most obviously in 2007-2008, and the average value of NDVI in
the Fenhe River Basin reached more than 0.40 in a few years after the implementation
of the GGP in 1999. In 2014 the NDVI reached a peak of 0.43. Overall, vegetation
cover in the Fenhe River Basin has improved significantly since 1999.
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Figure 6. Basin averaged inter-annual variations of the annual average normalized difference
vegetation index (NDVI) for the period of 1982-2015 in the Fenhe River Basin

Trends of NDVI at pixel scale were also analyzed (Fig. 7). The change of NDVI in
the Fenhe River Basin from 1982 to 2015 showed obvious spatial heterogeneity. Before
the implementation of the GGP, the trend slope of NDVI change ranged from -0.004/a
to 0.003/a, among which 60.4% of pixels showed an increasing trend of vegetation
cover, mainly concentrated in the upper and lower reaches of the Fenhe River Basin.
The areas showing a decreasing trend accounted for 39.6%, mainly concentrated in the
middle reaches of the Fenhe River Basin, especially in Lvliang and Changzhi City.
After the implementation of the GGP in the Fenhe River Basin, the trend of NDVI
increased to -0.002-0.010/a, and the vegetation cover of the Fenhe River Basin
increased significantly, and the proportion of the area with the increasing trend
expanded to 97.1%.
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Figure 7. Trends of NDVI at pixel scale (a) during 1982-1999 and (b) during 2000-2015 in the
Fenhe River Basin
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Spatiotemporal distributions and trends of meteorological elements

Figure 8 shows the spatial distribution of precipitation in the Fenhe River Basin in
the year of 1982, 1999 and 2015. At the basin scale, it is shown that the precipitation
gradually decreases from southeast to northwest. The average annual precipitation in the
Fenhe River Basin from 1982 to 2015, 1982 to 1999, and 1999 to 2015 was 525.9 mm,
526.2 mm and 525.6 mm, respectively, indicating little change in precipitation. Figure 9
shows the precipitation for the periods of 1982 to 1999, and 1999 to 2015, and it is
found that the minimum value of annual precipitation appears in the middle reaches of
the basin. By comparing the two figures, it was found that there was little difference in
the spatial distribution of annual precipitation in the study area before and after 1999.

10°E 1M2°E M4 E 1M0°E N2°E 1M4°E

(a)1982

N
A (b)1999

Bl |
Precipitation(mm) 4SS
o e .,\-}.&

>z

Precipitation(mm)
6896

W 3384 W 3384

e —
03060 120 180

- —
03060 120 180

M0°E 12°E 1M4°E

(c)2015

>z

Precipitation(mm)
P 6896

W 3384

o —
03060 120 180

Figure 8. Spatial distribution of annual precipitation of the Fenhe River Basin for (a) 1982, (b)
1999, and (c) 2015
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Figure 9. Spatial distribution of average annual precipitation (a) during 1982-1999 and (b)
during 2000-2015 in the Fenhe River Basin

The precipitation values of the Fenhe River Basin from 1982 to 2015 were within the
range of 340-700 mm, and the annual precipitation showed only a statistically
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insignificant decreasing trend in the last 34 years (Fig. 10), with an average decrease
slope of -0.575 mm/a. Taking the nodes before and after the implementation of GGP as
two stages, it can be seen that that in the first stage, i.e., from 1982 to 1999, the inter-
annual change of precipitation in the study area was uneven, with great fluctuations. It
showed a statistically insignificant decreasing trend, with an inter-annual decreasing
trend slope of -5.738 mm/a. Additionally, the annual precipitation in 1997 reached the
lowest value of the period (342.2 mm). In the second stage, after the implementation of
GGP, the annual precipitation in the Fenhe River Basin showed a statistically
insignificant increasing trend, with a slope of 2.861 mm/a.
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Figure 10. Basin averaged inter-annual variations of annual total precipitation for the period
of 1982-2015 in the Fenhe River Basin

The trend of annual precipitation in each pixel in the study area was also analyzed.
Figure 11 shows the trends of annual precipitation before and after the implementation of
GGP. From 1982 to 1999, the trend slope of annual precipitation in the Fenhe River Basin
ranged from -12.4 mm/a to 0.6 mm/a, and almost the whole Fenhe River Basin showed a
decreasing trend in precipitation. From 2000 to 2015, the precipitation in the study area
generally increased in most areas. The annual precipitation range of the region increased
to -2.1-6.1 mm/a, and the proportion of pixels with an increasing trend of precipitation in
the region was as high as 96.7%. Among them, the increases of annual precipitation in
Xinzhou, Taiyuan, Ivliang and Jinzhong City were relatively high.
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Figure 11. Trends of annual precipitation at pixel scale (a) during 1982-1999 and (b) during
2000-2015 in the Fenhe River Basin
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Figure 12 shows that the temperature in the Fenhe River Basin exhibits a gradually
increasing trend from upstream to downstream. The temperature in 1999 was significantly
higher than that in 1982, with the pixels with the highest temperature located in the
southwest of Linfen City, downstream of the river basin. The temperature distribution
characteristics of the basin in 2015 were basically consistent with those of 1999.
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Figure 12. Spatial distribution of average temperature of the Fenhe River Basin for (a) 1982,
(b) 1999, and (c) 2015

The annual average temperature in the Fenhe River Basin was 10.5°C for the period
of 1982 to 2015, of which the average temperature was 10.1°C for the period of 1982 to
1999, and increased to 10.8°C for the period of 2000 to 2015 (Fig. 13). Before the
implementation of the GGP, the lowest annual average temperature of the Fenhe River
Basin appeared in the north of Lvliang City, with a value of 6.8°C. After the
implementation of the GGP, the average annual temperature in the study area becomes
higher, especially in the north of Lvliang and Jinzhong City in the upper reaches of the
basin and Linfen City in the lower reaches of the basin.
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Figure 13. Spatial distribution of average temperature (a) during 1982-1999 and (b) during
2000-2015 in the Fenhe River Basin
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From Figure 14, it is shown that for the whole period of 1982 to 2015, the annual
average temperature at the basin scale took on a statistically significant increasing trend,
with a slope of 0.045°C/a. It can be seen that for the period of 1982 to 1999, the average
temperature showed a significant upward trend with obvious inter-annual fluctuation,
with a slope of 0.085°C/a, while for the period of 2000 to 2015, an insignificant
increasing trend was observed with a slope of 0.009°C/a, and the average temperature
basically fluctuated around 10.8°C.
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Figure 14. Basin averaged inter-annual variations of annual average temperature for the
period of 1982-2015 in the Fenhe River Basin

The spatial distribution of trends in temperature were also explored at pixel scale
(Fig. 15). For the period of 1982 to 1999, the annual average temperature of the entire
region all showed an upward trend with different degree. The annual average
temperature increased at the fastest rate in Xinzhou, Taiyuan, and the northern region of
Jinzhong City in the upper reaches. For the period of 2000 to 2015, 94.8% of the study
area showed an increase in temperature, especially in the central and western parts of
Jinzhong City and southern part of Lvliang City, and southwestern Linfen City, while
the trend slope decreased compared with the period of 1982 to 1999.
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Figure 15. Trends of temperature at pixel scale (a) during 1982-1999 and (b) during 2000-2015
in the Fenhe River Basin
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Driving factors of the normalized difference vegetation index change

Figure 16a and Table 2 show that before the implementation of GGP, the increase of
vegetation NDVI in the Fenhe River Basin was mainly caused by the joint effects of
climate change and human activities, which accounted for 39.2% of the basin area. The
regions that increases of NDVI caused by climate change and human activities alone
occupy 9.7% and 11.6% of the basin area, respectively. The area of NDVI reduction
caused by climate change and human activities accounted for 24.7% of the study area,
mainly distributed in the middle reaches of the Fenhe River Basin, while the area of
NDVI reduction caused by climate change accounted for 10.0%, scattered in Changzhi,
Lvliang and Taiyuan City. Figure 16b and Table 2 show that after the implementation
of the GGP, the area of NDVI change caused by synergistic influences of climate
change and human activities accounted for 83.3% of the total basin area, indicating a
leading role in the change of NDVI. Their effects caused an increase in NDVI in 80.7%
of the basin area. The areas where human activities alone contributed to the NDVI
increase were mainly located in the middle reaches of the Fenhe River Basin,
accounting for 16.4% of the basin area.
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Figure 16. Spatial distribution of vegetation cover changes driven by climate change (CC) and
human activities (HA) (&) during 1982-1999 and (b) during 2000-2015 in the Fenhe River Basin

Table 2. The ratios of area that changes in NDVI driven by climate change (CC) and human
activities (HA) to the total basin area

Detected slope of Driving factors Area proportion (%)
NDVlobs 1982-1999 2000-2015

CC&HA 39.2 80.7

>0 CcC 9.7 0
HA 11.6 16.4
CC&HA 24.7 26
<0 CcC 10.0 04

HA 4.8 0

The contributions of climate change on vegetation greenness were further
quantified in Figure 17 and Table 3. Before the implementation of GGP, climate
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change promoted the growth of vegetation NDVI in 48.9% of the area, and the relative
contribution was evenly distributed in areas with different contribution degrees,
mainly in the upper and lower reaches of the Fenhe River Basin. The area of the
decreasing of NDVI caused by climate change accounted for 51.1% of the total basin
area, mainly distributed in the middle reaches of the Fenhe River Basin. Figure 17b
and Table 3 show that after the implementation of GGP, 80.7% of vegetation
greenness increase in the region was related to climate change, while its contribution
was mainly in the range of 0-20%, accounting for 78.8% of the total area. The
percentage of the region where climate change had a negative influence on vegetation
growth was 19.3%, mainly located in Taiyuan and Lvliang City, and the relative
contribution was mainly within -20-0%.
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Figure 17. Spatial distribution of contributions of climate change to vegetation growth (a)
during 1982-1999 and (b) during 2000-2015 in the Fenhe River Basin

Table 3. The proportions of basin area with different levels of contribution of climate change
to vegetation greenness

Relative contribution of Range of relative contributions (Percentage)

human activities <-20 | -20-0 | 020 | 20-40 | 40-60 | 60-80 | =80

Percentage of basin area
for 1982-1999

Percentage of basin area
for 2000-2015

32.0 19.2 7.1 10.2 11.6 6.9 13.1

1.9 17.4 78.8 1.7 0.00 0.00 0.2

The contributions of human activities on changes in NDVI were also evaluated. Figure
18 and Table 4 show that before the implementation of GGP, the area where human
activities contributed to the increase of vegetation NDVI accounted for 50.8% of the total
study area, and in most of these areas, the relative contribution was larger than 40%. The
areas with contribution greater than 80% were concentrated in Xinzhou, Taiyuan and
Jinzhong City. The pixels that human activities having negative influences on NDVI
accounted for 49.2% of the total basin area, and mainly located in the northern and central
parts of the basin. After the implementation of GGP, the percentage of the area where
human activities contributed to the increase of NDVI basically covered the whole basin
area (97.1%), for which the relative contribution was mostly larger than 80%.
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Figure 18. Spatial distribution of the relative contributions of human activities to vegetation
growth (a) during 1982-1999 and (b) during 2000-2015 in the Fenhe River Basin

Table 4. The proportions of basin area with different levels of contribution of human
activities to vegetation greenness

Relative contribution of Range of relative contributions (Percentage)
human activities (%) | < 5o | 200 | 020 | 2040 | 4060 | 60-80 | =80
Percentage of basin area for
1982-1999 26.4 22.8 3.5 6.9 11.6 10.2 18.7
Percentage of basin area for
2000-2015 2.6 04 0.2 0.00 0.00 1.7 95.2
Discussion

Precipitation and temperature are two important meteorological factors that
determining the vegetation dynamic and phenological characteristics. The results
indicated that at the basin scale, the precipitation took on an insignificant decreasing
trend for the period of 1982 to 2015, which is consistent with the finding of Xie et al.
(2016) for the whole Loess Plateau. For the temperature, a significant increase trend
was found at the basin scale. The increasing slope was 0.447°C/10a, while the average
value of China is 0.27°C/10a for the period of 1960-2014 (Cao et al., 2016), indicating
that the magnitude of climate warming is more significant in the Fenhe River Basin. It
is also found that after the implementation of the GGP, the slope of temperature upward
trend decreased from 0.846°C/10a to 0.087°C/10a, which may imply the effects of
vegetation cooling (Zeng et al., 2017). For the Fenhe River Basin, Zhang et al. (2022)
found an increasing trend of NDVI derived from MODIS satellite products for the
period of 2005 to 2020. With the use of GIMMS NDVI in this study, even the spatial
resolution is lower than MODIS NDVI, it is possible to analyze the vegetation
greenness as early as 1980s. An overall increasing trend of NDVI was found for the
period of 1982 to 2015, and the slope of increase became higher after the
implementation of the GGP, which is consistent with the general situation of the Loess
Plateau (Sun et al., 2015; Zheng et al., 2019). The area ratios of major land use types are
listed in Table 5. It is shown that the area covered by forest was about 18.1% of the
whole basin area in 1982, and decreased to 15.9% in 1999, and then increased to 29.6%
in 2015. The increases of forest area for the period of 2000 to 2015 may partially
explain the accelerated rising trend of NDV1 in this period.
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Table 5. Area ratios of major land use types in 1982, 1999 and 2015

Area ratios (%0)
Land use types
1982 1999 2015
Cropland 27.1 28.0 36.3
Forest 18.1 15.9 29.6
Grassland 54.6 54.9 34.1

The impacts of climate change and human activities on vegetation cover changes are
quantified for the period of 1982 to 1999 and 2000 to 2015, respectively. For the period
of 1982 to 1999, the results showed that the areas where the relative contribution of
climate change to the increase of vegetation NDVI higher than 80% were mainly
concentrated in the southern part of the Fenhe River Basin, where precipitation was
relatively abundant and temperature was relatively high. The areas where the relative
contribution of climate change to the increases of NDVI was in the range of 40-80%
were mainly distributed in the northwest of the study area, where precipitation showing
an increasing trend. During 1982-1999, the inhibition effect of human activities on
vegetation greenness was mainly detected in the middle and lower reaches of the Fenhe
River Basin, which may be caused by the effect of urbanization. After the
implementation of the GGP in 1999, the relative contribution of climate change to
NDVI change for the pixels in the basin was mainly concentrated in 0-20%, indicating
that the influence of climate on vegetation growth was weakened. In 95.2% of the basin
area, relative contribution of human activities to the increase of NDVI is larger than
80%. It is demonstrated that the influences of human activities on vegetation growth
became stronger than those of climate change in the period of 2000 to 2015. Many
studies have found that ecological restoration projects like GGP in China improve
regional ecological system security by improving vegetation quality (Xin et al., 2008;
Zheng et al., 2019), increasing soil carbon storage (Chang et al., 2011), and reducing
soil erosion (Deng et al., 2012). Therefore, for the Fenhe River Basin, GGP has a high
possibility to be one of the dominant human activities to improve vegetation greenness
detected from the GIMMS NDVI dataset.

Conclusion

Vegetation is an important component of terrestrial ecosystems, and its growth
condition is an important indicator of regional ecological environment conditions. This
study explored the vegetation growth of the Fenhe River Basin from 1982 to 2015 using
NDVI data at both basin and pixel scales. The spatiotemporal distribution and change of
vegetation cover and meteorological elements in the study area were analyzed, the main
driving factors of NDVI changes in the study area were revealed, and their relative
contributions were quantified. The results show that the vegetation growth in the study
area has improved significantly after the implementation of GGP in 1999. From 1982 to
2015, NDVI showed an overall upward trend, and the annual trend slope of NDVI after
the GGP reached 0.049/10a, approximately 16 times for the period of 1982 to 1999.
While the annual average precipitation distribution in the Fenhe River Basin did not
change significantly, and the temperature had an overall increasing trend. The analysis
of the driving factors of vegetation change shows that climate change and human
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activities played a leading role in the change of NDVI in the Fenhe River Basin from
1982 to 2015. For the period of 2000 to 2015, the impacts of climate on the change of
NDVI weakened, and the area with increased NDVI caused by human activities
accounted for 97.1% of the total basin area. It is indicated that, after the implementation
of GGP, the vegetation coverage in the Fenhe River Basin has improved.
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