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In this paper, we investigate the features of spatiotemporal change in
fractional vegetation cover (FVC) throughout the Yellow River Basin
between 2000 and 2022 and identify the driving factors behind the change
using the MODIS normalized difference vegetation index (NDVI) as a data
source. On that basis, our research involves trend analysis and the center
migration model to examine the correlation between vegetation cover
changes and various factors, such as climates, topographies, soils, and
human activities. In this way, we aim to uncover how such correlation
contributed to the reduction in suspended sediment concentration (SSC) in
surface runoff. Results suggest that (1) the FVC of the Yellow River Basin has
been trending upward over the past 23 years, and vegetation growth has
been remarkably improved; (2) the center of medium-high and denser
vegetation cover has progressively migrated from the upper reaches of the
Yellow River down to its middle-lower segments; (3) soil erosion control
measures are critical to improve vegetation cover, given the great impact of
the shifting natural elements on vegetation cover changes on a local basis;
(4) an improvement in vegetation cover leads to considerable positive
change in the runoff and SSC of the Yellow River mainstem. This study has
yielded noteworthy contributions in correctly understanding the current
vegetation changes and related factors in the Yellow River Basin.
Furthermore, it has laid the groundwork for further research in improving
the accuracy of basic data and deepening the correlation between factors.
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1 Introduction

As the “cradle” of Chinese civilization spanning millennia, the
Yellow River Basin has been the political and cultural center of
China. However, given its vulnerable ecosystems with prominent
soil erosion, its water management has been a top priority since the
pre-Qin period (221 BC). Integral to the terrestrial ecosystem,
above-ground vegetation can decrease the kinetic energy of
raindrops, diminish the flood peak, and delay runoft while
enhancing soil erosion resistance and reducing soil erosion (Zou
et al,, 1981; Zhong and Cheng, 2001; Wu, 2005; Wang and Shi,
2022; Liu et al,, 2023; Wei et al., 2023). Fractional vegetation cover
(FVC) has long been used as an indicator for above-ground
vegetation cover and growth status (Gitelson et al., 2002; Peng
et al,, 2017; Cui et al, 2022; Ren et al., 2023). Research on FVC
changes in the Yellow River Basin carries great importance
in evaluating achievements of basin management, tackling
management conundrums, and developing follow-up plans, as it
showcases how the Yellow River has been managed. As a ratio
between the reflectance recorded in the near-infrared (NIR) and red
(R) bands of remote-sensing imagery, the normalized difference
vegetation index (NDVI) can best indicate the growth status, spatial
distribution, and density of vegetation (Pettorelli, 2005; Li and He,
2009; Li and Zhang, 2023; Wang et al, 2023). Therefore, it is
extensively employed to study vegetation growth status on a
regional and global basis as basic data for FVC calculation (Mu
et al,, 2012; Hou et al., 2022; Shen et al.,, 2022; Wang et al., 2022;
Yin et al., 2022).

Research on changes in vegetation throughout the Yellow River
Basin has been productive. By leveraging AVHRR-NDVI data (a
spatial resolution of 8 km), Sun et al. (2001) and Yang et al. (2002)
explored spatial changes in the Yellow River Basin’s vegetation
cover from 1982 through 1999 and their correlation with rainfall.
They discovered that the basin’s FVC had been on an upward trend
over the two decades and that interannual variations in vegetation
cover were dominated by the amount of rainfall in flood seasons.
With MOD3Q1 data (a spatial resolution of 250 m), Yuan et al.
(2013) examined the spatiotemporal features of the NDVI of
vegetated areas in the Yellow River Basin between 2000 and 2010
and profiled how the index changed under trend analysis and the
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M-K test. Their results indicated that the NDVI of the basin’s
vegetated areas had registered rapid growth since 2005, with
improved areas much larger than degraded ones. Building on
SPOT-VGT data (a spatial resolution of 1 km) between 1998 and
2011, He and He (2012) explored the spatiotemporal distribution,
temporal change features, and interannual variation trends of the
NDVI of the Yellow River Basin before concluding that an
increasing NDVT of the basin throughout the research period had
fundamentally improved the environment. Liu et al. (2019)
investigated the NDVT changes in the Yellow River source region
from 2000 to 2016 and its contributing factors using MODIS-NDVI
statistics. During the research period, they found that there was no
abrupt NDVI change in the region and that meteorological factors
remarkably facilitated the growth of vegetation in the region.

Based on MODIS-NDVT data, pixel dichotomy, transition
matrix, and the center migration model, we understood and
profiled the spatiotemporal distribution and change patterns of
vegetation cover in the Yellow River Basin for the past two
decades. On that basis, data such as temperatures, rainfalls, soils,
topographies, and human activities were utilized to dissect the
catalysts for the spatiotemporal change in the FVC of the basin
over the last 23 years under the center migration model of migration
and analyses involving the transition matrix and partial correlation.
This study can provide scientific basis and decision-making support
for the high-quality development of soil and water conservation in
the Yellow River Basin in the future.

2 Overview of research area and
data sources

2.1 Overview of research area

As is shown in Figure 1, the Yellow River originates from the
Yueguzonglie Basin on the north foot of the Bayan Har mountains
of the Qinghai-Tibet Plateau, traveling through the provinces
and autonomous regions of Qinghai, Sichuan, Gansu, Ningxia,
Inner Mongolia, Shanxi, Shaanxi, Henan, and Shandong into the
Bohai Sea in Shandong’s Kenli County, with a total length of
5,646 km. The expansive Yellow River Basin (32°35~41°49'N;
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FIGURE 1
Schematic diagrams of the Yellow River Basin.
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95°10°~119°06’E) covers an area of 795,000 km’ (including the
endorheic area of 42,000 kmz). The basin has a significant altitude
difference and is topographically high in the west and low in the
east, descending like a three-step staircase from the Qinghai-Tibet
Plateau and the Inner Mongolian Plateau eastward to the Loess
Plateau and the North China Plain (Yellow River Conservancy
Commission of MWR, 2011a; Yellow River Conservancy
Commission of MWR, 2011b). The Yellow River Basin is overall
marked by a continental climate, with a sub-humid climate in the
southeast, a semi-arid climate in the central region, and an arid
climate in the northwest. The emergence and growth of various
vegetation types are attributed to the diverse landforms and
complex natural habitats the basin offers (Liu and Xiao, 2006).
From southeast to northwest, natural vegetation within the basin is
represented by the forest steppe, dry steppe, and desert steppe,
respectively (He et al., 2010). All the abovementioned features have
created diverse ecosystems.

2.2 Data sources

Data on vegetation and relevant factors were employed in our
research. Based on the MODIS-NDVI provided by the Earth
Resource Observation System Data Center in the US (https://
ladsweb.modaps.eosdis.nasa.gov/), we obtained the NDVI dataset
for the June-to-September period between 2000 and 2022 using data
extraction and maximum-value composite procedures, with the
data serial number as MOD13Q1. Land use data were sourced from
GlobeLand30 datasets (http://www.globallandcover.com/) and
specifically for the years 2000, 2010, and 2020. Statistics on
temperature, rainfall, and evapotranspiration came from monthly
datasets (a spatial resolution of 1 km) offered by the National
Tibetan Plateau Data Center (http://data.tpdc.ac.cn/) for the
June-to-September period from 2000 and 2020, and the datasets
on these factors were generated yearly under the methods of
data conversion and maximum-value composite. The elevation
data for the Yellow River Basin were generated under the
digital elevation model (DEM) from the Geospatial Data Cloud
(http://www.gscloud.cn/), having undergone operations such as
mosaicking and clipping. On this basis, slope and aspect statistics
were calculated. Datasets on soil in the Yellow River Basin were
produced through projection and clipping based on data from the
Scientific Data Center of the Chinese Academy of Sciences (http://
www.scdb.cn/). Topographic factor data, including topographic
relief amplitude, together with data on soil erosion, areas of and
projects on water and soil conservation in the basin, were obtained
from the National Cryosphere Desert Data Center (http://

www.ncdc.ac.cn/).

3 Research methodology
3.1 Fractional vegetation cover

As a crucial indicator for measuring the extent of vegetation
cover on the Earth’s surface, FVC exhibits a strong positive
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correlation with the NDVI. By utilizing a dimidiate pixel model,
we calculated FVC based on NDVI data under the inversion model
(Meroni et al., 2019). The equation for calculating FVC is presented
as follows:

NDVI; - NDVI,,,,
NDVI,,,. - NDVI,,;,

FVC=

where FVC stands for fractional vegetation cover; NDVI;
represents the NDVI value of a given pixel for the corresponding
period; NDVI,,;,, and NDVI,,,, are the minimum and maximum
NDVI values at the confidential intervals (Jia et al., 2013) ranging
from 5% to 95% in the corresponding area.

Building on the established FVC grading standards and
methods (Li et al, 2018; Rhyma et al, 2020) and considering
vegetation features in the research area, we divided the area’s
vegetation types into sparse vegetation (FVC < 0.3), medium-low
vegetation (0.3 < FVC < 0.45), medium vegetation (0.45 < FVC <
0.6), medium-high vegetation (0.6 < FVC < 0.75), and high
vegetation (FVC > 0.75), as is shown in Figure 2.

With available data spanning from 2000 through 2022, we
measured how the FVC of the Yellow River Basin had varied, and
based on its variation, categorized the region into the area with an
extremely significant increase (variation value > 0.5), area with a
significant increase (0.5 > variation value > 0.3), area with non-
apparent change (0.3 > variation value > —0.3), area with a
significant decrease (—0.3 2 variation value > —0.5), and area with
an extremely significant decrease (variation value < —0.5) (Idowu
et al, 2020). As is shown in Figure 3, such division facilitated an
analysis of the changing FVC.

3.2 Processes of relevant factor data

Factors, such as climate, soil, topography, and human activity, can
lead to a change in FVC (Liu et al., 2016; Xie, 2016). To investigate the
correlation between FVC changes and various factors in the Yellow
River Basin, the collected factor data were processed in this study. The
processing involved rasterizing and spatially referencing the factor
data to align with the spatial location of FVC data. Furthermore, all
factor data were resampled to keep spatial resolution consistent with
FVC data. To deliver accurate analysis results, the factor data were
dimensionalized (Mu et al., 2018).

3.3 Analytical methods

3.3.1 Trend analysis

Trend analysis presents how a region has experienced
spatiotemporal evolution, as it can show overall spatial change
patterns based on the changing trends of individual pixels over time
(Liu and Du, 2015; Hashemi et al., 2016; Zhang et al., 2016). As the
calculated FVC results are processed under simple linear regression,
the slope (S) of the equation represents the changing trend of each
raster pixel. When S > 0, it indicates an upward trend of FVC values
over time for the corresponding raster pixel, while a downward
trend will show in the S < 0 scenario.
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FIGURE 2
Vegetation cover types in the Yellow River Basin in 2022.
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FIGURE 3
FVC changes in the Yellow River Basin for the research period.
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As is displayed above, S is the slope of the regression equation of

FVC for a single pixel; pi denotes the FVC value for the year i; n
represents the number of years in the research period.

A t-test was conducted to test the significance of pixel-by-pixel
changes (Wu et al., 2014), and when the significance level P was less
than 0.05, the trend was considered significant, while P smaller than
0.01 was deemed extremely significant. To better evaluate the
significance of FVC changes in the Yellow River Basin, the
calculation results were classified into four levels based on S and
P (Guo et al,, 2014): significantly improved (S = 0 and P < 0.05), not
significantly improved (S = 0 and P = 0.05), not significantly
deteriorated (S < 0 and P > 0.05), and significantly deteriorated
(S<0and P < 0.05).

3.3.2 Transition matrix
In a transition matrix, the transition probability of the area
between image pixels acts as an element, and the matrix model is:

Pll Pln

Pnl Pnn

where each element, expressed as Py, is a transition probability
of vegetation cover type i developing into type j. With Py, it is non-
negative, and the sum of each line of elements amounts to one.

While quantifying the mutual transformation between
vegetation cover types, the transition matrix can also reveal their
transition probabilities to more accurately capture the
spatiotemporal variation of vegetation cover (Zhou et al., 2010).
By calculating the confusion matrix of vegetation cover types in the
Yellow River Basin in 2000 and 2022, we developed the FVC
transition matrix that reflects the quantitative relationship of the
mutual transformations between vegetation cover types.

3.3.3 Center migration model

Upon measuring the center (or “barycenter”) of all designated
vegetation cover types for different periods, we could spatially
describe how the FVC of each type had changed over time and
would migrate going forward (Zhou, 2020). The barycentric
coordinates and migration distance of vegetation plaques for the
year t are expressed as:

X, - E,"'=1(Cti X X;)

2 G

Y. = 2?:1(Cti xY;)
' i1Cri

D = /AX? + AY?

where X, and Y, are the longitude and latitude of the barycenter
of a certain vegetation cover type’s plaque for the year t; X; and Y;
denote the coordinates of the geometric center of the plaque i in the
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vegetation cover type for the year t, respectively; C, suggests the
area of the plaque i in the vegetation cover type for the year £; n
represents the number of plaques in the vegetation cover type for
the year #; D is migration distance; AX; and AY, imply the longitude
and latitude changes in the barycenter of the vegetation cover type
for the year t.

3.3.4 Partial correlation analysis

Partial correlation analysis observes the extent to which two
variables relate to each other without considering the impact of
other factors. When investigating the extent of the interrelation
between two factors within a model or system containing numerous
factors, with the influence of other elements held constant, the
analytical outcomes are denoted as partial correlation coefficients
(Xu, 2022), as shown below:

Ty = rxzryz

Taye = —F—————
1-r)A-13,)

where ry,.. is the partial correlation coefficient of variables x
and y, with variable z unchanged; r,, represents the correlation
coefficient of variables x and y; r,, indicates the correlation coefficient
of variables x and z; Tyz denotes the correlation coefficient of variables
yand z.

4 Analyses of spatiotemporal
heterogeneity patterns of FVC

4.1 Analysis of temporal change features

4.1.1 Interannual changes in vegetation cover

The statistical analysis of the mean and standard deviation of
the Yellow River Basin’s FVC between 2000 and 2022 is presented
in Figure 4. Compared to the year 2000, the FVC mean had overall
trended upward with slight fluctuations for 23 years. Specifically,
there was a drop between 2000 and 2001, and a surge in the
following two years before a moderate decrease during the 2002-
2005 period; the subsequent years (2006-2011) followed the same
pattern as the previous four years, except for the fact that it
witnessed a slight increase in the FVC mean; from 2012 through
2015, the value increased significantly, followed by a slow drop, with
the lowest level being comparable to the highest for the previous six
years; the 2016-2022 period saw a substantial increase in the FVC
mean after initial recovery four years before, and the value had
remained within a relatively high range with slight fluctuations
over the four years ending in 2022. The minimum and maximum
mean values of FVC were observed in 2001 (0.4831) and 2020
(0.5975), respectively.

4.1.2 Analysis of FVC changes

As is shown in Figure 4, the standard deviation of FVC between
2000 and 2022 ranged from 0.155 to 0.180. The years 2000, 2006,
2015, and 2021 witnessed an FVC mean lower than that for their
previous and following years, and all these time intervals registered
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FIGURE 4
FVC changes in the Yellow River Basin from 2000 to 2022.

the peak value of standard deviation among fluctuations. In
contrast, the FVC mean for 2002, 2007, 2012, and 2018 increased
considerably from their previous years, with the FVC standard
deviation at the trough. The minimum standard deviation, at 0.1561
in 2002, came as the FVC mean experienced its first increase, and
this was the year when FVC was least dispersed, suggesting
vegetation cover was significantly improved between 2001 and
2002. Moreover, the fourth saddle point corresponded to the
maximum standard deviation at 0.1756 in 2015, when FVC was
dispersed to the greatest extent. That indicated progressive
deterioration in vegetation cover since 2012.

Upon simple linear regression and fitting of the FVC mean of
the Yellow River Basin between 2000 and 2022, we found the fitting
slope was at 4.6 x 10> and R at 0.9141, meaning the basin’s FVC
had overall been on an upward trend since 2000. Results from pixel-
by-pixel analysis, displayed in Figure 5, showed that across the basin
area of 795,000 km?, an area of 7,075 km?, or 0.89% of the total, was
significantly improved in terms of vegetation cover; 92.59% of the
basin, amounting to an area of 736,149 km? witnessed insignificant
improvement; the areas that were insignificantly and significantly
deteriorated accounted for 6.45% (or 51,300 km?) and 0.06% (or
476 km?) of the total, respectively.
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FIGURE 5

Significance distribution of changes in the FVC of the Yellow River Basin.
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4.1.3 Changes in FVC types

Changes in different vegetation cover types in the Yellow River
Basin from 2000 to 2022 are shown in Figure 6. The sparsely
vegetated area in the basin shrank, reducing by 72,176 km?
(69.22%). The area of medium-low vegetation cover decreased by
44.12%, or 123,572 km?. Nonetheless, the areas of medium, medium-
high, and high vegetation cover were up by 6.95%, 59.87%, and
127.67%, respectively, accounting for 12,472 km?, 98,881 km?, and
84,395 km?, respectively. As illustrated in Figure 7, the proportion of
different vegetation cover types varied over the years. During the
2000-2004 and 2006-2007 periods, medium-low vegetation cover
was proportionately higher than any other type, while in 2005, 2009,
and 2010, medium vegetation cover prevailed. And the years 2008,
2011, and 2012 were dominated by medium-high vegetation cover.
Over the 23 years, there was a shift in vegetation cover from being
predominantly medium-low to medium-high. The proportion of
sparse and medium-low vegetation cover was highest in 2000, at
13.12% and 35.23%, respectively, and lowest in 2018, at 3.07% and
17.37%, respectively. The percentage of medium vegetation cover was
greatest in 2002, at 31.84%, and smallest in 2000, at 22.87%. The ratio
of medium-high and high vegetation cover to the total was highest in
2020, at 35.21% and 20.35%, respectively, and lowest in 2001, at
20.62% and 7.18%, respectively.

The confusion matrix concerning different vegetation cover
types in the Yellow River Basin from 2000 through 2022 is
presented in Table 1. Up to 70.97% (74,007 km?) of the basin’s
sparsely vegetated area recorded in 2000 was transformed, 69.76%
of which was turned into areas with medium-low and medium
vegetation cover in 2022, and 1.21% into the area with medium-
high and high vegetation cover. In 2022, an area of 1,831 km? was
reduced to be sparsely vegetated, accounting for 5.7% of the total
area with sparse vegetation cover. That suggested since 2000, a shift
in vegetation cover from medium-low, medium, medium-high, and
high to sparse had been barely seen. As for medium-low vegetation
cover, an area of 193,224 km> was changed starting from 2000, of
which 99.24% of the transformed area became greener, with 62.10%
and 34.44% for areas with medium and medium-high vegetation
cover, respectively. An area of 69,652 km? developed into the

10.3389/fevo.2023.1261210

medium-low vegetation cover type in 2022, 92.17% of which was
changed from the sparsely vegetated area in 2000. An area of
123,876 km” with medium vegetation cover was changed starting
from 2000, with 92.17% becoming the greener type. In 2022, an area
of 136,348 km® was covered by medium vegetation, 88.01% of
which came from medium-low vegetation cover of the year 2000.

An area of 72,369 km”> with medium-high vegetation cover in
2000 was transformed, with 88.54% of the area turned into the high
vegetation cover type, 11.46% into less vegetated areas, and 56.18%
of the area covered by medium-high vegetation staying unchanged.
In 2022, medium-high vegetation cover expanded by an area of
171,250 km?, with most turned from areas with medium-low and
medium vegetation cover in 2000, accounting for 38.86% and
57.85% of the newly added area, respectively.

A total area of 4,505 km? covered by high vegetation in 2000
was mostly changed into areas with medium-high and medium (or
sparser) vegetation cover, taking up 99.11% and 0.89% of the turned
area, respectively. In 2022, a mere 27.92% of the high vegetation
cover area was changed from areas with sparse, medium-low, and
medium vegetation cover recognized in 2000. Throughout the 23
years, most areas with sparse, medium-low, medium, and medium-
high vegetation cover had all been transformed, most witnessing
significant improvement. The area with high vegetation cover in
2000 remained largely unchanged.

4.2 Analysis of spatial change features

4.2.1 Migration of FVC barycenter

Under a transfer model, we calculated the barycentric
coordinates of each vegetation cover type for the period 2000-
2022. A diagram showing how the barycenter of each vegetation
cover type in the Yellow River Basin migrated was generated based
on these coordinates, as shown in Figure 8. Calculation results for
2022 suggested that the areas covered by sparse and medium-low
vegetation were mainly in the northwest, while the areas with
medium vegetation cover were primarily in the central region.
The areas with medium-high and high vegetation cover were

300,000
250,000 ,,%}\: A
— W ‘7"‘5:‘73‘“—/ " ;@(}-ﬁa@;@{& ?7:»/«”\7%%
&> 200,000 - - ) S —o
g o o—0—4
~
S 150,000
ot
< 100,000
50,000
0
QN N O O X Hh OB AT OO NN VNIV DD X H OOANAN DO NN O
N N N M LN N A N R N I N A I N T o S S O A S T R\ S L AR
O A S R A N RO
s SPATSE g Mid-Low e Medium Mid-High High
over Cover ) Cover Cover Cover

FIGURE 6

Changes in all vegetation cover types in the Yellow River Basin between 2000 and 2022.
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Proportions of all vegetation cover types in the Yellow River Basin between 2000 and 2022.
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mostly found in the southeast, indicating that vegetation cover in
the basin gradually improved from the northwest to the southeast.
The barycenter of areas in all vegetation cover types migrated in a
wave-like manner between 2000 and 2022. To be specific, the
barycenter of the sparsely vegetated areas moved from 38°38’
41.1252"N, 106°43'39.2772"E to 38°50'50.2404"N, 106°8’
47.7708"E, with a migration distance of 68.4912 km; that of the
areas with medium-low vegetation cover migrated from 37°29’
34.9728"N, 107°20"31.9200"E to 38°4'29.8380"N, 106°12'55.3032"
E, with a migration distance of 141.1781 km; that of the areas
covered by medium vegetation from 36°17'32.8092"N, 107°22’
53.4144"E to 37°7'27.0804"N, 106°51'25.6032"E, with a migration

distance of 109.4555 km; that of the areas with medium-high
vegetation cover from 35°19'31.0800”N, 105°52'33.2616"E to 36°
7'4.3968"N, 107°14'44.0520"E, with a migration distance of
176.1593 km; that of the areas with high vegetation cover from
34°53'47.3388"N, 106°50'46.1328"E to 35°24'26.8560"N, 107°25’
50.3832"E, with a migration distance of 86.4258 km. The distance
that the barycenter of the sparsely vegetated areas migrated was the
shortest, followed by that of areas with high, medium, medium-low,
and medium-high vegetation cover. That justified the fact that
throughout the 2000-2022 period, the mutual transformation of
vegetation cover types in the Yellow River Basin was dominated by
the shift of vegetation cover from medium-low to medium-high.

TABLE 1 Transition matrix on vegetation cover in the Yellow River Basin in 2000 and 2022.

2022
Sparse Covezr/ Me((‘J:lg\rlr;-rI/_ow Medium Covgr/ Me%lér\grvlgh High Coverz/
10,000 km 10,000 km? 10,000 km 10,000 km2 10,000 km
S?S rgg OC ;:()vmezr/ 3.0271 6.4196 0.8552
Percentage/% 3.81% 8.07% 1.08% 0.15% 0.01%
Medium-Low
Cover/ 0.1471 8.6842 11.9999 6.6545 0.5209
10,000 km?
Percentage/% 0.19% 10.92% 15.09% 8.37% 0.66%
Medium Cover/

2 0.0318 0.4961 55521 9.9062 1.9535
Percentage/% 0.04% 0.62% 6.98% 12.46% 2.46%
Medium-High

Cover/ 0.0042 0.0492 0.776 9.2788 6.4075
10,000 km?
Percentage/% 0.01% 0.06% 0.98% 11.67% 8.06%
High Cover/
10.000 km? 0 0.0003 0.0037 0.4465 6.1597
Percentage/% 0.00% 0.00% 0.00% 0.56% 7.75%
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FIGURE 8
Migration of the barycenter of all vegetation cover types in the Yellow River Basin.

4.2.2 FVC changes in different vegetation
cover types

Based on GlobeLand30 datasets, we examined the data on
vegetation cover types in 2000, 2010, and 2020 and quantified
changes in land areas and their corresponding vegetation cover
types, as presented in Figure 9. The Yellow River Basin was mostly
covered by grassland, whose area was 387,229 km?, 379,838 km?, and

366,101 km? in 2000, 2010, and 2020, respectively, accounting for
48.71%, 47.78%, 46.05% of the basin, respectively. Coming next was
arable land, the area of which reached 247,366 km?, 243,442 km?, and
241,537 km? in the three years as mentioned above, respectively, taking
up 31.12%, 30.62%, and 30.38% of the basin, respectively. What
followed was forest, and its area in 2000, 2010, and 2020 was 90,642
km?, 97,826 km?, and 99,666 km?, respectively, occupying 11.40%,

FIGURE 9

Overlay analysis of areas of land and vegetation cover types in the Yellow River Basin in 2000, 2010 and 2020.

Frontiers in Ecology and Evolution

09

frontiersin.org


https://doi.org/10.3389/fevo.2023.1261210
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Wang et al.

12.31%, and 12.54% of the basin. Evidently, the areas of grassland,
arable land, and bare land shrank progressively, with a decrease of
21,128 km?, 5,829 km?, and 3,329 km?, respectively. On the contrary,
the areas of artificial land, forest, shrubland, water, glacier, and snow, as
well as wetland, increased by 14,905 km?, 9,024 km?, 2,966 km?, 1,349
km?, 1,292 km? and 75 km?, respectively. Data on the tundra for 2000,
2010, and 2020 were not included.

In terms of vegetation cover, the arable land was mostly covered
by medium-low vegetation that occupied a space of 105,941 km? in
2000, followed by medium vegetation that took up 91,129 km? in
2010, medium and medium-high vegetation cover prevailed,
extending to 111,192 km? and 83,176 km?, respectively; in 2020,
medium and medium-high vegetation cover remained predominant,
with an area of 68,190 km? and 129,219 km?, respectively. In 2000,
forests were largely covered by high and medium-high vegetation,
occupying an area of 40,796 km? and 33,107 km®, respectively; high
and medium-high vegetation cover remained dominant in 2010,
which spread out 63,199 km* and 29,069 km?, respectively; but in
2020, high vegetation cover dominated, with an area of 80,084 km?,
whereas the area of medium-high vegetation cover shrank to 17,399
km?. In 2000, grassland was mostly medium-low vegetation cover
that occupied an area of 154,707 km?, with the areas of medium and
medium-high vegetation cover standing at 64,575 km? and 87,349
km?, respectively; the year 2010 was still dominated by medium-low
vegetation cover, which spanned 129,715 km?, and medium and
medium-high vegetation cover filled an area of 92,635 km* and
97,025 km?, respectively; the year 2020 was marked by medium-high
vegetation cover that occupied an area of 118,596 km?, with the areas
of medium-low and medium vegetation cover standing at 96,223 km®
and 89,468 km?, respectively. As for shrubland, it was mostly covered
by medium-low vegetation in 2000, which spanned across 2,489 km?;
in 2010, medium vegetation cover dominated with an area of 1,802
km?; the same pattern was true for 2020, except that its area increased
to 3,074 km>2 When it comes to wetland, it was defined by medium-
high vegetation cover in 2000, which spread out 3,353 km? in 2010,
high and medium-high vegetation cover dominated with an area of
3,547 km? and 2,158 km?, respectively; in 2020, the dominating types
remained medium-high and high vegetation, which occupied an area
of 3,709 km? and 2,457 km?. On artificial land, it was largely marked
by medium vegetation cover in 2000 that extended for 6,767 km? in
2010, medium vegetation cover still prevailed, with an area of 7,237
km?; the same was true for the year 2020, except that the area of
medium vegetation cover expanded greatly to 12,406 km®. Bare land
was sparsely vegetated with an area of 31,151 km” in 2000, and was
defined by sparse and medium-low vegetation cover by 2010, which
took up 19,991 km? and 12,899 km?, respectively; in 2020, medium-
low vegetation cover became predominant, with an area of 18,375
km?. There was a lack of data on waterbodies, glaciers, and firn since
no vegetation cover was found in them.

5 Analysis of driving forces behind
FVC changes

Vegetation cover changes are closely related to various factors,
including climate, topography, soil, and human activity. Beyond
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researching data on the FVC of the Yellow River Basin between
2000 and 2022, we examined FVC changes and investigated how
they had been correlated to data on their corresponding climatic
factors (such as temperature, precipitation, and potential
evapotranspiration), topographic factors (including elevation,
slope, aspect, and topographic relief amplitude), edaphic factors,
and anthropogenic factors (such as data on water and soil
conservation area and ecological engineering). By identifying the
main driving forces behind vegetation cover changes in the basin,
we elucidated the impact of these changes on soil erosion.

5.1 Correlations with climate, topography,
soil, and other natural factors

5.1.1 Correlation with climate

Climatic factor data and calculated FVC results concerning the
Yellow River Basin between 2000 and 2020 underwent time-series
and spatial overlay analyses. The results of the time-series analysis
are presented in Figure 10. The correlation coefficient between the
basin’s FVC and average temperature was 0.1580, while the
coefficients between FVC and highest and lowest temperatures
were 0.2233 and 0.3169, respectively. Considering that change in
average temperature is influenced by both the highest and lowest
temperatures, these coefficients can more accurately exhibit how
temperatures changed over the 21 years. As such, the relationship
between average temperature and FVC changes was investigated in
our study. The average temperature between 2000 and 2008 was
largely affected by the highest temperature, which resulted in two
peaks and corresponded with a lower FVC compared to adjacent
years. Overall, the average temperature was declining, yet FVC was
rising. From 2008 through 2016, changes in the highest and lowest
temperatures were consistent, and the change in FVC was
comparable to that in average temperature. Notably, the average
and lowest temperatures, together with FVC, stayed at relatively
high levels in 2010, 2013, and 2016. In the 2016-2020 period, the
highest temperature increased before decreasing, while the lowest
temperature fluctuated upward. Changes in the average and lowest
temperatures, as well as in FVC, were largely consistent. Prior to
2008, the correlation between changes in temperature and FVC was
negative, whereas the shifting FVC was greatly impacted by
temperature changes after 2008. The basin’s FVC was strongly
correlated with average precipitation, with the correlation
coefficient at 0.5378. Changes in FVC and average precipitation
diverged starting from 2000 before turning consistent in the 2000-
2002 period. The correlation coefficient between the basin’s FVC
and potential evapotranspiration stood at —0.1412. This was largely
attributed to the fact that between 2009 and 2018, there was no
obvious correlation between FVC changes and average potential
evapotranspiration, while a negative correlation was observed
during the remaining time periods.

Results of spatial overlay analysis were generated upon the
calculation of correlation coefficients between FVC and data on
temperature, precipitation, and potential evapotranspiration,
respectively, as shown in Figure 11. On the FVC-temperature
correlation, the significant positive correlation region, with a total
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FIGURE 10

Relationships between FVC and climatic factors in the Yellow River
Basin between 2000 and 2020. (A) Average temperature; (B) The
highest temperature; (C) The lowest temperature; (D) Average
precipitation; (E) Average potential evapotranspiration.

area of 55,474 km? was concentrated in the upper and northern
middle reaches of the Yellow River Basin, including the Daxia River,
Taohe River, Ulansu Lake, Kundulun River, Dahei River, and
Hunhe River; the significant negative correlation region, spanning
across 679 km?, is mainly located in the south of the basin, such as
the Weihe River and Yiluo River. With regard to FVC’s correlation
with precipitation and potential evapotranspiration, the significant
positive correlation region was at the source of the Yellow River and
in the central and southern regions of the Yellow River Basin,
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including Kari Qu River, Duo Qu River, Qushian River, Heihe
River, Huangshui River, Lanyi River, Yiluo River, and covered a
total area of 1,183 km?; the significant negative correlation region,
with an area of 828 km?, was located in the middle-lower reaches of
the Yellow River, such as the Qinhe River, Fenhe River, Sushui
River, Jindi River, and Dawen River.

5.1.2 Correlation with topography

A spatial overlay analysis of data on FVC changes in the Yellow
River Basin between 2000 and 2022 and on topographic factors,
which included elevation, slope, aspect, and topographic relief
amplitude, was conducted, with results illustrated in Figure 12.
Depending on elevation, we categorized landforms (Lu, 2002) into
plains (<200 m), hills (200~500 m), low-altitude mountains
(500~1000 m), medium-altitude mountains (1000~3500 m), high-
altitude mountains (3500~5000 m), and extremely high-altitude
mountains (>5000 m), and obtained corresponding data. If divided
in terms of slope (Liu, 2013), data on flat ground (<3°), flat slope (3°
~7°), gentle slope (7°~15°), mild slope (15°~25°), and steep slope
(>25°) were generated. Upon calculation, aspect data were
azimuthally categorized (Cheng et al., 2022): northward (>337.5°
or <22.5°), northeastward (22.5°~67.5°), eastward (67.5°~112.5°),
southeastward (112.5°~157.5°), southward (157.5°~202.5°),
southwestward (202.5°~247.5°), westward (247.5°~292.5°),
northwestward (292.5°~337.5°). According to topographic relief
amplitude, landforms were divided into areas of flat relief (<30),
areas of gentle relief (30~150), areas of moderate relief (150~300),
mountains (a relief amplitude of 300~600), and high mountains (a
relief amplitude of more than 600) (Li et al., 2006). Results showed
that among changes in topographic factors, areas with a non-
apparent FVC change accounted for most of the basin, and
besides them, areas with a significant FVC increase and an
extremely significant increase were far larger than those with a
significant decrease and an extremely significant decrease.

On landforms, a total area of 84,519 km? experienced FVC
changes. To be specific, the areas of plains with a decrease and
increase in FVC were 83 km” and 681 km?, respectively; the area of
hills with a decrease in FVC was 33 km?, and that with an FVC
increase 1,735 km?; areas of low-altitude mountains with a fall and
rise in FVC stood at 15 km? and 15,980 km?, respectively,
suggesting no extremely significant decrease; the area of medium-
altitude mountains with a rise in FVC represented 68 km” and that
with an FVC increase reached 65,757 km?; areas of high-altitude
mountains with a decrease and increase in FVC were 6 km” and
158 km?, respectively, indicating no extremely significant decrease;
the area of extremely high-altitude mountains with an FVC increase
stood at 3 km?, with no decrease in FVC shown.

In terms of slope, a total area of 84,475 km? witnessed variation
in FVC. Specifically, the area of flat ground with an FVC decrease
was 70 km? and that with an FVC increase was 7,400 km?; areas of
flat slopes with a fall and rise in FVC were 84 km? and 16,380 km?,
respectively; the area of gentle slopes with a falling FVC represented
39 km?, and that with a rising FVC stood at 27,842 km?; areas of
mild slopes with a decrease and increase in FVC were 9 km? and
23,730 km?, respectively, showing no extremely significant decrease;
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Spatial correlations between FVC and factors of temperature, precipitation, and potential evapotranspiration in the Yellow River Basin. (A) Temperature;

(B) Precipitation; (C) Potential evapotranspiration.

the area of steep slopes with a dropping FVC spanned 4 km?, while
that with a rising FVC reached 8,917 km?, with no extremely
significant decrease presented.

In terms of aspect, a total area of 84,521 km? saw a change in
FVC. Precisely, an area of 37 km? in northward slope areas
experienced a decrease in FVC, while an area of 9,354 km? saw
an FVC increase; areas of northeastward slopes with a fall and rise
in FVC stood at 23 km? and 10,513 km?, respectively; the area of
eastward slopes with an FVC decrease was 26 km?, while that with a
rising FVC represented 12,336 km? areas of southeastern slopes
with a fall and rise in FVC were 21 km? and 9,618 km?, respectively;
an area of 25 km? in southward slopes saw a decrease in FVC and an
area of 9,622 km?> posted an increase; areas of southwestward slopes
with a decrease and increase in FVC were 23 km? and 11,344 km?,
respectively; the area of westward slopes with an FVC decrease
shrank by 24 km? and that with an FVC increase was up by
12,230 km?; areas of northwestward slopes with a fall and rise in
FVC stood at 24 km? and 9,301 km?. The area of all the above slopes
with an extremely significant decrease in FVC was less than 1 km”.

In terms of topographic relief amplitude, a total area of
84,520 km* experienced a change in FVC. To be exact, the area of
flat relief with a falling FVC was 193 km” and that with a rising FVC
23,333 km?; areas of gentle relief with a decrease and increase in
FVC stood at 13 km? and 60,948 km?, respectively, showing no
extremely significant decrease; the area of moderate relief with an

Frontiers in Ecology and Evolution

12

FVC increase reached 33 km?, with no area showing a dropping
FVGC; change in vegetation cover in mountainous regions was barely
seen, while high mountains were not included in our research.

5.1.3 Correlation with soil

In the Yellow River Basin, there are 13 soil orders (water bodies
and glaciers are combined into one order), with 45 classes and 91
subclasses. For ease of statistical analysis, the data were reclassified
by soil orders. Spatial overlay analysis was conducted on data on
FVC changes and edaphic factors between 2000 and 2022, as
shown in Figure 13. Within each soil type, a considerable
proportion of the area displayed negligible FVC changes, totaling
84,049 km?>. Apart from these areas, the significant and extremely
significant increases in FVC were both greater in area than the
significant and extremely significant decreases. Among all soil
types, the most significant changes were found in entisols.
Among these soil types, the area of alfisols with an FVC decrease
stood at 5 km?, and that with an FVC increase reached 218 km?,
showing no extremely significant decrease in vegetation cover; in
semi-alfisols, the area with a falling FVC represented 14 km* and
that of a rising FVC 6,815 km?, suggesting there was no extremely
significant decrease in FVC; areas of pedocals with a decrease and
increase in FVC were 3 km? and 8,674 km?, respectively, indicating
no extremely significant decrease in FVC; an decrease in FVC was
found in an area of 1 km? of xerosols, while the area of xerosols
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Vegetation cover changes relating to topographic factors in the Yellow River Basin. (A) Landforms (left: increase; right: decrease); (B) Types of slope
(left: increase; right: decrease); (C) Types of aspect (left: increase; right: decrease); (D) Topographic relief amplitude (left: increase; right: decrease).
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with an FVC increase reached 1,548 km?, registering no extremely
significant decrease in FVC; the area of aridisols with an increase in
FVC was 84 km?, with no decrease in FVC found in the soil type;
areas of entisols with a fall and rise in FVC stood at 43 km? and
62,579 km?, respectively, which, collectively, were larger than areas
of other soil types in terms of FVC changes; the area of semi-
hydromorphic soils with a falling FVC represented 33 km* and that
with a rising FVC 2,403 km? a decrease in FVC was found in an
area of 5 km” of hydromorphic soils, while an increase in FVC was

Frontiers in Ecology and Evolution 13

observed in an area of 89 km?, indicating no extremely significant
decrease in vegetation cover; areas of saline-alkali soils with a
declining and rising FVC were 42 km? and 896 km?, respectively;
an area of 8 km? of anthrosols saw a fall in FVC, while an area of
434 km? of the soil type witnessed an FVC rise; areas of alpine soils
with a decrease and increase in FVC represented 5 km* and
150 km?, respectively, showing no extremely significant drop in
FVC. The areas of urban regions, waterbodies, glaciers, and snow
cover were not calculated.
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5.2 Correlation with human activity

For the past two decades, China has bolstered its efforts to
implement a host of sustainable development policies, including
policies on the returning of cropland to forests, protection of
natural forests, creation of eco-security barriers, and industrial
restructuring, resulting in a significant impact on FVC changes in
the Loess Plateau region. Moreover, the Chinese government has
since 2000 sealed the areas returned from cropland, pursued
afforestation, and prohibited grazing (Jiang, 2018; Jiang, 2019;
Liu, 2020), a key to accelerating vegetation restoration and
increasing the area and extent of vegetation cover. This study
collected statistical data on comprehensive soil and water
conservation measures in various provincial-level administrative
regions across the Yellow River Basin between 2002 and 2006, as
shown in Table 2. The comprehensive conservation area exceeded
14,000 km? in 2003, the highest in the five years, followed by 2002,
2004, 2005, and 2006. Among the various conservation measures,
the agricultural conservation area, grass planting area, and the
number of small-scale water conservancy projects were the
highest in 2002, while the integrated conservation area of forests
for soil and water conservation and the number of silt dams were
the highest in 2003. The sealed area for conservation was the highest
in 2006. Among the provincial-level administrative regions, such
provinces as Shaanxi and Shanxi, located in the Loess Plateau
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region, made greater soil and water conservation efforts. As we
observed changes in the FVC mean in the Yellow River Basin, it
could be seen that the FVC mean was annually increasing in the
2002-2004 and 2005-2007 periods and that the FVC mean for 2002
had been a leap forward from the previous year. As such, the
implementation of various measures for biological control and soil
and water conservation contributes not just to an increase in the
FVC of the Loess Plateau, but also to the improvement of vegetation
cover in this region.

5.3 Analysis of the impact of FVC changes
on suspended sediment
concentration (SSC)

Vegetation plays a pivotal role in soil conservation and water
retention, making it an essential component of comprehensive soil
erosion management (Shen et al, 2020). By regulating soil water
distribution and surface runoff, vegetation significantly impacts
various aspects of the soil water balance, with implications for
runoff generation and sediment transport processes within
watersheds (Wang, 2017). As is shown in Tables 3, 4 and
Figures 14, 15, considering the mean runoff and data on its
interannual variation of important hydrological stations along the
Yellow River mainstem from 2015 to 2021, it was illustrated that the
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TABLE 2 Comprehensive soil and water conservation measures by provincial-level administrative regions in the Yellow River Basin between 2002

and 2006.
Forests for Number of
. . : Sealed Area
Comprehensive Basic Soil and Grass Small-Scale
. . : for Number of
Region Conservation Area Cropland Water Planting . Water :
2 2 . 2 Conservation Silt Dams
(km<) (hm") Conservation (hm") 2 Conservancy
2 (hm*) .
(hm°) Projects
2002 13203.96 213211.45 840061.44 267122.76 223557.95 74287 5617
Qinghai 126.20 5961.80 5640.30 1018.20 6086.80 352 14
Gansu 2422.62 78455.87 122758.50 41047.53 11723.00 18455 48
Ningxia 1351.12 24862.35 74796.78 35452.77 26772.53 7342 39
Inner
) 1992.88 16090.57 135796.53 47400.66 100220.72 613 750
Mongolia
Shaanxi 4002.80 36770.00 248660.00 114850.00 64110.00 28702 3096
Shanxi 2683.88 34652.77 207055.20 26679.60 6250.00 8422 1504
Henan 384.92 10100.40 28028.03 364.00 5116.00 8291 104
Shandong 239.54 6317.70 17326.10 310.00 3278.90 2110 62
2003 14324.44 172221.77 1016335.59 243886.21 162655.23 61234 58019
Qinghai 139.25 1321.70 9135.00 3468.70 5919.00 581 1376
Gansu 2374.35 73152.13 125902.93 38379.80 12584.00 30180 6600
Ningxia 1359.89 23076.42 79961.25 32951.05 17755.60 4036 14682
Inner
) 1627.29 8147.60 112055.66 42525.69 53924.20 1855 7152
Mongolia
Shaanxi 545621 29661.18 416809.89 99149.80 48646.53 11378 16473
Shanxi 2568.09 22450.77 207554.52 26803.47 18029.50 7611 8468
Henan 570.24 7062.20 49413.80 548.00 3001.40 4027 2407
Shandong 229.12 7349.77 15502.53 59.70 2795.00 1566 861
2004 12707.39 159988.47 730957.93 229909.91 149882.87 32401 1527
Qinghai 126.06 291.30 6531.84 684.63 5098.00 326 65
Gansu 2621.99 66390.70 114262.30 59463.83 22082.11 12043 186
Ningxia 1393.19 17989.13 78305.77 25268.29 17756.10 3852 139
Inner
) 1886.10 9353.99 111434.53 39811.97 28009.63 1006 34
Mongolia
Shaanxi 3379.22 33957.53 187530.62 88490.18 27943.33 7269 428
Shanxi 2690.14 17969.12 196690.17 15761.01 38594.00 3840 556
Henan 394.38 8390.60 23232.60 240.00 7574.70 2923 83
Shandong 21631 5646.10 12970.10 190.00 2825.00 1142 36
2005 12689.23 172867.22 673302.64 242777.47 179976.08 42047 3840
Qinghai 239.70 114.00 9094.00 5436.00 9326.00 201 36
Gansu 2251.65 54831.37 96010.23 47710.40 26613.39 13733 150
Ningxia 1087.25 33425.61 37770.71 31414.10 6114.42 6123 74
Inner
) 2412.34 6934.92 142497.01 50710.50 41091.17 1105 248
Mongolia
Shaanxi 3427.07 41924.60 161819.65 92231.03 46731.30 11719 1128
(Continued)
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TABLE 2 Continued

10.3389/fevo.2023.1261210

Forests for Number of
. . : Sealed Area
Comprehensive Basic Soil and Grass Small-Scale
. . . for Number of
Region Conservation Area Cropland Water Planting . Water .
2 2 . 2 Conservation Silt Dams
(km<) (hm") Conservation (hm?) 2 Conservancy
2 (hm°) .
(hm<) Projects

Shanxi 2619.68 19277.15 188572.84 14817.44 39300.90 3610 2104
Henan 402.37 8909.60 23850.40 207.00 7270.00 3146 100
Shandong 249.18 7449.96 13687.80 251.00 3528.90 2410

2006 12380.18 140820.96 613294.71 220594.00 263308.11 38552 858
Qinghai 252.26 89.80 4697.12 0.00 20438.97 141 20

Gansu 1584.71 39761.71 66214.23 29519.07 22975.79 2690 4
Ningxia 1649.15 24611.70 42775.92 34892.37 62634.96 4194 241

Inner

) 2202.41 9043.80 133561.87 33418.82 4421652 11749 204

Mongolia

Shaanxi 3427.18 37781.33 145472.48 102253.00 57210.80 14500 343
Shanxi 2675.51 19200.52 187379.54 20097.84 40873.07 1485

Henan 353.49 7121.80 19458.60 362.90 8406.00 2361 40
Shandong 235.48 3210.30 13734.95 50.00 6552.00 1432 6

FVC of the Yellow River Basin remained largely unchanged
between 2015 and 2017, with runoff data at each station staying
consistent and only a slight SSC increase. From 2017 through 2021,
however, an FVC surge led to a noticeable increase in runoff at each
station from the previous time period, all of which surpassed long-
time mean runoff, with SSC on a downward trend. For the 2015-
2021 period, the basin experienced a significant increase in FVC
compared to the pre-2012 era, making SSC below the long-time
average value except for upper reaches. The FVC increase has
substantially benefited water diversion and sediment reduction in
the basin.

6 Conclusions

The conclusions of this paper are as follows:

(1) With MODIS-NDVTI from 2000 to 2022 as the data source,
the FVC data of the Yellow River Basin was inverted and
calculated. Over this period, there was an overall upward
trend in the average FVC, indicating a significant
improvement in vegetation growth. When comparing the
FVC differences between 2000 and 2022, we observed that
over 97% of the area had seen significant vegetation

TABLE 3 Statistical table on annual runoff of hydrologic monitoring stations along the Yellow River mainstem between 2015 and 2021.

Control Catchment

Annual Runoff (100 million m®)

Long-Time Average

Station Area
(10,000 km?) 2016 2017 2018 2019 2020 1950-2020

Tangnaihai 12.20 151.60 | 13640  186.10 29150 = 31030 | 321.60 | 222.90 204.00
Lanzhou 22.26 26720 | 23560 | 25550  441.80 | 477.30 | 50450 | 353.10 314.40
Shizuishan 3091 213.00  180.50 = 20340  401.80 | 42820 | 450.10 | 298.10 276.70
Toudaoguai 36.79 14200 | 11310 | 12790 = 32490  353.00 | 369.80 | 222.10 216.60
Longmen 49.76 15520 | 139.60 = 14670 = 34120 = 380.00 | 37670 | 237.20 258.70
Tongguan 68.22 197.20 | 16500 = 197.70 = 41460 = 41560 | 469.60 | 395.10 33530
Sanmenxia 68.84 18130 | 15500 = 19190 = 38720 = 409.20 | 480.90 | 403.30 33450
Xiaolangdi 69.42 23660 16240 | 190.00 43130 | 459.20 | 473.20 | 421.20 338.60
Huayuankou 73.00 247.60 17880 | 193.50 = 448.00 | 457.60 | 487.10 | 509.70 369.80
Gaocun 7341 22430 | 15470 | 167.00  410.10 | 407.80 | 450.80 | 483.40 330.60
Aishan 7491 19650 | 13350 | 41220 = 37630 = 369.50 | 419.90 | 480.40 327.80
Lijin 75.19 133.60 = 81.88 8958  333.80 31220 | 359.60 | 441.10 288.60
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TABLE 4 Statistical table on annual average SSC of hydrologic monitoring stations along the Yellow River mainstem between 2015 and 2021.

3 .
_ Control Catchment Annual Average SSC (kg/m”) Long-Time Average
Station Area
(10,000 km?) 2015 2016 2017 2018 2019 2020 2021 1956-2020
Tangnaihai 12.20 0.24 031 039 0.72 055 0.59 043 0.59
Lanzhou 22.26 035 0.65 035 2.17 0.44 030 0.16 1.94
Shizuishan 30.91 145 1.32 1.46 3.43 2.09 1.79 L12 3.80
Toudaoguai 36.79 141 1.44 147 3.07 4.08 3.81 2.08 455
Longmen 49.76 332 8.52 7.29 9.54 3.29 534 322 24.50
Tongguan 68.22 2.79 6.55 6.58 9.01 4.04 5.11 4.33 27.50
Sanmenxia 68.84 2.82 7.16 5.94 12.60 6.84 7.15 6.55 27.60
Xiaolangdi 69.42 0.00 0.00 0.01 1080 | 11.87 6.93 1.86 24.90
Huayuankou 73.00 0.52 034 0.30 7.68 717 6.65 347 21.40
Gaocun 7341 1.86 114 L12 7.68 8.09 8.90 5.54 21.50
Aishan 7491 272 1.46 147 8.42 8.58 8.86 5.56 20.90
Lijin 75.19 235 1.29 0.86 8.89 8.68 8.73 5.51 22.10
improvement. In this way, the region’s previously dominant temperature in some areas of the upper and middle reaches,
medium and lower vegetation cover has gradually been while there is a certain correlation between precipitation
replaced by medium and higher vegetation cover types. and potential evapotranspiration in some areas of the
(2) From the analysis of the vegetation cover transition matrix central and southern regions. Since 2000, there has been a
and center migration in the Yellow River Basin in 2000 and significant improvement in vegetation cover in areas with
2022, it can be found that the transfer area from lower moderate terrain and geomorphic types, with the most
vegetation cover to higher vegetation cover is relatively significant improvement in vegetation cover with primary
large, reflecting the trend of gradually improving vegetation soil types (entisols). The implementation of national
cover. The center of gravity of medium-high and above policies and soil and water conservation measures,
vegetation cover types gradually shifts from the upper especially the various soil and water conservation control
reaches of the Yellow River to its middle and lower reaches. measures implemented in early 2000, plays an important
(3) We analyzed the relationship between the spatiotemporal role in improving vegetation cover in the Yellow
changes in vegetation cover in the Yellow River Basin and River Basin.
such factors as temperature, precipitation, terrain, soil, and (4) We explored the impact of vegetation cover changes on the
human activity. The vegetation cover changes in the Yellow variation in runoff and SSC in the Yellow River Basin and
River Basin from 2000 to 2022 are highly correlated with demonstrated that improving vegetation cover plays an
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FIGURE 14
Statistical diagram on annual runoff of hydrologic monitoring stations along the Yellow River mainstem between 2015 and 2021.

Frontiers in Ecology and Evolution 17 frontiersin.org


https://doi.org/10.3389/fevo.2023.1261210
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Wang et al.

Area(kg/m?)

Tangnaihai  Lanzhou

2015 2016 2017

FIGURE 15

10.3389/fevo.2023.1261210

AR ARRAR

Shizuishan Toudaoguai Longmen Tongguan Sanmenxia Xiaolangdi Huayuankou Gaocun

Mean form

2018 mm—2019 m—2020 W 202] s 505

Statistical diagram on annual average SSC of hydrologic monitoring stations along the Yellow River mainstem between 2015 and 2021.

important role in regulating runoff and reducing SSC in the
Yellow River Basin.

7 Significance and prospect

This study explores the changes in vegetation cover in the
Yellow River Basin from 2000 to 2022, reveals their change
regularity and influencing factors, and has certain significance for
a macro understanding of vegetation dynamics in the Yellow River
Basin, predicting its trends and impacts.

Based on the existing problems in current research, the future
research directions are as follows Going ahead, our research will
focus on the following aspects:

A large majority of data employed in current research on
monitoring large-scale vegetation cover are medium- and low-
resolution remote-sensing imagery, suggesting a lack of diverse
data sources. Given that, spaceborne hyperspectral and radar
images will be integrated with multi-source remote-sensing data
under our follow-up research to monitor the structure, types, and
growth of vegetation upon the inversion of their corresponding
indicators. As the research goes further, the impact of vegetation
changes on the basin’s hydrologic process and runoff will be
revealed. At the same time, changes in vegetation cover and
mechanisms for the basin’s carbon sinks related to soil and water
conservation will also be researched from the perspectives of
ecology and soil and water conservation.
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