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Abstract: The Yellow River Basin is rich in coal resources, but the ecological environment is fragile,
and the ecological degradation of vegetation is exacerbated by the disruption caused by high-intensity
mining activities. Analyzing the dynamic evolution of vegetation in the Henan section of the Yellow
River Basin and its mining areas over the long term run reveals the regional ecological environment
and offers a scientific foundation for the region’s sustainable development. In this study, we obtained
a long time series of Landsat imageries from 1987 to 2023 on the Google Earth Engine (GEE) platform
and utilized geographically weighted regression models, Sen (Theil-Sen median) trend analysis, M-K
(Mann-Kendall) test, coefficient of variation (CV), and the Hurst index to investigate the evolution of
vegetation cover based on the kNDVI (the normalized difference vegetation index). This index is used
to explore the spatial and temporal characteristics of vegetation cover and its future development
trend. Our results showed that (1) The kNDVI value in the Henan section of the Yellow River Basin
exhibited a trend of fluctuating upward at a rate of 0.0509/10a from 1987 to 2023. The kNDVI trend
in the mining areas of the region aligned closely with the overall trend of the Henan section; however,
the annual kKNDVI in each mining area consistently remained lower than that of the Henan section
and displayed a degree of fluctuation, predominantly characterized by medium-high variability,
with areas of moderate and high fluctuations accounting for 73.5% of the total. (2) The kKNDVI in the
study area showed a significant improvement in vegetation cover and its future development trends.
We detected a significant improvement in the KNDVI index in the area; yet, significant improvement
in this index in the future might cause vegetation degradation in 87% of the study area, which may
be closely related to multiple factors such as the intensity of mining at the mine site, anthropogenic
disturbances, and climate change. (3) The vegetation status of the Henan section of the Yellow River
Basin shows a significant positive correlation with distance from mining areas, accounting for 90.9%
of the total, indicating that mining has a strong impact on vegetation cover. This study provides a
scientific basis for vegetation restoration, green development of mineral resources, and sustainable
development in the Henan section of the Yellow River Basin.

Keywords: kernel normalized difference vegetation index (kNDVI); Yellow River Basin; mining areas;
vegetation cover; GEE

1. Introduction

Vegetation plays an important role in maintaining ecological balance, promoting
ecological restoration, and improving human living environments [1,2]. Extensive mining
activities in mining areas have led to large-scale destruction and degradation of vegetation,
thus affecting the local ecological balance and the stability of vegetation cover [3,4]. Henan
Province, located in the middle and lower reaches of the basin, has an important strategic
position, at it provides an important share of grain production in China [5,6]. The Henan
section of the Yellow River Basin, as an important part of the middle and lower reaches of
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the Yellow River, plays a strategic role. It holds an important position not only in terms of
natural resources and economic development but also by being a key area for ecological
protection [7-9]. Excessive coal mining along the river in the Henan section of the Yellow
River Basin not only consumes water resources but also destroys surface vegetation and
soil structure. It also results in land degradation and soil erosion, while surface subsidence,
ground collapse, and cracking induced by extensive coal mining further intensify ecological
vulnerability, leading to environmental degradation [10,11]. Under the influence of climate
change and human activities, the vegetation cover of the Yellow River Basin has been
significantly improved in recent years, but the ecosystem has remained fragile [12,13].
Consequently, the investigation of the spatial and temporal dynamics of vegetation cover
and its influencing factors in the mining regions of the Yellow River Basin holds substantial
theoretical importance and value for the development of scientifically sound ecological
protection initiatives, assessment of ecological security, and advancement of the Yellow
River strategy. The findings of such studies provide useful references for the ecological
protection and restoration in other similar areas.

Vegetation indices can effectively characterize the growth of vegetation. The normal-
ized difference vegetation index (NDVI) is a crucial indicator for monitoring changes in
surface vegetation cover, effectively reflecting the growth status of vegetation [14]. Since
the introduction of the NDV]I, it has received much attention for its stability and has become
one of the most widely used vegetation indices [15]. However, the NDVI can only capture
the differences in the near-infrared as well as in the red band linearly with the parameter of
interest [16]. It has some other shortcomings, most notably the impact of atmospheric noise
and soil background as well as saturation effect. However, there are many optimized vege-
tation indices that still suffer from saturation problems, such as the EVI and SAVI [17-19].
Other indices (e.g., the EVI, NIRV, NDMI, and NBR) also have some applications in moni-
toring vegetation. However, the EVI and NIRV are susceptible to changes in environmental
conditions, which can cause errors [20,21]. The NDMI is mainly used to assess the moisture
status of vegetation, and the NBR is aimed at monitoring the status of vegetation after
fires, and both of them have limited effect in the comprehensive assessment of vegetation
status [22-24]. In order to explain the higher-order relationships between spectral channels,
Camps-Valls [10] proposed the kernel normalized vegetation index (kNDVI), which, unlike
previous improved vegetation indices, applies the theory of the kernel method for the ex-
traction and computation of the NDVI using the principles of machine learning. This study
verified that the KNDVI outperforms the NDVI in many instances. The kNDVI captures all
higher-order discrepancies between the near-infrared and red bands, exhibiting exceptional
performance and greater resilience to saturation, bias, and intricate climatic cycles. It is
appropriate for various research and monitoring applications, demonstrating enhanced
sensitivity to vegetation, accurately capturing vegetation characteristics, and exhibiting
superior performance in monitoring vegetation cover and chlorophyll content, surpassing
other vegetation indices [25-28]. However, the abovementioned studies did not reveal
at what threshold range can the kNDVI outperform the NDVI. Consequently, this study
selected NDVI and kNDVI data to examine their spatial variations in order to determine
the threshold at which the NDVI attains saturation and to identify the advantages of the
kNDVI over the NDVI [29]. Analyzing the spatiotemporal pattern of vegetation dynamics
using multivariate statistical methods based on the kNDVI in the Yellow River Basin from
1982 to 2022 showed a significant increase in vegetation cover [30]. This paper combined
geographically weighted regression methods with trend analysis to better represent the
characteristics of vegetation cover in the study area.

The attributes of vegetation change correspond with the application characteristics
of the geographically weighted regression model, wherein various vegetation types ex-
hibit distinct sensitivities to external disturbances based on their growth conditions and
characteristics [31-33]. This variability results in divergent dynamic characteristics of vege-
tation influenced by disturbances at disparate spatial locations, thereby generating spatial
heterogeneity in vegetation [34-36]. However, the spatial pattern and the correlations
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between the kKNDVI and mine distance, among other local factors, have not been well
studied. Therefore, the relationship between vegetation change and mine distance can be
analyzed by geographically weighted regression method to explore the impact of mining
activities on vegetation condition.

The spatial and temporal changes of the NDVI in the Shanxi section of the Yellow
River Basin and its coal mine area using the NDVI dataset showed an improving trend in
vegetation cover. Moreover, the effect of precipitation on the NDVI was found to be more
significant than that of air temperature [37]. This study, however, did not clarify the specific
mechanism of the influence of the mining disturbance on the vegetation status. The NDVI
data used had also a certain effect on the inversion results of the vegetation changes. The
Hurst exponent, which is an effective method to quantitatively detect the sustainability
of time series data and to predict possible future change trends, has been widely used in
hydrology, meteorology, remote sensing, and other fields [38—40]. Several previous studies
have used the Hurst exponent to analyze future vegetation dynamics [41,42], but, to date,
it has not been exploited for vegetation trend prediction in the Henan section of the Yellow
River Basin.

In this study, a KNDVI dataset was measured on the GEE platform using the Landsat
TM/ETM+/OLI data between 1987-2023 to characterize the spatial and temporal changes
in vegetation cover in the Henan section of the Yellow River Basin and its mining areas. The
spatial and temporal variations of vegetation cover in the Henan section of the Yellow River
Basin and its mining area and their future development trends were analyzed using the
Theil-Sen median slope analysis, the Mann-Kendall (M-K) test, geographically weighted
regression, the Hurst index, and partial correlation analysis. Partial correlation was used to
analyze the correlation between the vegetation characteristics and trends with precipitation
and temperature in the study area and to provide scientific guidance for the ecological
restoration and management of vegetation in the area.

2. Materials and Methods
2.1. Study Area

The Henan section of the Yellow River Basin is located in the middle and lower reaches
of the Yellow River Basin and in the northern part of the central Henan Province. This region
serves as the transitional zone between the second and third tiers of China’s topography,
characterized by a complex and diverse surface morphology, featuring a variety of hills
in the western mountainous terrain and plains in the eastern part of the country, with
the entire area inclined from southwest to northeast. The study area spans from 33°41’
to 36°6' N, and from 110°21’ to 116°6 E. The river runs through eight cities, including
Sanmenxia, Jiyuan, Luoyang, Jiaozuo, Zhengzhou, Xinxiang, Anyang, and part of Puyang,
with a total length of 711 km, an area of about 36,200 km?, accounting for 5.5% of the
total area of the Yellow River Basin [43]. The Henan section of the Yellow River Basin has
a continental monsoon climate. Precipitation is mainly concentrated between May and
September, and the average annual temperature is 13.0~14.5 °C The annual frost-free period
is 210~220 d, the sunshine duration is 2300~2600 h, the annual rainfall is 600~700 mm,
and the rainfall is unevenly distributed within the year. Broadleaf forests are prevalent
in mountainous regions, while crop lands predominate in the east-central area. There are
several mining areas in the Henan section of the Yellow River Basin, including Sanmenxia
City, Luoyang City, and Zhengzhou City, as shown in Figure 1d.



Remote Sens. 2024, 16, 4419

40f24

98°290"E 107°280"E 116°270°E 110°460°E 113°90°E L15520E
f n 1

(@) N
Yellow River Basin A

©

38°0'0"N

x L

38°0'0"N
1

40°2?'0"N
T
40°20'0"N

Henan Section of Yellow River Basin

32°4(IJ'O"N
36°0'0"N

1

T
36°0'0"N

T
32°40'0"N

0 210 420 840 km
ST S Y

T T T

98°29'0"E 107°28'0"E 116°27'0"E

110°42'0"E 113°33'0"E 116°24'0"
! L 1

N

(b) Henan Province

34°0'0"N
1
T
34°0'0"N

35°24'0"N
f
T
35°24'0"N

Elevation(m)
o High:2372
B ovi20

Yellow river

[ nining L

32°0

T
L
32°0'0"N

32°33'0"N
1
32°33'0

0

75 150 300 km

RO AR T o g

Figure 1. Location of the Henan section of the Yellow River Basin: (a) the Yellow River Basin,
(b) Henan Province, (c) topography, and (d) location of mining sites.

2.2. Data Sources and Preprocessing

The experimental data in this paper mainly consist of remote sensing images from
Landsat TM/ETM+/OLI Level 2 surface reflectance (SR) provided by the United States
Geological Survey (USGS). Landsat T1_L2 data for the growing season (June-September)
from 1987-2023 were acquired on the GEE platform (Google Earth Engine) with an image
resolution of 30 m and a temporal resolution of 16 d. Due to the failure of Landsat 7 since
2003, some of the data bands are unavailable. To mitigate the impact of these stripes, they
were substituted with data from closest years. The images with a cloud cover of less than
20% were selected and preprocessed for atmospheric correction, removing the cloud effect,
and then cropped to the boundary of the study area. A total of 4306 Landsat remote sensing
images were acquired in the study area from 1987 to 2023. The satellite image data are
presented in Figure 2a, while the number and specifications of particular Landsat images
are detailed in Table 1. Figure 2b illustrates the percentage of image elements with valid
observations (those free of contamination of clouds, shadows, snow, ice, etc.), indicating
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a higher level of contamination in pixels before 2000 and a more pronounced increase

after 2013.
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Figure 2. Landsat data availability from 1987 to 2023 for the study area, (a) temporal distribution of
Landsat images, and (b) effective observation pixels.

Table 1. Sources of data for the study.

Dataset Available Spatia.l Tempm.'al Data Source
Images Resolution Resolution
United States Geological Survey
Landsat 5 1649 scenes 30m 1987-2011 https:/ /www.usgs.gov/,
accessed on 6 March 2024
fmage United States Geological Survey
Data Landsat 7 1755 scenes 30m 1999-2023 https:/ /www.usgs.gov/,
accessed on 7 March 2024
United States Geological Survey
Landsat 8 902 scenes 30m 2013-2023 https:/ /www.usgs.gov/,

accessed on 8 March 2024

2.3. Research Methods
2.3.1. Kernel Normalized Difference Vegetation Index

The kNDVI is measured via kernel methods for the extraction and calculation of
the NDVI through machine learning principles. It has been reported that the kNDVI is
superior to the NDVI on different levels. The KNDVI effectively captures all higher-order
differences between the near-infrared and red bands, showcasing its superior performance
in addressing the saturation effect and mixed pixel issues [10]. The kKNDVI is a nonlinear
vegetation index with a more complex expression and higher precision. In order to explore
the advantages of the kNDVI, we carried out a year-by-year comparison between kNDVI
and NDVI values. The kNDVI is calculated using the following equation:

k(n,n) —k(n,r)

KNDVI = k(n,n) +k(n,r)

)

where 7 is the reflectance in the near-infrared band; r is the reflectance in the red light band;
k is the kernel function used to calculate the similarity between the two bands:

2
k(a,b) = exp (%) 2
n—r\?
kNDVI:tanh(( " ) ) 3)
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where o is a length-scale parameter controlling the distance between the near-infrared
and red bands, which can be tuned to capture the sensitivity of the KNDVI to vegetation
density. o = 0.5(n + r) allows for a better calculation of each pixel. This expression can
hence be simplified:

KNDVI = mnh(NDVIZ) @)

2.3.2. Trend Analysis

In order to explore the trend in kNDVI time-series data, the trend of each raster
cell was analyzed using the Theil-Sen median trend analysis method. Compared with
linear regression trend analysis using the traditional least squares method, this method is
computationally efficient, insensitive to outliers and measurement errors, can effectively
overcome the effects of missing data in time series and their distribution patterns, and
can effectively obviate the impact of outliers on series analysis [44,45]. The equation is
as follows:

kNDVIj —kNDVI;
) ©

where Bynpyi is the time series trend of the KNDVL; kNDVI; and kNDVI; are the kNDVI
values at the jth and ith moments, respectively. With Bxnpyt > 0, there is an upward trend
in the KNDVI, while negative values indicate a downward trend.

The significance of the changes in the trends was also tested using the Mann-Kendall
(M-K) method, which is also known as the M-K test of significance and is used to test the
significance of the slope of the data in a long time series [46]. Both the M-K test and the
Sen slope estimation method do not require a normal distribution, so the results are less
susceptible to outliers [47]. The statistical tests are as follows:

Bknpvi = Median<

n-1 n
S=1Y Y sgn(kNDVI;—kNDVI) (6)
i=1 j=i+1

1, if kNDVIj —kNDVI; >0
Sgi’l(kNDVIj — kNDVIZ') = 0, lf kNDVI]‘ — kNDVIi =0 (7)
-1, ikaDVIj—kNDVIi:0

where S is the test statistic, sgn is the sign function, n refers to the length of the time series,
and kNDVI; and kNDV; are the jth and ith moments’ values, respectively. When n > 10,
the test statistic S is close to the value of the standard normal test statistic (Z), which can be
used to test the trend as shown below:

S—1 :
Var(S)’ Zf 5>0
Z=20, ifS=0 (8)
S—1 :
Var(S)’ lf 5<0

n(n—1)2n+5)

13 ©)

For a given significance level «, |Z| > Z (1 — o/2) rejects the lack of trend hypothesis.

|Z1 <Z (1 — «/2) proves the hypothesis of having a trend in the time series. In this study,

« = 0.05 or 95% confidence level was defined as the significance level to determine the
significance of the trend.

Var(S) =

2.3.3. Analysis of Spatial Heterogeneity

Geographically weighted regression (GWR) was proposed by Prof. A. Stewart Fother-
ingham, a member of the National Academy of Sciences, in 1996 [48]. GWR is a local linear
regression technique that models spatially varying relationships, yielding a regression
model that delineates local relationships within distinct regions of the study area, thereby
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effectively elucidating local spatial relationships and the spatial heterogeneity of the vari-
ables [49,50]. This model quantifies the spatial distance point by point within a specified
range by utilizing the location of each element. Subsequently, it employs this distance
to derive a continuous decay function, which is then applied to compute the weight of
each element’s value within the local regression equation, culminating in a final weighted
regression equation:

k
y = Bo(pj,v)) + ; Bi(1j,vj) xij + € (10)

where juj and v; are the spatial coordinates of the sampling point j; B; (1, vj) is the intercept
at position j; B; (11, vj) is the local estimation coefficient of the independent variable x;; ¢; is
the error term, which is usually assumed to follow an normal distribution. The regression
coefficients at each point in space are solved as follows:

A -1
Pilujvj) = (XTW(#;'/U]’)X) XTW (pj,07)y (1)

where X, y are the independent and dependent variable matrices for each sample point;
W (u ir v]-) is the spatial weight matrix of sample point j. The spatial weight matrix of sample
point j is its weight matrix:

W (pj,0;) = diag(Wj, Wi, - -+, W) (12)

Cross-validation (CV) is one of the common methods for solving the optimal band-
width, mostly used in meteorology, oceanography, and other research but less used in the
inversion of vegetation changes. CV is formulated as follows:

CV(b) = li [yi — 9.2(b)] (13)

i3

where §.4;(b) denotes the predicted value of the model when the bandwidth is b, where #i
denotes samples other than i. The optimal bandwidth b that minimizes CV (b) is obtained
by cross-validation using the predicted values.

2.3.4. Stability Analysis

Coefficient of variation (CV) can measure the relative fluctuation degree of vegetation
over long time series, which can well reflect the degree of variation of spatial data in the
observation series, and evaluate the stability of the time series [51]. Higher CV values
signify increased disturbance and instability in inter-annual spatiotemporal vegetation
changes, whereas lower values denote enhanced stability in these changes. A lower value
indicates greater stability in inter-annual spatiotemporal vegetation changes [52]. CV is
calculated as follows:

n

) L (kNDVIl- - W) ?

~ kKNDVI n—1

(14)

where CV denotes the KNDVTI's coefficient of variation, KNDV I; denotes the kKNDVI value
for the ith year, KNDVI denotes the inter-annual average kNDVI, and n denotes the length
of the time series. CV magnitude reflects the vulnerability of the ecological environment to
a certain extent. Generally speaking, the ecological environment in areas with larger CV
values is relatively more fragile and more prone to the impact of the outside world.

2.3.5. Hurst Index Analysis

The Hurst index is a rescaled polarity (R/S)-based analysis suitable for the detection
of persistent changes in a long time series and can be used to quantitatively characterize
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the long-term dependence of vegetation time series data [53]. This method is able to predict
the future vegetation trend based on the vegetation time series data. This study analyzes
the persistence of the kKNDVI trend in the study area via the Hurst index. The long time
series {kNDVI(T)} (t=1,2,..., n)is divided into T subsequences X, t=12,..T

The average kNDVI time series is expressed as follows:

B s
kNDVI ) = ;;kNDVI(T) T=12,...,n (15)
The cumulative deviation of the pixel-by-pixel averaged kNDVI is expressed as follows:
t —
X(tr) = t;kNDVIm —kNDVIp 0<t<t (16)

The range of polar deviation R ) is expressed as follows:

R(v) = max X = min Xg 7=12,...,n (17)

The standard deviation S of the times series is obtained as follows:

1< N E
S(r) = lT;(kNDVI(t) —kNDVI ) )1 T=12,...,n (18)

The Hurst index for the KNDVI time series data is obtained as follows:

=ctH (19)

The Hurst exponent is obtained by least squares fitting as shown below:

ln(?)n =a+ H-In(n) (20)

where kNDVI; denotes the kNDVI in the ith year; c is the relationship constant; H is the
Hurst index; and a is the intercept moment. The Hurst index value can be divided into
three categories: 0 < H < 0.5 indicates a discontinued kNDVI time series. Therefore, the
future kNDVI trend changes in the study area is opposite to that of the study period. H
values approaching zero signify a more pronounced discontinuance. H = 0.5 indicates a
stochastic trend in the kNDVI time series with no obvious correlation. H > 0.5 indicates a
persistent NDVI time series where the future trend change is the same as the past.

3. Results
3.1. Characterization of KNDVI Spatiotemporal Changes from 1987 to 2023
3.1.1. kNDVI Advantage Analysis

In order to explore the advantages of the KNDVI over the NDVI, this study used
histograms for statistical analysis. We chose to statistically analyze the kKNDVI and the
NDVI at five-year intervals for the period from 1987 to 2023, as shown in Figure 3.

It was found that the distribution of NDVI values was more concentrated. Before
2010, the study area was mainly dominated by low-vegetation and medium-low-vegetation
areas, as shown in Table 2. The majority of NDVI values ranged from 0.2 to 0.3, while
values between 0 and 0.2 were less prevalent, comprising merely 2-7% of the total, inade-
quately representing medium-low-vegetation areas. After 2010, the study area was mainly
dominated by medium-high-vegetation and high-vegetation areas, however. The majority
of NDVI values ranged from 0.6 to 0.7, with a limited proportion of values between 0.8 and
1, constituting only 1-19%, which inadequately represented the high- and low-vegetation
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turing the low- and high-vegetation areas along with the spatial variability of the study
area. Because of the saturation problem, the average NDVI value in the study area shows
a non-significant increasing trend in the time series, while the overall KNDVI change is
more hierarchical than that of the NDVI, which can better reflect the trend in the time series.
Figure 4 illustrates that the NDVI inadequately represents the distinctions between high-
and low-vegetation areas, whereas the kKNDVI more effectively delineates these differences.

The NDVI is saturated when the vegetation cover exceeds 80%. It is also suscep-
tible to noise, especially over water bodies as well as near the urban construction area.
The NDVI exhibits constrained processing capabilities regarding atmospheric and soil
backgrounds, complicating the differentiation between areas of medium and low vegeta-
tion cover. However, the kKNDVI demonstrates significant enhancement across all these
dimensions. Therefore, in this study, the kKNDVI was chosen for analysis.
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Table 2. NDVI classification.

0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1
1987 2% 23% 45% 26% 3%
1992 6% 49% 28% 15% 1%
1997 5% 33% 38% 19% 5%
2002 7% 33% 35% 21% 4%
2007 6% 30% 33% 26% 6%
2012 2% 16% 42% 29% 11%
2017 1% 11% 27% 42% 18%
2022 4% 25% 25% 27% 19%
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KNDVII987

KNDVII1992
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kNDVI11997
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kNDVI2007

Figure 4. Cont.
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Figure 4. Spatial distribution of changes in NDVI and kNDVI, 1987-2023. disa compass.

3.1.2. Characterization of KNDVI Changes Across the Time Series

According to the interannual trend of kNDVI mean values in the study area from 1987
to 2023 (Figure 5), an upward trend can be seen during this period. Specifically, the average
kNDVI value increased from 0.277 in 1987 to 0.442 in 2023, with an annual growth rate of
1.27%. The annual growth rates of the mining sites are all higher than those of the Henan
section of the Yellow River Basin, which are 2.35%, 2.59%, 1.74%, 1.93%, 1.28%, 1.48%, and
1.72%, respectively. It is worth noting that the annual growth rate of the mining site II is
the highest rising, from 0.133 to 0.343, while that of mining site V rose 1.28%, from 0.227 to
0.364. In general, the kKNDVI change trend in the mining area is basically the same as that
of the Henan section of the Yellow River Basin, exhibiting a variable growth trend prior
to 2005, followed by an accelerated growth rate characterized by oscillations after 2005.
Prior to 2005, the growth trend exhibited variability; subsequent to 2005, the growth rate
accelerated, while fluctuations diminished. The KNDVI in the Henan section of the Yellow
River Basin varies from 0.227 to 0.442, with an annual average value of 0.302, reaching its
maximum value in 2023. As shown in Figure 5, the year-by-year kNDVI in the mining
area is always lower than that in the Henan section of the Yellow River Basin. Collectively,
these findings suggest that the vegetation and growth conditions in the mining area have
been persistently inferior compared to those in the non-mining area, demonstrating that
the vegetation in these regions is more adversely impacted by coal mining disturbances.
In 1990, 2001, 2014, 2019, and 2021, the kNDVI in the Henan section of the Yellow River
Basin showed an increasing trend, while it showed a decreasing trend in some mining
areas. Mining areas II and III had decreasing kKNDVI values in 1990. Mining areas I, 11, III,
and IV had lower kNDVI values in 2001. Mining areas III, IV, and VII had lower kKNDVI
values in 2014. The kNDVI values of mining area V and VI decreased in 2019 and 2021.
The mining areas I-1V experienced frequent early mining activities, with KNDVI variations
correlating to these operations. In contrast, mining areas V-VII only recently commenced



Remote Sens. 2024, 16, 4419

12 of 24

DVI
e e 2
o e

Mean Values of

e e 2
o s

e e
o o e

S o o5 oo
| S I o e S N S

0.0

mining, and their kKNDVI changes are similarly aligned with these activities. Therefore,
the poor vegetation condition of the mining areas is closely related to their dominant
mining activities.
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Figure 5. Changes in the mean annual kNDVI value in the Henan section of the Yellow River Basin
and the mining sites from 1987 to 2023.

3.2. Analysis of the Spatiotemporal Trends of Vegetation Growth in the Henan Section of the Yellow
River Basin

In this paper, a combination of the Theil-Sen median trend method and the Mann—
Kendall (M-K) test is used to investigate the spatial distribution characteristics of the KNDVI
trend in the Henan section of the Yellow River Basin and its mining areas from 1987 to
2023. The kNDVI trends were classified as improving, degrading, and stabilizing. Those
with slope values between —0.0005 and 0.0005 were classified as stabilizing, those with
values greater than or equal to 0.0005 were classified as improving areas, and those with
values less than —0.0005 were classified as degrading areas. The significance test results of
the Mann-Kendall test at the 0.05 confidence level were categorized into two grades, in
which Z > 1.96 or Z < —1.96 were categorized as significant change, and —1.96 <Z < 1.96
was categorized as non-significant change. Upon overlaying the significance test results
onto the slope, the kKNDVI change trend could be classified into five categories, as shown
in Table 3.

Table 3. KNDVI trend classification criteria.

Slope Zg Value kNDVI Trends
>0.0005 >1.96 Significantly improved
>0.0005 —1.96-1.96 Slightly improved

—0.0005-0.0005 —1.96-1.96 Stable
<-—0.0005 —1.96-1.96 Slightly degraded

<-0.0005 <-1.96 Severely degraded
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As can be seen in Figure 6, the trend of vegetation change in the study area shows
an overall improvement, especially in the western region, where the distribution of signif-
icantly improved areas is more concentrated. There is no mining activity in the eastern
part of the region, and therefore, there is less vegetation degradation, and the recovery and
growth of vegetation is excellent in this section. Slightly improved areas are mainly located
in the central and western regions, with some of the slightly improved areas overlapping
with mining areas II and III. The mining activities in these areas were finalized prior to the
study period, exhibiting minimal impact from mining activities, which resulted in a less
pronounced degradation of vegetation and a greater occurrence of slight improvements.
The areas with stabilized vegetation are fewer and more dispersed. The majority of the
degraded regions are situated within the concentrated zones of the mines and construction
sites, with certain degradation indicators coinciding with the boundaries of mining areas
I, V, and VIL This indicates that the mining activities of the four mines caused vegetation
degradation, thus affecting the ecological environment of the area. Mining site I has the
highest percentage of degradation, by 13.35 percent, indicating a serious environmen-
tal degradation. It may have experienced excessive exploitation of mineral resources or
insufficient protective measures.
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Figure 6. Interannual kKNDVI Trend in the Henan section of the Yellow River Basin from 1987 to 2023.

In the Henan section of the Yellow River Basin, the proportions of areas with signif-
icantly improved, slightly improved, relatively stable, slightly decreased, and severely
decreased kKNDVI change trends were 73.78%, 14.58%, 3.59%, 3.77%, and 4.28%, respectively.
An analysis of Figure 6 and Table 4 reveals that the KNDVI characteristics in the mining
area mirror those of the entire study area, with both exhibiting predominant trends of
improvement, attributable to the vegetation restoration initiatives and ecological protection
policies implemented in the region. According to Table 4 and Figure 7, during the 37 years
from 1987 to 2023, the kNDVI of the study area was significant improved by as much as
70%. The findings indicate a substantial increase in vegetation cover in the mining areas
across various domains of the Henan section of the Yellow River Basin, all exhibiting a
notable improvement trend.
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Table 4. Results of statistical analysis of kKNDVI trend.
Severely Degraded Slightly Degraded Stable Slightly Improved Significantly Improved
Number o, Number o, Number o, Number o, Number of o

of Pixel Percentage/% of Pixels Percentage/% of Pixels Percentage/% of Pixels Percentage/% Pixels Percentage/%

Henan Section of the -, 56 g4 428 1,818,343 3.77 1,731,538 3.59 7,025,010 14.58 35,546,029 73.78
Yellow River Basin

Mining area I 2756 6.36 3026 6.99 1403 3.24 3204 7.40 32,927 76.02
Mining area II 2745 1.62 3512 2.07 4245 2.50 15,526 9.14 143,886 84.68
Mining area III 993 1.00 2134 2.15 3100 3.12 15,233 15.33 77,892 78.40
Mining area IV 10216 341 6927 2.31 5898 1.97 44,671 1.49 231,586 77.38
Mining area V 4128 2.69 5336 3.48 6509 4.25 24,012 15.67 113,204 73.90
Mining area VI 3504 293 5085 4.25 5913 494 20,727 17.33 84,369 70.54
Mining area VII 893 191 964 2.06 794 1.70 2324 4.97 41,807 89.37
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Figure 7. KNDVI Trend in the Henan section of the Yellow River Basin and the mining sites.

3.3. Spatial Heterogeneity of Vegetation Growth Based on Geographically Weighted Regression

In this study, the slope of the interannual KNDVI changes was used to characterize
the vegetation alterations. The minimal distance of vegetation changes from the mining
sites indicated the capacity of mine development to impact vegetation. A geographically
weighted regression model was employed to examine the effect of this distance on veg-
etation change. The magnitude of the regression coefficient indicates the strength of the
effect, while its sign denotes the direction of the effect on the dependent variable. The
positive correlation coefficient signifies that as the distance from the mining area increases,
the regional kNDVI exhibits an improvement trend. In other words, the vegetation is in
superior condition at a considerable distance from the mining area. The negative correlation
coefficient signifies that as the distance from the mining area increases, the degradation of
vegetation intensifies.

Figure 8 shows the correlation between the kNDVI trend in the Henan section of the
Yellow River Basin and the distance from the mining sites. The correlation in this area
is mainly positive, with a mean value of 0.04. The region exhibiting negative correlation
coefficients constituted 9.1% of the total and was predominantly situated in the southwest-
ern section of the study area. The vegetation trend in the area exhibited a decline with
increasing distance from the mining site, indicating that the degradation of vegetation
was correlated with the distance from the mining area. This suggests that the correlation
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between the vegetation degradation in this region and the proximity to the mine is minimal.
The areas with correlation coefficients greater than 0 are more scattered. These areas can be
categorized into three grades accounting for 60.8%, 25.9%, and 4.1% of the area, respectively.
There are areas with both negative and positive correlations around the mining area V, with
correlation coefficients ranging from —0.01 to 0.05. Vegetation in this area is less affected by
the distance from the mining site. The correlation coefficients around the mining areas I, II,
III, and VII range from 0 to 0.05, indicating more vegetation disturbance around these sites.
The correlation coefficients around the mining site VI range from 0.05 to 0.12, indicating a
more serious degradation around this site. The correlation coefficient around the mining
site IV is the largest, ranging from 0.12 to 0.26. This mining site therefore has the most
significant impact on the vegetation. The vegetation condition in the Henan section of the
Yellow River Basin shows a significant positive correlation with the proximity to the mining
site. Almost all correlation coefficients around the mining sites are positive, suggesting that
the mining activities have had a significant impact on the surrounding vegetation.
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Figure 8. Spatial correlation between the distance from the mining site and vegetation change trends.

3.4. Analysis of Vegetation Growth Volatility in the Henan Section of the Yellow River Basin

Based on the obtained results, CV values can be categorized into five classes: low
fluctuation variation (CV < 0.15), lower fluctuation variation (0.15 < CV < 0.30), medium
fluctuation variation (0.3 < CV < 0.45), higher fluctuation variation (0.45 < CV < 0.60),
and high fluctuation variation (0.60 < CV). Figure 9 shows the spatial distribution of the
coefficient of variation in the Henan section of the Yellow River Basin. From 1987 to
2023, the kNDVI value changes in the Henan section of the Yellow River Basin show a
medium-high fluctuation accounting for 75.4% of the total area. The proportion of areas
with medium fluctuation is 32.2%, with high fluctuation 29.6%, with very high fluctuation
13.6%, with low fluctuation change 10.8%, and with very low fluctuation 13.8%. The
proportion of the low-fluctuation area is 10.8%, and the proportion of the lower-fluctuation
change area is 13.8%. The medium-high-fluctuation area is located in the central and
eastern part of the study area, which mainly includes the mining site, the built-up area, and
the vicinity of the Yellow River. The kNDVI values show high fluctuations in the mining
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area, with the proportion of the high fluctuation change being 73.5%. The proportions
for the medium-fluctuation area was 24.8%, and it was 1.7% for the low-fluctuation area,
indicating obvious vegetation changes in the mining site. Mining activities have had a
greater impact on vegetation changes. The area with low fluctuation is mainly located in
the western part of the study area, where the vegetation is relatively denser, and fewer
restoration measures are carried out. Consequently, the variability in vegetation change is
minimal, suggesting that the ecological environment in this region is well preserved and
stable, with natural factors exerting a greater influence than anthropogenic disturbances.
The results show that the KNDVI value is mainly characterized by high fluctuations in the
Henan section of the Yellow River Basin, and the areal proportion of the high-fluctuation
category is more significant in the mining areas.
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Figure 9. Changes in kNDVI fluctuations in the Henan section of the Yellow River Basin.

3.5. Sustainability Analysis of Vegetation Growth in the Henan Section of the Yellow River Basin

In order to understand whether there is a persistent growth or decline trend in vege-
tation changes and to identify the strength of this trend, this study calculated the Hurst
index of the kKNDVI in the Henan section of the Yellow River Basin. The spatial distribution
of the Hurst index is shown in Figure 10. The areas with a Hurst index of less than 0.5
accounted for 95% of the total, while the proportion of the areas with a Hurst index of
greater than 0.5 was only 5%. This result shows that the region is widely characterized
by a nonpersistent trend, i.e., the vegetation state is frequently disturbed, showing strong
short-term fluctuations and instabilities. There are relatively few regions where the kKNDVI
change trend exhibits homogeneous characteristics in the future, indicating that human
activities significantly impact kKNDVI variations. Spatially, the regions with strong inverse
persistence are mostly located in the central and eastern parts. Most of these regions are
mining and construction sites, which are also the most vulnerable to the disturbance of
human activities such as mining, suggesting that the kNDVI change trend in this region
may contrast with historical patterns. Weakly nonpersistent and persistent zones are mostly
distributed in the western part, which is far away from towns and cities and has only a
few villages. This part is characterized with low population density, relatively few human
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activities, and low vegetation disturbance, indicating that the kKNDVI change trends in this
region exhibit a strong correlation with historical patterns.
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Figure 10. Hurst index and spatial distribution in the Henan section of the Yellow River Basin.

In order to obtain the vegetation change trend and its persistence, the kKNDVI change
trend was superimposed on the results of the Hurst index using ArcGIS 10.7 superposition
analysis (shown in Figure 11). To further reveal the future KNDVI change trend in the study
area, the superimposed coupling results were divided into four classes, namely continuous
decrease, continuous increase, current decrease and future increase, and current increase
and future decrease. The continuous reduction in the kNDVI value in the study area implies
a continuous and obvious downward trajectory. At the same time, the continuous increase
in the kKNDVI value indicates that the vegetation is in a continuous and stable upward
trajectory. The current decrease and upcoming increase in the kNDVI value indicate that
the vegetation condition is currently degrading but will improve in the future. The current
improvement and upcoming kNDVI reduction indicates a positive vegetation condition that
will tend to degradation in the future. The percentages of these four types were categorized
as shown in Table 5. Some 0.90% and 3.00% of the area were continuously improving
and degrading, respectively. Around 9.04% of the area was changed from degradation
to improvement. The highest value was obtained for the past improvement and future
degradation, accounting for 87.06% of the total. This result indicates that although the
kNDVI value in many areas showed an improving trend in the past 37 years, if the study
area continues to maintain the current mining intensity and anthropogenic disturbances,
the vegetation may shift from an improving trend to a degrading trend in the future. As
can be seen from Figure 12, the Hurst index characteristics of the kNDVI in the mining site
are similar to those of the entire Henan section of the Yellow River Basin, mainly showing a
shift from an improving trend to a degrading trend in the past. The ratio of areas exhibiting
an improving trend in the past to those demonstrating a degrading trend in the mining
area is more substantial. This transformation may be closely related to multiple factors,
such as mining intensity, human interference, and climate change. Therefore, it is especially
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important to take effective management measures and execute timely restoration strategies
to prevent further vegetation degradation in the future.
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Figure 11. Spatial distribution of areas with different KNDVI changes of in the Henan section of the
Yellow River Basin.
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Figure 12. kNDVI future development trend in the Henan section of the Yellow River Basin and the
mining sites.
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Table 5. Results of statistical analysis of kKNDVI future development trends.

From Improve.ment to From Degradation to Continuous Improvement Continuous Degradation
Degradation Improvement
Number of P " Number of P ¢ Number of P " Number of P ¢

Pixels ercentage Pixels ercentage Pixels ercentage Pixels ercentage

Henan Section of the 5 16 43 87.06% 4,484,389 9.04% 447,109 0.90% 1,488,188 3.00%
Yellow River Basin

Mining area I 34,976 80.56% 5574 12.84% 954 2.20% 1910 4.40%
Mining area II 157,812 92.83% 7633 4.49% 567 0.33% 3998 2.35%
Mining area III 92,053 92.63% 4159 4.18% 235 0.24% 2933 2.95%
Mining area IV 274,379 91.52% 19,752 6.59% 457 0.15% 5207 1.74%
Mining area V 139,928 91.33% 12,156 7.93% 305 0.20% 817 0.53%
Mining area VI 105,842 88.42% 10,357 8.65% 911 0.76% 2591 2.16%
Mining area VII 43,622 93.25% 2097 4.48% 182 0.39% 877 1.87%

4. Discussion

In this study, the KNDVI data of the Henan section of the Yellow River Basin were
analyzed using various methods such as trend analysis, geographically weighted regression,
and the Hurst index. Through the analysis, the study identified the characteristics of the
kNDVI trend and the influence of mining activities on the vegetation in the area from
1987 to 2023. Although the NDVI is a widely used vegetation index, its application is
limited by the saturation problem in areas with high vegetation cover [18,54]. The NDVI
is easily saturated in areas with high vegetation cover, mainly given the fact that the red
light band easily becomes saturated. The NDVI is also affected by both soil background
and atmospheric noise [16]. The results obtained in Section 3.1.1. of this paper show the
superiority of the KNDVI. Although there have been scientists who have mentioned the
superiority of the KNDVI over vegetation indices in their studies, there are no specific
values to support this conclusion [55,56]. In this paper, a histogram was used to crystallize
the superiority of the KkNDVI and to further quantify the difference between the kNDVI
and other vegetation indices in characterizing vegetation condition. In the analysis of
spatial and temporal changes in vegetation, most of the existing studies focus on vegetation
changes in a certain region over a long time period [53,57,58]. However, the lack of in-depth
exploration of the factors leading to changes in vegetation is the main shortcoming of such
studies. Existing studies on the spatial and temporal evolution of vegetation in mining
areas mostly focus on vegetation response to climate change [29,59,60], but they fail to fully
remove the impact of mining activities. The Yellow River Basin is an important economic
zone and an important ecological barrier in China. The large-scale and high-intensity
mining activities in the Henan section of the Yellow River Basin have triggered a series of
ecological and environmental problems, such as the reduction in the ecological services and
the aggravation of soil erosion. These have affected and constrained ecological protection
and high-quality development in the area [61,62]. It is of great scientific significance to
quantitatively characterize the vegetation characteristics in the complex environment of the
mining area, to clarify the growth status of the vegetation in the mining area of the Yellow
River Basin, and to reveal its spatial and temporal evolution patterns in order to promote
the ecological protection and sustainable development of the mining area.

The spatial and temporal vegetation trends in the study area were revealed by applying
the Sen+Mann—-Kendall trend analysis. The kKNDVI in the Henan section of the Yellow
River Basin showed an increasing trend, which was consistent with the results of [63,64].
The kKNDVI trend in the mining area was basically the same as the overall trend of the
Henan section of the Yellow River Basin. The kNDVI in the mining area and the Henan
section of the Yellow River Basin showed an increasing trend. This is mainly due to the
implementation of a series of environmental protection and ecological restoration projects
in the region, the promotion of large-scale afforestation and grassland restoration projects,
and the gradual land reclamation and ecological restoration of the mine area, which led to
an improvement in the vegetation cover around the mining sites [65,66]. The areas with
large fluctuations in vegetation cover in the Henan section of the Yellow River Basin are
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mainly located in the central and eastern parts of the study area, which is consistent with
the results of studies analyzing the stability of vegetation change in the Henan section of
the Yellow River Basin [67].

Secondly, this study was conducted to analyze the correlation between the kKNDVI
trend and the distance from the mining area using geographically weighted regression
model. The main objective was to explore the impact of mining activities on vegetation
growth trend in the study area. The stability and sensitivity of geographically weighted
regression method have been studied in related articles [68]. We visualized the effect of
distance from the mining sites on vegetation growth in the region. These findings also
verified the reason why the kKNDVI within the mining area was lower than that in the
non-mining area. Most of the existing studies have investigated the vegetation change
trend in the Henan section of the Yellow River Basin or the influence of mining activities on
vegetation conditions in the mining areas [6,8]. Yet, these studies lack quantitative analysis
of the influence of the distance from the mining area on the vegetation condition.

In addition, the superposition of trend analysis with the Hurst index results provide a
more comprehensive understanding and prediction of time-series data [69,70]. In this paper,
the sustainability of vegetation changes was revealed by superimposing the kNDVI trends
with the Hurst index. The findings indicated that the trend of vegetation change in the
study area exhibits a degree of anti-persistence trend, further illustrating the ecosystem’s
heightened sensitivity to environmental alterations and its inherent vulnerability. It also
emphasizes the importance of long-term monitoring of vegetation changes in order to
adjust management strategies in a timely manner to enhance the stability and resilience
of the ecosystem. However, the Hurst index does not predict how long the identified
vegetation trends will continue in the future. It only determines whether the vegetation
change trends are persistent or not.

However, there are some limitations and shortcomings in this study. First, this paper
only studied the mining areas in the Henan section of the Yellow River Basin; there are still
many mining areas in the entire Yellow River Basin that have not been considered, and the
impact caused by the mining areas in the Yellow River Basin may vary across space. Lack
of research on mining areas in other regions may limit the generalizability and replicability
of our findings. Moreover, there is also a lack of analysis on the effects of climatic factors
on vegetation and the joint effect of human activities and climatic factors in the study area,
which requires further analysis. A more detailed work is needed to analyze the vegetation
changes in multiple vegetation communities and to explore the main driving factors of
vegetation changes. In this study, only remotely sensed data were used to study the spatial
and temporal changes of vegetation. The study could benefit from additional data collected
from field surveys in the study area to provide a more complete picture.

5. Conclusions

In this study, the kernel normalized difference vegetation index (kNDVI) was calcu-
lated using Landsat data on the GEE platform. The spatial and temporal characteristics
of vegetation in the Henan section of the Yellow River Basin and its mining areas were
assessed using kNDVI values from 1987 to 2023. The vegetation response to climatic
factors and the drivers behind vegetation changes were investigated using temperature
and precipitation time series. The main conclusions are as follows:

(1) When the vegetation cover is less than 20% or more than 80%, the kNDVI can better
explain the vegetation cover condition than the NDVI. The kNDVI is more sensitive
in areas with denser vegetation, which can better overcome the noise effect and
saturation problem caused by atmosphere or soil reflectance;

(2) The trend of kNDVI values in the mining area is basically consistent with the overall
trend of the Henan section of the Yellow River Basin; i.e., the overall trend is upward,
but both are dominated by medium-high fluctuations. The mining area consistently
has a lower KNDVI value than the Henan section of the Yellow River Basin, and the
disturbance caused by mining has a negative impact on vegetation growth;
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(38) The vegetation cover condition of the Henan section of the Yellow River Basin has
improved significantly in general. The mining area’s kNDVI change mirrored that of
the entire study area, with 73.78% of the area showing a significant increase. However,
vegetation changes were also affected by the mining disturbance. The Hurst index
showed that the abovementioned pattern was nonpersistent. Some 87% of the area
showed a significant kKNDVI improvement, while 87% showed no persistence. The
trend of substantial enhancement in the kKNDVI may deteriorate in the future;

(4) The vegetation condition in the Henan section of the Yellow River Basin showed
a significant positive correlation with the distance from the mining sites; i.e., the
vegetation cover and health condition generally improved with the increase in distance
from the mining sites. Therefore, mining activities have an important impact on the
surrounding vegetation cover.
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