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Vegetation coverage is an important indicator for evaluating regional
environmental quality. Based on MODIS NDVI and DEM data collected for
the upper reaches of the Ganjiang River Basin, China, this study used trend
analysis, coefficient of variation, Hurst index, and linear regression to analyze
the temporal and spatial evolution of vegetation coverage and its relationship
with terrain factors in the basin during the years 2000-2020. The vegetation
coverage in the study area showed a fluctuating increasing trend at a rate of 5%/
10y, and an increasing trend with increasing elevation. The maximum
vegetation coverage was identified in the elevation zone of 750-1,000 m,
with an average of 83.54%. Vegetation coverage also showed an increasing
trend with increasing slope. The maximum vegetation coverage was up to
82.22% in the slope zone of >25°. There were no significant differences among
the distributions of vegetation coverage in different aspects because the terrain
in the study area is not rugged enough to form barriers against sunlight. The
vegetation coverage was relatively stable in the study area, with an average
coefficient of variation of 14.8%. Hurst analysis showed that the anti-
sustainability effect of vegetation change was stronger than that of
sustainability, and weak anti-sustainability was dominant. The effects of
human activities mainly concentrated in the areas of low elevation and small
slopes less than 2°where cities and towns are located. The findings can provide a
scientific basis for the management of regional ecosystems in the future.
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1 Introduction

RESPONSE of terrestrial ecosystems to global climate change is
a core research subject raised in the International Geosphere-
Biosphere Program (IGBP) (Deng et al,, 2021; Bejagam et al,,
2022; Wei et al,, 2022), which has received great attention from
the international scientific community. As an essential
component of terrestrial ecosystems, vegetation significantly
impacts the global flow of material and energy, biological
diversity, and climate stability. It is the most sensitive
indicator of global climate change (Shobairi et al., 2018; Zhan
et al, 2021; Geng et al, 2022). Vegetation coverage is also
influenced by terrain factors, for example, altitude affects
vegetation growth due to changes in the effective accumulated
temperature and soil moisture (Lamchin et al., 2018; Kalisa et al.,
2019; Wang et al,, 2020). Therefore, analysis of the influence of
terrain factors on the spatial-temporal evolution of vegetation
coverage is of great significance for evaluating regional
environmental quality and maintaining balance in regional
ecosystems (Przezdziecki et al., 2017; Ranjbar et al., 2020).

To reflect the growth status of vegetation, fractional
vegetation coverage (FVC) is an important parameter for
describing terrestrial ecosystems. FVC is defined as the ratio
of the vertical projection area of above ground vegetation organs
(including leaves, stems, and branches) to the total vegetation
area (Hilker et al., 2014; Sarfo et al.,, 2022). The measurement
methods for FVC include ground surveys and remote sensing
estimation. The latter is suitable for large-scale and long-term
FVC assessments and has been widely used (Dardel et al., 2014;
Chybicki and Lubniewski, 2017; Ranjan and Gorai, 2022).
Vegetation indexes, such as normalized difference vegetation
index ((NDVI) (Ivanov et al, 2008; Zhan et al, 2021) and
enhanced vegetation index (EVI) (Zeng et al, 2022), are
measure of surface reflectance that provides a quantitative
estimation of vegetation growth. The NDVI has a good
correlation with FVC and has been widely used for the
assessment of vegetation dynamics at both regional and global
scales (Huete, 2016; Liu et al., 2016; Xiong et al., 2021).

The Ganjiang River is one of the main tributaries of the
Yangtze River. The upper reaches of the Ganjiang River Basin are
water conservation areas and its ecological environment directly
affects the economic development in the lower reaches of the
Yangtze River Basin (Liu et al., 2021). Rare earth elements (REEs)
are necessary components of many modern devices, such as
electric vehicles, wind turbines, and intelligent electronic devices.
As the soil in the upper reaches of the Ganjiang River Basin is
highly rich in rare-earth resources, it has been exploited for REEs,
leading to ecological and environmental problems, such as
vegetation destruction, soil erosion, debris flow, and water
pollution (Liu et al, 2020). Given the fragile ecosystem and
climatic conditions, the ecosystem of the region is bound to be
affected by terrain and human factors. The FVC can objectively
reflect the overall condition of the regional ecological
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environment. Previous studies have analyzed the change in
vegetation coverage and its correlation with geomorphological
factors in the southern Jiangxi region (Li et al., 2014). However,
existing research has not explored the influence of terrain factors
on the spatial-temporal evolution of vegetation coverage.
Therefore, the present study was designed with the
the
spatiotemporal evolution of vegetation coverage in the upper

following objectives: 1) to qualitatively evaluate
reaches of the Ganjiang River Basin, China, and 2) to identify its
The
Resolution Imaging Spectroradiometer (MODIS) Normalized
Difference Vegetation Index (NDVI) data collected over the
years 2000-2020 were used to calculate the FVC in different

time periods, and future changes were predicted using the Hurst

relationship with terrain factors. Terra Moderate

exponent. The relationship with terrain factors was examined
using data on elevation slope and aspect with partial correlation
analysis. As the complete exclusion of the effects of human
activities is impossible, a partial discussion of this aspect was
also included. This study will facilitate a deeper understanding
of the interactions between the ecosystem and terrain in the
Ganjiang River Basin.

2 Study area and data source

The upper reaches of the Ganjiang River Basin are
located in the south of Jiangxi Province, China, which
span across 24729'-27°09'N and 113°54'-116"38'E with an
area of 30,277 km?* (Figure 1) (Liu et al., 2020). Several
administrative districts, including the prefecture-level city
of Ganzhou, are located in this basin. Several tributaries,
including the Zhangjiang, Gongjiang, Meijiang, Pingjiang,
Taojiang, and Shangyoujiang Rivers are present in this
basin. The basin has a subtropical monsoonal climate,
with a mean annual precipitation of 1,600 mm. Its
topography is characterized by mountains and hills, with
a gradual increase in elevation from the center to the
perimeter. The soil types within the basin include red,
yellow, and purple soils. The vegetation types are diverse
as the basin is located on the southern edge of the mid-
subtropical zone.

The MODIS vegetation index Version 6 data,
MOD13Q1 product, is provided every 16days at a 250 m
spatial resolution as a gridded level-3 product in the
sinusoidal projection. The data over the years 2000-2020
(totally 480 scenes) were downloaded from the website run by
the NASA’s Goddard Space Flight Center (https:/ladsweb.
MODIS NDVI
computed from atmospherically corrected bidirectional surface

modaps.eosdis.nasa.gov/). products  are
reflectance that is masked for water, clouds, heavy aerosols, and
cloud shadows (Garcia et al.,, 2014). Consequently, they have
been widely used in studies to assess changes in regional

vegetation coverage. In addition, the data of digital elevation
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FIGURE 1

Location of the study area; MS and AB denote meteorological station and administrative boundary, respectively.

model (DEM), including the V3 version of the Advanced
Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) Global Digital Elevation Model (GDEM), were
obtained from the Geospatial Data Cloud run by the
Computer Network Information Center of the Chinese
Academy of Sciences (http://www.gscloud.cn/) with a spatial
resolution of 30 m.

3 Methods
3.1 Data pre-processing

Data pre-processing mainly included the following steps: 1)
the MODIS Reprojection Tool (MRT) was used to convert the
format and projection of the downloaded MODIS NDVT data; 2)
the Savitzky-Golay (S-G) filter was used to smooth MODIS
NDVI data and eliminate the influence of noise (Savitzky and
Golay, 1964); and 3) maximum value composite (MVC) was used
to synthesize the maximum NDVI in an annual time series. As
the annual maximum NDVI can reflect the vegetation coverage
during the best vegetation growth period of a year and eliminate
the influence of atmosphere, clouds, and solar altitude angle on
remote sensing images, it was used to analyze the temporal and
spatial variation in vegetation coverage in the current study.

In addition, the DEM data for the study area were obtained in
the following procedures: first, the DEM data were mosaiced
using ArcGIS; second, the mosaiced DEM data were resampled
with a resolution of 250 m; finally, the DEM data for the study
area were cut out along its boundary.
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3.2 Estimation of vegetation coverage and
its variation

The dimidiate pixel model is a simple and widely used one for
the estimation of FVC using remote sensing data (Zhang et al.,
2017). The model assumes that a pixel is composed of vegetation
and non-vegetation components, and the FVC can be calculated
using the following equation:

S§-S

FvC =
Sy =S

1

Where S is the spectral response of the remote sensing data, Sv
and Ss are the spectral responses for pure vegetation and pure soil
within the pixel, respectively.

There is a strong correlation between FVC and NDVI. Based
on previous studies (Carlson and Ripley, 1997; Jing et al., 2011),
an NDVI-based vegetation coverage estimation model was
established. The calculation formula is as follows (Gutman
and Ignatov, 1998):

NDVI -~ NDVI s

FVC =
NDVI pox — NDVI i

@

Where NDVI represents the value of a mixed pixel, NDVImax
represents the maximum NDVI value of a pure vegetation pixel,
which is close to 1 in theory, and NDVImin represents the minimum
NDVI value of pure non-vegetation pixels, which is close to 0 in theory.

Affected by meteorological factors, vegetation types, seasonal
changes, and other factors, the NDVImax and NDVImin of
different remote sensing images are different to some extent. The
maximum and minimum values of NDVI within a certain
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TABLE 1 Classification of vegetation coverage grade in the study area.

Scope (FVC) Grade

FVC<10% Extremely low vegetation coverage
10%<FVC<30% Low vegetation coverage
30%<FVC<50% Medium vegetation coverage

50%<FVC <70% Medium-high vegetation coverage

FVC>70% High vegetation coverage

TABLE 2 Classification of grade for the evolution trend of vegetation
coverage in the study area.

Scope (slope) Grade

—1<Slope<-0.1 Extremely significant decrease (ESD)
—0.1<Slope<-0.02 Significant decrease (SD)
—0.02<Slope<0.02

0.02<Slope<0.1

Not significant change (NSC)
Significant increase (SI)

0.1<Slope<1 Extremely significant increase (ESI)

confidence interval are generally used. Most researchers set the
confidence interval to be 1-99% or 5-95% (Duo et al., 2016; Wei
etal, 2017). Considering the actual situation in the study area, we
chose a confidence interval of 1-99%. In addition, we divided
FVC into five levels with reference to several previous studies, as
shown in Table 1 (Li et al., 2014; Hao et al., 2020; Sun et al., 2020).

The coefficient of variation (CV) represents the ratio of
standard deviation to mean. It is a useful parameter for
comparing the degree of variation from one data series to
another, even if the means are significantly different among
different data series. This index was used to assess FVC
stability in the current study.

3.3 Trend analysis

Univariate linear regression analysis was adopted for the
trend analysis to linearly fit the temporal variation trend of
vegetation coverage in the upper reaches of the Ganjiang
River Basin from 2000 to 2020. The calculation formula is as
follows:

nx Y (i x FVC) - YiY FVC;
i=1 i=1 i=1

3

Slope =
n
nx yiz-
i=1
Where Slope is the slope of the univariate linear regression
equation, indicating the trend in FVC evolution in the

research time series; n is the total number of monitoring
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years; i is the serial number of monitoring years; and FVC;
the of the
Slope>0 indicates that the vegetation coverage in the study

indicates vegetation ~ coverage ith  year.
area shows an increasing trend; slope<0 indicates that the
vegetation coverage shows a decreasing trend; and the slope
around zero indicates that the changes in vegetation coverage are
not obvious. In this study, trend in FVC evolution was divided
into five grades (Huo and Sun, 2021; Fu et al,, 2022), as shown in

Table 2.

3.4 CV exponent and hurst exponent
analyses

The CV index can be used to reveal relative fluctuations in
grid pixel values (Rey et al., 2016; Kalisa et al.,, 2019). If the CV
index value is larger, the fluctuation in the vegetation coverage
FVC pixel is greater and the FVC value is more unstable. In
contrast, if the CV index value is smaller, the distribution of the
time series data is more homogeneous, and the FVC is more
stable. The calculation formula is as follows:

1 1 & ——\2
V= FVC; - FV
c FVC\jn—lz( ¢ C)

i=1

4

Where CV is the coefficient of variation of the grid pixel value,
FVC; represents the maximum vegetation coverage in the ith
year, and FVC is the average vegetation coverage of each grid
unit in the study area from 2000 to 2020. The Hurst exponent is
an effective measure for quantitatively describing the long-term
memory of a time series (Zhang et al., 2019a). It was proposed by
British hydrologist Harold Edwin Hurst (Hurst, 1951) and can be
used to predict future changes in vegetation coverage. In this
study, rescaled range (R/S) analysis, a method that can provide
information on the maximum fluctuation of statistical
parameters, was used to calculate the Hurst exponent of
vegetation coverage changes. The basic principle is as follows
(Caccia et al.,, 1997): The calculation of the mean of time series:

___ 1<
FVCi =~ Y FVC, (5)
t=1
Calculation of the cumulative deviation:
X(t, T) = z (FVC(t) - FVC(,)) (6)
t=1
Calculation of the range sequence:
R(;) = max X (t,7) - min X (¢, 7) 7)
Calculation of the standard deviation sequence:
1
1 T 5 2
St = ;Z (FVC) - FVC(y) (8)

t=1
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Calculation of the Hurst exponent:

R
G (ar)?

9
St )

Where H is the Hurst exponent; FVCy, is the time series, 1<t< 7,
and 7 is the length of the time series, 7 =1, 2, . . ., n; a is a constant.

The Hurst exponent varies between 0 and 1. It can be
categorized into three types: 1) 0.5 <H<1, indicating that the
sequence is persistent, and the future change trend is consistent
with the past change trend. The closer the value of H is to 1, the
stronger the persistence; 2) H = 0.5, indicating that the sequence
is a random sequence, and the future change trend is
independent of the past change trend; 3) 0<H<0.5, indicating
that the sequence is an anti-persistent sequence, and the future
change trend is opposite to the past change trend. The closer the
value of H is to 0, the stronger the anti-persistence. H was used to
assess the sustainability of FVC in this study.

3.5 Analysis of terrain factors

Based on the above calculations, the annual average spatial
distribution and annual variation in vegetation coverage in the
upper reaches of the Ganjiang River Basin can be obtained. In
view of the altitude distribution in the upper reaches of the
Ganjiang River Basin, the elevation of GDEM data was divided
68-250m, 250-500m,  500-750 m,
750-1,000 m, and 1,000-1,580 m. In addition, slopes of mountains
and hills in the study area were analyzed using ArcGIS software based

into five intervals:

on the results of the second national land survey, and reclassified into
five intervals: 0°-2°, 2°-6", 6°~15°, 15°-25°, and >25° (Liu et al., 2018).
According to the aspect model in DEM data, the aspects were also
analyzed using ArcGIS software, and reclassified into nine types: flat
land (FL), north slope (337.5°-22.5"), northeast slope (22.5°-67.5"),
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FIGURE 3

Interannual variation of FVC in the upper reaches of Ganjiang
River Basin, China during the years 2000-2020.

east slope (67.5°-112.5°), southeast slope (112.5-157.5"), south slope
(157.5°-202.5%), southwest slope (202.5°-247.5"), west slope
(247.5°-292.5"), and northwest slope (29.5°-337.5°). The spatial
distribution characteristics of elevation, slope, and aspect (Figure 2)
in the upper reaches of the Ganjiang River Basin were obtained.

4 Results and discussion
4.1 Spatiotemporal variation of FVC
1) Temporal variation of FVC
The interannual variation in FVC in the upper reaches of the

Ganjiang River Basin, China, over the years 2000-2020 is shown
in Figure 3. The average annual FVC in the study area showed a
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FIGURE 5
Evolution of the proportion of each vegetation coverage in
the upper reaches of Ganjiang River Basin from 2000 to 2020.

fluctuating increasing trend (p <0.001), with a growth rate of 5%/
10y. The lowest value of average annual FVC was 59.9%
(i.e, 0.59) in 2000, and the highest value of average annual

Frontiers in Earth Science

FVC was 70.9% in 2020. This is mainly due to the fact that
Ganzhou City has implemented measures conducive for
ecological improvement since 2000, such as restriction of
mineral exploitation, afforestation, and reclamation of mined
areas. The upper reaches of Ganjiang River Basin are 80%
mountains, 10% water, and 5% fields, and the area of
farmland is small. Owing to the undeveloped economy, most
of the working population work away from home. The
phenomenon of farmland abandonment was serious, which

induced an increase in vegetation coverage.
2) Spatial distribution of FVC

Figure 4 and Figure 5 show the spatial distribution and
proportion of each vegetation coverage grade in the upper
reaches of the Ganjiang River Basin from 2000 to 2020,
respectively. The overall situation of vegetation coverage was
good, mainly with high and higher vegetation coverage
(FVC=50%). The annual average vegetation coverage was
65.94% (Figure 3), with the proportion of low, lower,
medium, higher, and high vegetation coverage of 0.9%, 2.5%,
12.3%, 38%, and 46.3%, respectively (Figure 5). The sum of the
latter two grades of vegetation coverage was greater than 50%.
This is because the upper reaches of the Ganjiang River Basin
have a warm climate, abundant rainfall, and are rich in forest
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resources. In addition, the topographical characteristics of the
study area are “high around, low in the middle with the west
side higher than the east side”. Terrain characteristics limit the
range of human activity. Areas with low vegetation coverage are
mainly cities and towns where human activities are intensive,
such as Zhanggong District, Ganxian District, Nankang
District, Yudu County, Ningdu County, Xinfeng County,
Xingguo County, Huichang County, Ruijin City, and
Longnan County. The areas with high vegetation coverage
are mainly located in the middle and low mountain areas
where human activities are less, such as west of Chongyi
County, west of Dayu County, northwest of Shangyou
County, and Quannan County. The proportion of high
vegetation coverage (FVC>70%) in the upper reaches of
Ganjiang River Basin showed a fluctuating increasing trend
with time, with the lowest proportion of 35.9% in 2002 and the
highest proportion of 59.3% in 2020. A detailed examination of
Figure 4 and Figure 5 found that the growth of plants in the
transition zone between high and higher vegetation coverages
(68%<FVC<72%) varied in different years. This was due to the
difference in weather and water conditions in different years,
which resulted in the mutual conversion between the two
grades of vegetation coverage, such as 2000 to 2003 in the
northwest areas (Figures 4A-D) and 2012 to 2014 in the
northeast areas (Figures 4M-40). Consequently, this was
in the

proportion of areas with high vegetation coverage. The high

also the reason for the observed fluctuations

vegetation areas also extend to a certain degree in their
surroundings. This was because of afforestation with the
enforcement of environmental and ecological policies. In
addition,
increased, reflecting the growth of afforested trees, such as in
the central area, from 2013 to 2016 (Figures 4N-4Q). Since
2012, the proportion of the areas with high vegetation coverage

the proportion of high vegetation coverage

turned to be more than 50%. In contrast, the proportion of areas
with higher vegetation coverage, moderate vegetation coverage,
and lower vegetation coverage showed a fluctuating decreasing
trend. The decreasing degree were as follows: moderate
vegetation coverage (from 19.8% in 2000 to 7.8% in 2020),
higher vegetation cover (from 39.6% in 2000 to 29.1% in 2019),
and lower vegetation cover (from 5.7% in 2000 to 1.8% in 2020).
Owing to the undeveloped economy, the abandonment of
farmland accelerated, and agricultural production activities
decreased, which resulted in the transfer of some moderate
vegetation coverage areas to higher or high vegetation coverage
areas, such as in the central and southern parts of the basin from
2017 to 2020 (Figures 4R-4U). In contrast, the areas with low
vegetation coverage showed a slight down trend, but the
proportion was relatively stable, accounting for between
1.4% and 1.85%. Areas with low vegetation coverage mainly
concentrate in places where human activities are intensive, and
the land is mainly constructed land. It is not easy to change
construction land to other land use types.
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3) Trend in FVC evolution

To better the evolution

characteristics of vegetation coverage in the upper reaches of

analyze spatiotemporal
the Ganjiang River Basin, the period from 2000 to 2020 was
further divided into seven sub-periods: 2000-2002, 2003-2005,
2006-2008, 2009-2011, 2012-2014, 2015-2017,
2018-2020, respectively. Figure 6 and Figure 7 show the

and

spatial distribution and proportion of vegetation coverage
change in the upper reaches of the Ganjiang River Basin
from 2000 to 2020, respectively. Because of the need for
urban construction in some counties and districts during
2000-2002 and 2003-2005, parts of the land with vegetation
coverage were transformed into construction land, resulting in
a decrease in vegetation coverage in different areas, especially
during 2000-2002 (Figure 6). In the northeast of Yudu,
vegetation coverage decreased from 2006 to 2008, started to
increase from 2009 to 2011, and remained stable after 2011.
This area is mainly a transitional zone between high and higher
vegetation coverages, as shown in Figures 4G,I. Influenced by
climatic conditions, this transition zone changed from high
vegetation coverage to higher vegetation coverage during
2006-2008, but gradually changed back to high vegetation
coverage after 2009. During 2009 to 2020, different areas
showed different degrees of increase or decrease in different
time periods. Overall, the changes remained stable, and there
was a significant increase in vegetation coverage. The increase
in vegetation coverage was mainly due to the return of farmland
to forests and afforestation enforced by the environmental
of
Zhanggong District were the most stable areas during

protection policies. The central and eastern parts
2009-2020 because urban construction had been done
earlier. The construction land in the west part of the district
had been gradually expanded since 2008. Consequently, the
vegetation coverage first decreased and then stabilized at
middle and low levels (Figure 41, Figure 6C, Figure 7). The
changes in vegetation coverage in the seven sub-periods
between 2000 and 2020 were mainly insignificant, significant
increase, and significant decrease, while those with extremely
significant increases and decreases were relatively fewer
(Figure 7). The changes in proportions at different time
periods different. The that the
meteorological conditions, human activities, and related

were reasons were
policies varied in different time periods, such as the
construction of towns and central urban areas in the upper
reaches of the Ganjiang River Basin from 2003 to 2005,
accompanied by the transformation of part of the vegetation
land to construction land. Vegetation coverage decreased,
resulting in an increase in the proportion of significant
decreases. Affected by the so-called “Lucid waters and lush
mountains are invaluable assets” national movement for the
promotion of ecological protection during 2015-2017, more
attention was paid to the protection of ecological environment
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FIGURE 6

Evolution trend of changes in vegetation coverage in the upper reaches of Ganjiang River Basin from 2000 to 2020. (A—H) are for the sub-
periods of 2000-2002, 2003-2003, 2006-2008, 2009-2011, 2012-2014, 2015-2017, 2018-2020, and 2000-2020, respectively. ESD, SD, NSC,
Sl, and ESI denote extremely significant decrease, significant decrease, non-significant change, significant increase, and extremely significant

increase, respectively.
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than before. The vegetation coverage increased, and the
proportion of significant increase improved. From 2000 to
2020, the vegetation coverage in 98% of the total area of the
upper reaches of Ganjiang River Basin did not change
significantly. The proportion of significant increase only
accounted for 1.52% (Figure 6), and was mainly distributed
in the middle of Xinfeng County, the north of Gan County, the
south of Xingguo County, and the west of Nankang District.
Other counties and districts showed a sporadic distribution.
In recent years, the coordinated development of the navel
orange industry and ecological environment in Xinfeng County,
restriction on exploitation of mineral resources, afforestation,
and the implementation of land reclamation policies in mining
areas in the northern part of Gan County, southern part of
Xingguo County, and western part of Nankang County have
contributed a lot to the protection of the ecological environment
in these areas. The areas with significant decrease only accounted
for 0.48%, which were mainly distributed in the eastern part of
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Nankang District, the central part of Zhanggong District, the
central part of Ruijin City, and the periphery of each city. The
transformation of vegetated land into construction land was the
reason for the decrease in vegetation coverage.

Overall, the areas without significant changes accounted for
more than 95% (Figure 6 and Figure 7). Areas with increased and
decreased vegetation coverage occurred at different locations
during different periods. The increase and decrease cancelled
each other out on the long time scale. This was also verified by the
area changes reflected by the Hurst index, as shown later,
indicating consistency with this conclusion.

4) Stability and sustainability of FVC
The spatial distribution of the coefficient of variation (CV) of
FVC in the upper reaches of the Ganjiang River Basin during the

time period between 2000 and 2020 is shown in Figure 8A. CV
represents the dispersion and fluctuation of the data distribution.
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FIGURE 7

Proportion of vegetation coverage change in the upper

reaches of Ganjiang River Basin in different time periods. ESD, SD,
NSC, S, and ESI denote extremely significant decrease, significant
decrease, non-significant change, significant increase, and
extremely significant increase, respectively.

The larger the CV, the more dispersed is the data distribution.
The greater the fluctuation, the greater is the variation, and vice
versa. In this study, the CV of FVC was divided into three grades
(Li et al,, 2021; Liu et al., 2022), as shown in Table 3. Vegetation
coverage in the study area was relatively stable. The CV of FVC
ranged from 2.56% to 98.83%, with an average of 14.8%. The
areas with stable FVC (CV less than 15%) accounted for 63.47%
of the total area of the study, mainly distributed in the

Bl 0=CV<0.15
25 50km [10.15CV<0.4
1 . CV>0.4

FIGURE 8

Spatial distribution of coefficient of variation (CV) and Hurst exponent of FVC in the upper reaches of Ganjiang River Basin during 2000-2020.

(A) Distribution of CV (B) Distribution of Hurst exponent.

Frontiers in Earth Science 09

10.3389/feart.2022.1043403

TABLE 3 Stability associated with changes in vegetation coverage in
the upper reaches of ganjiang river basin during 2000-2020.

Scope (CV)  Grade Area (km?)  Proportion (%)
0<CV<0.15 Stability 267.3081 63.5
0.15<CV<0.4 Instability 145.3239 34.5
CV=>0.4 Extreme instability ~ 8.505 2.0

surrounding mountains. Fewer human activities in mountainous
areas were conducive to vegetation growth; thus, the change in FVC
in mountainous areas was small. The areas with unstable FVC (CV
between 15% and 40%) accounted for 34.51%, mainly including the
south of Nankang District, the middle of Xinfeng County, the north
of Yudu County, and the south of Xingguo County. The areas with
extremely unstable FVC (CV higher than 40%) accounted for 2.02%,
including the middle of Xinfeng County, the middle of Nankang
District, the middle of Yudu County, the south of Xingguo County,
and the middle of Ruijin City. In recent years, Xinfeng County has
focused on the coordinated development of the navel orange
industry and strengthened the protection of the ecological
environment, so the changes in FVC in this area were dramatic.
The drastic changes in FVC in the middle of the Nankang District
and Ruijin City were due to urban expansion. Drastic changes in
FVC in the middle of Yudu County and south of Xingguo County
were induced by the implementation of afforestation and land
reclamation in mined areas.

The spatial distribution of the Hurst exponent of FVC in the
upper reaches of the Ganjiang River Basin from 2000 to 2020 is
shown in Figure 8B. The average Hurst exponent of FVC in the
study area was 0.46. The pixels with Hurst exponents less than
0.5 accounted for 66.38% and those with Hurst exponents greater

Hurst
I Hurst=0.35
[10.35<Hurst<0.50

0 25 50 km[ZZJ0.50<Hurst<0.65
| | B Hurst>0.65
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TABLE 4 Sustainability associated with changes in vegetation coverage in the upper reaches of ganjiang river basin during 2000-2020.

Scope (Hurst) Grade Area (km?) Proportion (%)
Hurst<0.35 Strong anti-sustainability 46.7460 11.1
0.35<Hurst<0.50 Weak anti-sustainability 232.8228 55.3
0.50<Hurst<0.65 Weak sustainability 129.6 30.8
Hurst>0.65 Strong sustainability 11.9682 2.8
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FIGURE 9

Evolution characteristics of vegetation coverage with increase in altitude in the upper reaches of Ganjiang River Basin from 2000 to 2020.

than 0.5 accounted for 33.62%. The anti-sustainability of vegetation
coverage change in the study area was stronger than that of
sustainability, indicating that the FVC in the upper reaches of
the Ganjiang River Basin would decrease in the future. The
pixels showing strong anti-sustainability accounted for 11.1% of
the study area and those with weak anti-sustainability accounted for
55.28%. The pixels showing strong sustainability accounted for
30.78% of the study area and those with weak sustainability
accounted for 2.84% (Table 4). The vegetation coverage change
in the study area was dominated by weak anti-sustainability,
indicating that the FVC in the upper reaches of the Ganjiang
River Basin will decrease slightly in the future. This was
consistent with the results reported (Liu et al., 2021).

Frontiers in Earth Science

4.2 Response of FVC to terrain
1) Distribution of vegetation coverage with altitude

The vegetation coverage in the upper reaches of the Ganjiang
River Basin increased continuously with increasing altitude
(Figure 9). The vegetation coverage in the elevation zone of
68-250 m was the lowest, with an average of 54.09%. The zone
with highest vegetation coverage was 750-1,000 m, with an
average of 83.54%. In addition, the annual average vegetation
coverage in different elevation zones showed a fluctuating
increase; the elevation zones with obvious fluctuating growth
were 68-250 m and 250-500 m. However, there was a trough in
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FIGURE 10

Variation characteristics of vegetation coverage with increase in slope degree in the upper reaches of Ganjiang River Basin from 2000 to 2020.

the average vegetation coverage in the 500-1,580 m elevation
zone from 2006 to 2008, which was less disturbed by human
beings. Meteorological factors, such as increase in air
temperature, decrease in precipitation, and enhanced
evaporation, were thought to be the reasons that led to less
water for plants, and were not conducive to the improvement of
vegetation coverage. The increase in vegetation coverage above
250 m indicated that human activities mainly concentrated in the
areas below 250 m. Both vegetation coverage and rate of increase
of vegetation increased without human disturbance.

In general, altitude affects local weather and water conditions,
which consequently affect vegetation growth. Weather and water
conditions in low-altitude areas are better and more suitable for
plant growth, and therefore, the vegetation coverage should be
relatively higher in low-altitude than in high-altitude areas.
However, disturbance from human activities in low-altitude areas
leads to a sharp decrease in vegetation coverage, mainly due to the
transformation of vegetated land to construction land. The average
vegetation coverage of the elevation zones: 500-750m,
750-1,000 m, and 1,000-1,580 m was more than 80%, and the
degree of variation becomes smaller with the increase in altitude.
The highest altitude in the upper reaches of the Ganjiang River Basin

is 1,580 m. A height greater than 1,000 m restricts plant growth, and
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the vegetation coverage above that tends to remain unchanged. The
weather and water conditions in the elevation zone of 1,000-1,580 m
were not favorable for vegetation growth compared to those in the
elevation zone of 750-1,000 m. Therefore, the vegetation coverage in
the elevation zone of 1,000-1,580 m was lower than that in the
elevation zone of 750-1,000 m. With increasing altitude, vegetation
coverage tends to remain stable. This phenomenon is similar to that
reported for the Hanjiang River Basin (Liu et al.,, 2018).

2) Distribution of vegetation coverage with slope

Vegetation coverage in the upper reaches of the Ganjiang
River Basin increased as the slope increased (Figure 10). The
lowest vegetation coverage was located in the slope zone of 0°-2°,
with an average of 50.19%. The highest vegetation coverage was
located in a slope zone greater than 25°. This is because a gentle
slope zone is suitable and convenient for human activities such as
industrial and agricultural production. Most people in the
Ganjiang River Basin live in a slope zone of 0°-2°, where cities
and towns are located. Less natural vegetation is distributed in
this slope zone, resulting in lower vegetation coverage. The slope
zone of 2°-6" is a transition zone between the industrial and
agricultural production lands, resulting in relatively higher
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slope, respectively.

vegetation coverage compared with that in the slope zone of
0°-2°. The vegetation coverage in the slope zone of 6°-15" was
higher than that in the slope zone of 2°-6°, because the original
woodlands in this slope zone were easier to be reclaimed as
terraced fields for agricultural production.

In general, the steeper the slope, the lower the accumulated
temperature and precipitation, the worse the water retention
capacity of the soil, and the worse the weather and water
conditions for vegetation growth. Vegetation coverage should
decrease with an increase in the slope degree. However, the areas
with highest vegetation coverage in this study were identified in
the areas with slopes greater than 25°. This is because local
human production activities were greatly reduced owing to
topographical and traffic restrictions with the increase in slope
degree. Vegetation growth in areas with steeper slopes was
mainly affected by natural conditions, with less interference
from human activities. The changed trend of vegetation
coverage returned to normal and showed an increasing trend.
This finding is similar to that of a study on the upper Minjiang
River Basin (Zhang et al., 2018). The difference was that the
maximum slope in the study area was only 40°, and that in the
upper Minjiang River Basin was more than 55°. The areas with
the maximum vegetation coverage were in the zones with slope
degrees between 25° and 45°. A similar phenomenon was also
found in other basins, such as the Guandu River basin reported
(Chen et al,, 2019). Both the elevation and slopes in this study
area are relatively small compared with those in the other basins.

3) Distribution of vegetation coverage with aspect
Overall, there was no significant difference among the
distributions of average vegetation coverage in the different

aspects in the upper reaches of the Ganjiang River Basin
(Figure 11). This is because the terrain in the study area is not
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rugged enough to form barriers against hydrothermal cycle. The
average vegetation coverage in the upper reaches of the Ganjiang
River Basin was in the following order: vegetation coverage of north
slope > northwest slope > northeast slope > west slope > southwest
slope > east slope > south slope > southeast slope > flat land (Table 5
and Table 6). Aspects with higher average vegetation coverage, such
as the north and northwest slopes, are shady slopes, while the aspects
with low average vegetation coverage, such as the east, south, and
southeast slopes, are commonly known as sunny slopes. Although
the upper reaches of the Ganjiang River Basin have a subtropical
monsoon climate with abundant precipitation, long-term solar
radiation leads to excessive water evaporation from plants and
soils, resulting in fewer water conditions and growth retardation.
The plants on shady slopes received less solar radiation than those
on sunny slopes leading to low evaporation, retaining a certain
amount of water for plant growth. Therefore, the plant growth
conditions on shady slopes were slightly better than those on sunny
slopes in the study area. It also reported that evaporation in the hilly
regions of South China was negatively correlated with relative
humidity and positively correlated with temperature and
percentage of sunshine (Liu et al, 2019). Receiving too much
solar radiation not only inhibits the photosynthetic efficiency of
plants but also accelerates the evaporation of surface water. In
contrast, the average vegetation coverage of flat land was
significantly smaller than that of mountains and hills, mainly due
to interference from human activities.

Human activities play an important role in vegetation growth,
which can have positive or negative impacts on surface vegetation
coverage through indirect impact or direct transformation. For
example, afforestation, deforestation, urbanization development,
engineering construction and ecological recovery will inhibit or
promote the growth of vegetation, cause dramatic changes in
surface vegetation in a short period of time, and play a key role
in ecosystem restoration and healthy development (Zhang et al.,
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TABLE 5 Linear regression between the vegetation coverage and aspect in the upper reaches of ganjiang river basin from 2000 to 2020.

Aspect Trend R?

N Y = 0.0054X-10.2152 0.907
w Y = 0.0053X-10.0954 0.9048
E Y = 0.0049X-9.2799 0.9136
S Y = 0.0048X-9.0027 0.9124

TABLE 6 Average vegetation coverage in each aspect in the upper
reaches of ganjiang river basin from 2000 to 2020.

Aspect FVC average Aspect FVC average
N 0.6821 NW 0.6799
w 0.6654 NE 0.6666
E 0.6512 W 0.6533
S 0.6414 SE 0.6394

2019b). In the past 20 years, the accumulated afforestation area in
the upper reaches of Ganjiang River is about 0.5 million hectares,
which has improved the vegetation coverage to a certain degree; On
the other hand, with the continual expansion of the economic
specification, the urbanization rate of the upper reaches of the
Ganjiang River has increased from 37.53% in 2010 to 55.31% in
2020, the growth rate has reached 47.37% (Liu, 2021). At the same
time, the decline of forest ecological function, the intensification of
water and soil loss, the general increase of population density and the
mining of rare earth minerals have led to the degeneration of the
surface vegetation in some areas in varying degrees. In recent years,
in order to improve the living quality of residents, the local
government has carried out greening construction and ecological
livelihood projects actively, the surface vegetation coverage has
improved greatly. Therefore, the concept of “green” and
“coordination” in high-quality development is vital to the
protection of the ecological environment.

4.3 Discussion

This study analyzed the spatiotemporal evolution of
vegetation coverage and its relationships with terrain and
human factors in the upper reaches of the Ganjiang River
Basin, China. The FVC showed a fluctuating increasing trend,
and also human activities have different impacts on vegetation
coverage under different terrain conditions. Consistent with
the achievements of previous studies (Liu et al., 2021; Fu et al.,
2022; Tian and Wang, 2022), the ecological environment of
the Ganjiang River basin is generally showing a good trend,
and at the same time, the basin is subject to some human
impact.
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Aspect Trend R’

NW Y = 0.0056X-10.484 0.9017
NE Y = 0.0052X-9.7893 09184
swW Y = 0.005X-9.2863 0.9081
SE Y = 0.0048X-8.9705 09136

However, there are still other factors, such as climate factors,
which influence vegetation dynamics that have not been considered.
Therefore, quantifying the contributions of various factors and
determining the main influencing factors should be the focus of
future research. In addition, this study did not use multisource
NDVI data for mutual verification. The resolution and quality of the
different NDVI data varied. This also affected the results associated
with the estimation of vegetation coverage. Further studies
considering such factors are ongoing for a deeper understanding
of the interrelationships among the ecological environment, climate
factors, terrain factors, and human activities in the study area.

Taking the upper reaches of Ganjiang River of long-term
sequence research, this study not only enriches the research
content of dynamic and rapid monitoring of the change process
of ecological environment quality, but also provides reference for
rapid assessment of ecological environment quality and construction
of ecological environment quality model to analyze the main driving
forces. The methods and models adopted in this paper are also
applicable in the Yellow River Basin, the Manas River Basin and other
watersheds (Liu et al,, 2018; Zhang et al., 2019b). Considering the time
step of research and analysis is relatively long, the subtle changes
among years being ignored, future study will integrating other higher
resolution data sources to optimize the evaluation index of ecological
environment quality in order to analyze the evolution characteristics
of ecological environment quality accurately.

5 Conclusion

Based on MODIS NDVI and DEM data collected for the
upper reaches of the Ganjiang River Basin, this study used trend
analysis, coefficient of variation, Hurst index, and linear
regression to analyze the temporal and spatial evolution of
vegetation coverage and its relationships with terrain factors
in the upper reaches of the Ganjiang River Basin, China during
the years 2000-2020. The major conclusions drawn from this
study are as follows.

1) The FVC showed a fluctuating increasing trend (P<0.001),
with an increase rate of 5%/10y. Spatially, the vegetation
coverage was dominated by high vegetation coverage in the
study area, showing a low-value distribution in the middle

distribution in  the

and  high-value surroundings.
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Themultiyear average FVC was 65.94%. The areas with
significant increase and significant decrease accounted for
1.52% and 0.48% respectively, while those with insignificant
changes accounted for 98%.

2) The vegetation coverage was relatively stable in the study area,
with an average CV of 14.8%. The FVC showed large changes in
the middle of Xinfeng County, middle of Nankang District,
middle of Yudu County, south of Xingguo County, and middle
of Ruijin City, followed by that in the south of Nankang District,
middle of Xinfeng County, north of Yudu County, and south of
Xingguo County. The surrounding mountains with high
altitudes exhibited the smallest changes in the FVC. Hurst
analysis showed that the anti-sustainability effect of vegetation
change was stronger than that of sustainability, and weak anti-
sustainability was dominant. The average Hurst exponent
was 0.46.

3) Vegetation coverage in the upper reaches of the Ganjiang
River Basin showed an increasing trend with increasing

The

identified in the elevation zone of 750-1,000 m, with an

elevation. maximum vegetation coverage was
average of 83.54%. Vegetation coverage also showed an
increasing trend with increasing slope. The maximum
vegetation coverage was up to 82.22% in the slope zone
of >25°. There were no significant differences among the
distributions of vegetation coverage in different aspects.
Overall, the vegetation coverage of flat land was the lowest
with a percentage of 43.87, and the maximum was that of the
north slope (68.21%). The vegetation coverage on shady

slopes was better than that on sunny slopes.

Therefore, under good terrain conditions such as low
altitude, gentle slope and aspect with sufficient water and heat
conditions, the vegetation coverage is higher. And the differences
in topographic factors in the background of the watershed lead to
both common and unique characteristics of vegetation
differentiation. In addition, terrain conditions affect the range
and intensity of human activities, which in turn affects the long-
term evolution trend of vegetation cover.

In the context of the background of carbon peaking and
carbon neutrality goals, the upper reaches of the Ganjiang River
should maintain a good ecosystem, continue to protect the
ecological environment of the basin, and build a watershed
ecological security pattern. And it is necessary to balance
resource development and ecological protection, develop in
protection, and protect in development, so as to realize the
coordination of economic and

development ecological

protection in the basin.
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