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Abstract: Understanding spatiotemporal shifts in vegetation and their climatic and anthropogenic
regulatory factors can offer a crucial theoretical basis for environmental conservation and restoration.
In this article, the normalized difference vegetation index (NDVI) of the Miaoling area from 2000
to 2020 is studied using a trend analysis and the Mann-Kendall mutation test (MK test) to review
the vegetation’s dynamic changes. Our study uses the Hurst index, a partial correlation analysis,
and a geographic detector to investigate the contributions of climate change and human activities
to regional vegetation changes and their drivers. We found that Miaoling’s annual average NDVI
was between 0.66 and 0.83 in 2000-2020, with a mean of 0.766. The overall trend was slow upward
(0.0009/year), and 53.82% of the region continued to grow and gradually increased from west to
east in the spatial domain, among which the karst regional NDVI distribution area and its growth
rate were higher than those of non-karst sites. Based on correlations between climatic factors and
NDVI, precipitation seasonality (coefficient of variation, CV) had the strongest correlation (positive
correlation) with NDVI, while vapor pressure deficit (VPD) had a negative correlation with NDVI. In
the interaction, human activities played a dominant role in the influence of NDVI on the vegetation
of Miaoling. The night light index had the most explanatory power on the NDVI (q = 0.422), and
the interaction between anthropogenic factors and other factors dominated its explanatory power.
This study has academic and practical importance for the management, protection, and sustainable
development of karst basins.

Keywords: vegetation dynamics; Miaoling; karst plateau; trend analysis; geographic detector

1. Introduction

Since the Anthropocene, human-induced global climate change has had a significant
impact on terrestrial ecosystems [1]. As carbon, water, and energy exchangers between land
and air, plants can provide people with oxygen, food, fiber, fuel, carbon sinks, and other
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valuable ecosystem services [2—4]. Accordingly, significant changes in the global climate
and their impacts on vegetation growth over recent decades have received increasing
attention [5]. These include changes in climate and environmental conditions as well as
human activities, such as land use change. Environmental factors include a wider range of
chemical, physical, and biological elements that can affect ecosystems, including distur-
bances such as droughts, fires, and floods [6]. The normalized difference vegetation index
(NDVI) is becoming a significant indicator in studying the spatial vegetation dynamics of
regional ecological changes [7-9]. Thus, the role of climate and human factors in vegetation
dynamics is one of the hottest topics in global change science [10,11].

The impact of climate change and human activity on vegetation change has been studied
by many scientists. Research shows that climate change mainly impacts vegetation by chang-
ing climate, temperature, precipitation, soil moisture, and seasonal variations [7,10,12,13].
Amongst these, temperature controls the growth and distribution of vegetation by prevent-
ing the onset, termination, and distribution of the photosynthetic process [14,15], which is
considered the main cause of the greening trend in northern latitudinal and elevated regions
(Qinghai-Tibetan Plateau) [16-18]. However, in the middle and lower latitudes, tempera-
ture does not have an important impact on plant growth. However, precipitation has a clear
role in boosting vegetation growth in arid and semi-arid regions [19,20]. For example, in
southwest Chinese karsts [21,22] and Xinjiang [23], precipitation seasonality and variability
significantly affect vegetation change. Precipitation, rather than temperature, has become
the key factor controlling vegetation growth [20,24]. Soil moisture, which is strongly related
to temperature and precipitation, has become an important limiting factor in arid and semi-
arid areas. Furthermore, with high temperatures and heatwaves, the atmospheric vapor
pressure deficit (VPD) is becoming an increasingly important driver of plant community
function. High VPD can induce plant stomatal closure to prevent high water loss [25,26],
which has been identified as a major factor in extreme drought-induced plant death [25].
Clearly, the impacts of climate change on vegetation cover are diverse and complex because
of regional variations in climate change and ecological environmental conditions.

At present, vegetation changes and their spatial patterns are strongly affected by
human activities. With the rapid development of the world’s population and economy,
the impact of anthropogenic activities on changes in surface vegetation cover is increasing,
affecting the balance of terrestrial ecosystems on a large scale [8]. Among these, land use
change is a significant and strongly spatially changing factor in vegetation change. On
the one hand, unreasonable agricultural activities, excessive reclamation, grazing, and
urban expansion significantly reduce vegetation cover [27,28]. On the other hand, human
activities can increase vegetation cover by planting trees, closing hills to reforestation,
and improving agricultural technology [29,30]. Besides land use change, many studies
have used the night light index (NLI) to characterize regional economic development or
urbanization and the intensity of surface human activities [29-31]. Therefore, the NLI was
included as one of the factors influencing vegetation in the NDVI.

There are few studies on the connection between vegetation changes and their drivers
in important watersheds in the karst region, although there have been many studies on the
impact of climate variation and human behaviors on vegetation change [3,7,10,15,19,20].
Miaoling Mountain is an important watershed ecological security barrier in the karst
region of southwest China. It is located in the center of the core area of southwest China’s
karst plateau. The contradiction between man and land is pronounced due to the high
ecological sensitivity and vulnerability of karst areas, plus climatic factors. Biomass above
ground [32,33] and biomass below ground [34,35] are significantly lower in karstic forests
than in non-karstic forests. Therefore, vegetation plays an important role in managing karst
desertification and restoring ecosystems [36]. However, to our knowledge, the driving
mechanism of human activities on NDVI changes in vegetation in the Miaoling’s karst
watershed is still unclear; there is no research to quantify how climatic and human factors
affect vegetation in the area. Additionally, the impact of each driver on vegetation change
has not been quantified.
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Based on this deficiency, this article aims to study the vegetation dynamics of important
watersheds (Miaoling) in karst areas from the following four perspectives: climate, human
activity, topography, and soil. The aims of this article are as follows: (1) to analyze the
variation characteristics and trends of the NDVI's spatial distribution in Miaoling from
2000 to 2020; (2) to explore the correlation between climate factors and NDVI; and (3) to
explore the key driving factors affecting the NDVI of Miaoling vegetation. The results of
this study have far-reaching significance for the sustainable ecological development of karst
areas in southwest China and the realization of China’s strategic goal of “carbon peaking
and carbon neutrality”. At the same time, it provides a reference value for the vegetation’s
dynamic driving factors in the important karst watershed and theoretical guidance for
ecological environment management and sustainable development of the watershed.

2. Materials and Methods
2.1. Study Area

Mt. Miaoling, the research site, is located in the center of the core region of the Karst
Plateau in southwest China. It is an important watershed for the ecological security barrier
of the watershed in the karst region of southwest China. Its main range (25.73°-27.16° N,
103.82°-109.48° E) takes the watershed of the Pearl River system and the Yangtze River
system as the main axis and then extracts the Miaoling study area from the small watershed
in the north and south of the main axis and divides it into east, central, and west sections
(Figure 1). From east to west, Miaoling is the watershed of the Yuanjiang River Basin,
the Liujiang River Basin, the Wujiang River Basin, the Hongshui River Basin, the Niulan-
Jiang-Heng He River Basin, and the Beipanjiang River Basin. The altitude in the area is
146-2877 m, and the peaks are often above 1500-2000 m. The main peak of the eastern
section is Leigong Mountain, at up to 2179 m. The middle section of Doupeng Mountain
is 1961 m high, and the western section with Laowang Mountain is 2127 m above sea
level. The eastern, central, and western parts reach an altitude of 2179 m. Miaoling is a
humid, mountainous area with a sub-tropical monsoon climate. The main vegetation in
the Miaoling Mountain area consists of mixed evergreen and mixed broadleaf forests as
the primary forest type and shrubs, grass, and forbs as the vegetation degradation type,
which differs significantly from the zonal non-karst vegetation of evergreen broadleaved
forests in subtropical China (ECVC 1980) [37,38]. It is one of the important forest areas in
Guizhou Province. Miaoling has no tectonic veins, and the geology and topography of the
sections are very different. Additionally, it is formed by a number of north—south anticlines
composed of hard rock formations and a combination of uplifted and high regions. The
layered landforms composed of planes and large karst basins are the most prominent
regional landforms, thus forming unique landscapes such as planes with concentrated
arable, basin areas, and terraced fields located high on the hillsides.

2.2. Data

The NDVI is based on the Google Earth Engine cloud computing platform and selects
US remote sensing imagery from the Landsat 5, Landsat 7, and Landsat 8 satellites with
16-day temporal resolution and 30 m spatial resolution. At the same time, the dataset was
referenced by the Land Use and Global Change Remote Sensing Team of the Institute of
Geographical Sciences and Natural Resources Research, Chinese Academy of Sciences,
with a spatial resolution of 30 m and a temporal resolution of each year [39]. Through
methods such as series data preprocessing and data smoothing, the maximum NDVI value
of each pixel in a year from 2000 to 2020 was obtained. The annual mean NDVI values
from 2000 to 2020 were generated using the maximum synthesis method (MSV). When
generating long-time series NDVIs, the maximum value synthesis method can decrease
the effect of cloud cover, shadows, suspended particles in the atmosphere, etc., so that the
error is reduced and the accuracy is improved [39].
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Figure 1. Location of the Miaoling Mountain area.

The DEM data involved in this study are derived from the geospatial data cloud,
which is downloaded using a rectangular frame clipping area and then transformed into
raster data through an ArcGIS overlay, which is the basis for the calculation of the total
height, slope, and aspect of the research region. The land use change data are sourced
from Zenodo (https://zenodo.org/, accessed on 15 June 2020) and published by Huang
Xin et al. from Wuhan University in China [40]. The biggest advantage of this dataset is
its continuous 30 m land use classification results. The NLI can be used to describe the
intensity of human activity and is closely linked to economic development. This study
selected it as a factor in human activity and conducted a related driving analysis.

The meteorological data use raster data for precipitation and air temperature with a
resolution of 1 km. This dataset introduces the influence of terrain on the climate in the
temperature and precipitation data generated by the ANUSPLIN interpolation tool. The
interpolation error is the smallest, and the accuracy is greatly improved compared with
other interpolation methods [41]. The analysis of meteorological elements is more suitable.
The meteorological interpolation software ANUSPLIN is used to interpolate the data into
monthly synthetic precipitation multi-band data with a spatial resolution of 1 km. It is
highly accurate, has high resolution, is a long-time series, and has better scientific research
and application potential [42]. The above-mentioned monthly synthetic temperature and
precipitation data are extracted by ArcGIS and then resampled to 30 m.
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Soil moisture is an important link between the atmosphere and the terrestrial ecosys-
tem. The soil moisture data included a set of neural nets using a data fusion of up to
11 microwave remote sensing-based soil moisture products. These data were obtained by
satellite for the global surface soil moisture for the period 2003-2018 with a spatial resolu-
tion of 0.1° [43]. The bioclimatic variable data are available at a spatial resolution of 1 km,
with historical monthly weather data for 1960-2018 [44]. The range of data downloaded for
this study was 2000-2018. The VPD dataset mixes the high spatial resolution climate normal
of the Worldclim dataset with the less accurate but time-varying data from CRU Ts4.0 and
Japan’s 55-year reanalysis (JRA55) with climate-assisted interpolation. Conceptually, the
interpolation time variation from CRU Ts4.0/JRA5S5 is often applied to Worldclim high
spatial resolution climatology to create a high spatial resolution dataset covering a wider
range of time records. The above data and the data sources involved in the study are as
follows (Table 1):

Table 1. Data and sources.

Data Type Factors Time URL
Vegetation NDVI 2000-2020 https://code.earthengine.google.com
Precipitation seasgne.ahty(Coefﬁaent of 2000-2018
variation) https:/ /www.worldclim.org/data/
Precipitation of wettest quarter 20002018
Climate Mean annual precipitation 2000-2020
http:/ /www.rescdc.cn
Mean annual temperature 2000-2020
Vapor pressure deficit 2000-2020 https:/ /climate.northwestknowledge.net/
Soil Soil moisture 2003-2018 https://doi.org/10.1594/ PANGAEA.912597
Landform Elevation 2020 http:/ /www.gscloud.cn/
T h Karst 2010 http:/ / g y
opogra ttp:/ /www.csdata.or,
PosTapY Non-karst 2010 P 5
Human Land use change 2000-2020 https:/ /zenodo.org/
activity Night light index 2000-2020 https:/ /ngdc.noaa.gov/
2.3. Methods

In this study, in order to explore the characteristics, trends, and driving factors of
vegetation change in Miaoling, we used the following methods to analyze the relevant
data in sequence and with specific applications: We first conducted trend analysis and a
Mann-Kendall (MK) trend test on NDVI changes in Miaoling’s vegetation. Additionally,
we used the Hurst index to perform a continuous analysis of the change trends of the
NDVI to explore the continuity of the Miaoling NDVI trends in the spatial distribution and
change trend. The correlation study of the regional distribution and variation trends of
NDVI in Miaoling with climatic conditions was completed by using a partial correlation
analysis. The association characteristics of the climatic elements, human activities, terrain,
and vegetation changes in Miaoling were also studied using a geographic detector.

2.3.1. Theil-Sen Median Trend Analysis

We conducted a trend analysis on the NDVI of Miaoling’s vegetation using the
Theil-Sen median method, which is referenced in this literature [45] and is expressed
in Equation (1) as follows:

L XX L
p = median( =i ), V> 1)
where j and i are the time series data. A value greater than 0 means that the time series
shows an upward trend. A value less than 0 means that the time series shows a downward
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trend, and a value closer to 0 means that the time series changes are not significant. The
Theil-Sen median trend analysis and MK test significance test results were superimposed
and analyzed. As Table 2 shows, the results are grouped into six categories. Based on the
above results, we also conducted breakpoint detection on the dynamic trend of vegetation
in Miaoling.

Table 2. Type of change trend of DNVI.

Slope Trend Slope P Trend
Slope < 0 p<0.01 significant decrease Slope >0 p<0.01 significant increase
Slope <0 0.01 <p<0.05 minimal decrease Slope >0 0.01 <p<0.05 moderate increase
Slope <0 p>0.05 non-significant decrease Slope >0 p>0.05 non-significant increase

2.3.2. Mann—Kendall Test

The Mann—Kendall trend test is a nonparametric statistical test used to test significant
trends of change. The samples do not need to have a specific distribution, nor are they
affected by a few outliers [46]. Equation (3) is as follows:

ki
S = 2 ngn(Xi - X;) )
i=1j=1
UF, = [Sx — E(Sk)]/+/Var(S)

where X; and X; represent the NDVI values of time i and j, respectively. Sy is the cumulative
count of X; > X;. E(Sx) and Var(Sy) are the mean and variance of S, respectively. UF; >0
indicates an upward trend of the NDVI sequence, while UF;, < 0 indicates a downward
trend of the NDVI sequence. Combining the NDVI trend classification results (Table 2), the
non-significant decrease and non-significant increase are classified into one category (i.e.,
no change). The results are divided into the following five levels [47]: significant decrease,
moderate decrease, no change, moderate decrease, and significant decrease.

2.3.3. Hurst Index

The Hurst index is an effective method to describe the information dependence of long
time series [48]. For the NDVI time series, NDVI (1), =1, 2, 3,4, ..., n. For any positive
integer > 1, the mean series of the time series is defined as follows:

_ 1 &
NDVI(T) = ; 2 NDVI(T) T= 1, 2,~ e, n (3)
t=1

The Hurst index is calculated as follows:

= (c)" 4)

The relevant values involved in the calculation of the Hurst index are calculated
as follows:
(1) The cumulative deviation is as follows:
t
Xtz = ;(NDVIU) —NDVI()),1<t<T 5)

(2) The range sequence is as follows:

R(T) = max X(t,T) — min X(t,T)/T = 1, 2,. - n (6)

I<t<t 1<t<t
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(3) The standard difference order is as follows:
Sy = 2 i(NDVI —~NDVL)?|%,t=1,2,n @)
(”L’) - T = (t) T 7 — 474 7

The Hurst index (value) may reflect the persistent nature of the NDVI time series. In
the Hurst exponent (value), when 0 < H < 0.5, this indicates that the change is continuing
to decline, meaning that the future change trend is opposite to the past change trend.
When = 0.5, this indicates that the NDVI time series is a random series and there is no
long-term correlation. When 0.5 < H < 1, the time series are characterized by long-term
dependence and persistence, meaning that the future change is consistent with the past
trend. In other words, areas that have tended to increase in past years are likely to increase
in years to come, and vice versa. The closer it is to 1, the stronger the persistence.

2.3.4. Analysis of Correlation

To explore the response of vegetation dynamic changes in Miaoling to climate change
factors, we conducted a partial correlation analysis between NDVI and climate factors
(Table 3) to reveal the main driving forces controlling the interannual changes of NDVI
from 2000 to 2020.

r1p — 11371
R12,3 _ 12 = 13723 = (8)
V=131 -13)

where Ryz3, Ri32, Rz are the correlation coefficients among the variables; Ry 3 is the
partial correlation coefficient between rq and r, after fixing the variable r3. The value range
of the partial correlation coefficient ranges from —1 to 1. When Rj;3 > 0, the correlation
is positive, meaning that both factors correlate in the same direction. When Rjp3 < 0,
the correlation is negative. The higher the partial correlation coefficient, the stronger the
correlation between the two elements at the pixel.

Table 3. Statistics of the partial correlation coefficient and significance reveal the intricate relationship
between climate factors and NDVI.

. Extremely Significant Non- Significant Extremely
Correlation L o . . .

. . Significant Positive Significant Negative Significant
Factors Mean  Coefficient - . . . .

Ranee Positive Correlation Correlation Correlation Negative

8 Correlation (%) (%) (%) (%) Correlation (%)

X1 0.32 —0.63~0.82 64.5 13 10.1 8.7 3.7
X2 —0.26 —0.68~0.76 114 7.5 9.2 17.2 54.7
X3 0.23 —0.57~0.66 23.6 34.6 16.9 18.7 6.2
X4 0.21 —0.67~0.79 49.2 5 17.7 19.1 9.1
X5 0.17 —0.58~0.66 40.2 13.5 15.1 14.2 17
X6 0.15 —0.59~0.65 153 32.2 25.4 12.5 15.3

Note: X1, precipitation seasonality (CV); X2, VPD; X3, precipitation of wettest quarter; X4, MAP; X5, soil moisture;
X6, MAT.

2.3.5. Geographic Detector

Geographic detection is a new spatial statistical method to detect spatial differentiation
and reveal driving factors [49]. It contains the following four detectors: factor detection,
interaction detection, risk detection, and ecological detection. The first two parts apply
here. The model is shown below:

(1) Factor detector

A factor detector could determine the effect of detecting the spatial heterogeneity of
vegetation change. The spatial heterogeneity of X to Y could be expressed as q x 100%,



Land 2023, 12,1267

8 of 24

and the greater the number, the greater the influence of the detection factors on vegetation
change [50], which is as follows:

Y1 Nhop
q No?2 ©)

where h is the vegetation change or detection factor hierarchy; N is the number of class h
or total region units; and Y is the change in class h or total region Y value.

(2) Interaction detector

The interaction detector is appropriate to identify the impact of the combination of the
detection drivers X, and Xj on the heterogeneity of the spatial variation of vegetation. The
five interaction results are as follows: [50].

Miaoling’s vegetation change trend from 2000 to 2020 was regarded as the dependent
variable Y. The selected driving factors mainly include the key factors selected by partial
correlation analysis as the detection factor X, as shown in Table 4.

Table 4. The q value of each driving factors.

Factors X1 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13
Va?ue 0.355 0.243 0.21 0.17 0.155 0.272 0.173 0.125 0.331 0.401 0.397 0.422
Vaﬁlue 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Note: X1, precipitation seasonality (CV); X2, VPD; X3, precipitation of wettest quarter; X4, MAP; X5, soil moisture;
X6, MAT; X7, elevation; X8, slope; X9, aspect; X10, karst; X11, non-karst; X12, land use change; X13, NLIL.

3. Results
3.1. Spatial Distribution and Trend Change of NDVI

This article uses a combination of the Theil-Sen test and the MK method, as well as
breakpoint detection, to count pixels of vegetation coverage from 2000 to 2020. Research
results show that Miaoling has a mean NDVI of 0.766 (Figure 2c). In addition, the average
NDVI variation range of Miaoling over the years is 0.659-0.827, with a rising trend with an
increase of 0.9 x 1072 /year (R? = 0.053, p > 0.05) (Figure 2a). In addition, the breakpoint
detection results indicate that there is a breakpoint in the Miaoling study time series
(Figure 2b). As shown in Figure 2c, the change trend before and after 2011 was opposite.
Before 2011, the NDVI in Miaoling showed an increasing trend, while it tended to decline
after 2011. For the period 2000-2020, the overall NDVI in the Miaoling region slowly
increased. However, there are significant fluctuations, mainly reflected in the sharp decline
after 2010 and 2017 and the sharp growth in 2013. Especially after 2011 and 2018, the NDVI
values tended to decrease, with a decrease rate of over 10% compared to the previous year’s
NDVI value in 2019.

The characteristics of the spatial distribution of the NDVI in Miaoling are shown in
Figure 3. The eastern section is mainly characterized by a significant growth distribution of
NDVI, accounting for 40.6% of the area. The NDVI in the middle segment mainly shows
moderate growth, with an area ratio of 30.5%. The northern and western sections of the
middle section are mainly characterized by a decrease and no change, with area proportions
of 12.9% and 16%, respectively.
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Figure 2. The variation characteristics of NDVI values in Miaoling from 2000 to 2020. (a) The
interannual variation and trend fitting of NDVI values in Miaoling; (b) Breakpoint detection results;
(c) Trend fitting of NDVI before and after breakpoints.
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The annual average NDVI change can reflect the dynamic characteristics of vegetation
and serve as an important indicator of vegetation health and ecosystem stability. Thus, the
Theil-Sen median trend analysis was used to analyze the NDVI trend over the last 21 years
at the pixel scale. We found that the spatial distribution of NDVI is highly heterogeneous
(Figure 4a). The NDVI in Miaoling increased in most areas and decreased in some local
areas. The change trend of NDVI in most areas is an increasing trend (accounting for
68.73%). Among them, the highest growth is concentrated in the east, accounting for about
half of the total growth. In addition, the slightly degraded and significantly degraded areas
account for 32.61%. The significantly degraded areas are mainly distributed in the western
part of the study area. The remaining 8.66% did not show a significant change.

Trend and significance Mann-Kendall Test

<value> <value>

- - Minimal significant

[[7] Moderate decrease (p < 0.05) [ Tiny Significantly 0 25 50 100 Km
[]No change (P>0.05) [T No significant change 1

Moderate decrease (p < 0.05) [ Mmild significant

- Significant increase (p < 0.01) - Dramatic change

Figure 4. The trend of NDVI distribution (a) and MK test results (b) in the Miaoling area from
2000 to 2020. The results divide the change trend into five grades: significant degradation, p < 0.01;
mild degradation, p < 0.05; no significant change, p > 0.05; mild improvement, p < 0.01; significant
improvement, p < 0.05.

The MK test results indicate that from 2000-2020 (Figure 4b), the change in the NDVI
in most areas of Miaoling is relatively strong, with a mainly strong distribution in the
eastern, central-southern, and a small part of the western areas, while the area with an
insignificant change is mainly distributed across the majority of the western Miaoling area.

We also tested the persistence of NDVI changes in Miaoling through the Hurst index,
and the mean Hurst index of NDVI in Miaoling was found to be 0.56 (Figure 5). Addition-
ally, the region with continuous growth (0.5 < H < 1) has the widest distribution (53.82%),
mainly in the eastern and central parts of the study area. However, most of the west area
is still trending down. As can be seen, the Hurst index of the NDVI has similar spatial
heterogeneity to the distribution of the NDVI in the study area.

3.2. Impact Factor of Land Use Change on the NDVI

The karst area is mainly concentrated in the eastern and middle sections of the Miaol-
ing area (Figure 6a), dominated by woodland and followed by grass. The non-karst area
is mainly distributed in the western section and is mostly arable land, followed by grass
(Figure 6b). The NDVI of the karst area is higher than that of the non-karst area in the
Miaoling area.
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Figure 5. The Hurst index distribution of NDVI in Miaoling. 0 < H < 0.5; continuous decline; H = 0.5,
no significant change; 0.5 < H < 1, continuous growth.
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Figure 6. Karst distribution in Miaoling area of Guizhou Province (a) and spatial distribution
characteristics of land use types (b) in 2000 to 2020.

The overall average proportion of land use types in the Miaoling area (Figure 7) is as
follows: wood land (50%) > arable land (31.60%) > grass (14%) > artificial surface (1.93%)
> shrub (1.45%) > waters (0.93%) > wetlands (0.09%). The total proportion of forest and
arable land fluctuates, and the proportion of artificial surface continues to increase; grass,
water, wetlands, and shrubs fluctuate slightly. Comparing the spatial distribution of NDVI
in Miaoling (Figure 3) with land use types, it can be roughly divided into the following
characteristics: The land use types corresponding to NDVI reduction areas are mainly
concentrated in areas such as artificial surfaces, cultivated land, and wetlands. The NDVI
of forested areas mainly manifests as growth.

The most immediate effect of land use change on NDVI is change. The most notable
changes in NDVI are specifically in arable land and woods. Figure 8 shows that the
Miaoling region’s degraded regions of wood land, arable land, and grass are primarily
located in the center region. As a result, it is clear from Figure 6b that the primary land use
categories (wood land, grass, and arable land) in the Miaoling region are spread in regions
with high concentrations of human activity (artificial surface areas).
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Figure 7. Total area ratio of each land use type in Miaoling, Guizhou, from 2000 to 2020.
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Figure 8. Woodland (a), grass (b), and arable land (c) change distribution characteristics in Miaoling.

3.3. Impact Climate Factors of the NDVI

Climatic factors are as important as human activities (land use change) in influencing
vegetation dynamics. Our analysis of the partial correlation between NDVI and climate
factors was calculated at the image metric scale for the studied region from the year 2000
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to 2020. The findings of the partial correlation study make it clear that the NDVI and
precipitation seasonality (CV) have the strongest association, whose mean correlation coef-
ficient was 0.32. As shown in Table 3, their correlation strength is in order of precipitation
seasonality (CV) (0.32) > VPD (—0.26) > precipitation in the wettest quarter (0.23) > MAP
(0.21) > soil moisture (0.17) > MAT (0.15). The other five factors, with the exception of VPD,
have an overall positive correlation with the NDVI.

The results showed significant spatial heterogeneity in the NDVI vegetation—climate
correlation in the Miaoling region. In combination with Figure 9 and Table 3, 77.8% of the
precipitation seasonality (CV) area was positively correlated with the NDVI (Figure 9a),
which was widely distributed in the study area. A total of 71.9% of the VPD was signif-
icantly negatively correlated with the NDVI, and only 18.9% of the area was positively
correlated with the NDVI, which was mainly distributed in the western and central parts
of the study area (Figure 9b). A total of 58.2% of Precipitation of wettest quarter was
significantly positively correlated with NDVI over the total area, and the areas with a
significant negative correlation were mainly concentrated in the western part of the study
area (Figure 9c). Precipitation was significantly positively correlated with NDVI in 54.2% of
the spatial area and distributed in the westernmost, easternmost, and northernmost parts
of the study area (Figure 9d). A total of 53.7% of the soil moisture area was significantly
positively correlated with NDVI, while the easternmost area was significantly negatively
correlated (Figure 9e). The least correlated climatic factor with NDVI in Miaoling was
temperature, which was significantly positively correlated with NDVIin 47.5% of the study
area, while MAT was significantly negatively correlated with NDVI in the far west and
north (Figure 9f).

Frecinitztion seasonality (CV) :l Non-significant correlation

(a) | Extremely significant negative correlation [ Significant positive correlation
[T Significant negative correlation [ Extremely significant positive correlation

Vapor pressure deficit
—1 Non-significant correlation

(b ) [ | Extremely significant negative correlation [__] Significant positive correlation
- Significant negative correlation [ Extremely significant positive correlation

Precipitation of wettest quarter

1 Non-significant correlation
(c) = Extremely significant negative correlation [___| Significant positive correlation
- Significant negative correlation - Extremely significant positive correlation

Figure 9. Cont.
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precip |:] Non-significant correlation
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Soil moisture

:l Non-significant correlation
(e) | Extremely significant negative correlation |:| Significant positive correlation

- Significant negative correlation - Extremely significant positive correlation

Mean annual temperature

1 Non-significant correlation
( f ) I :iemely significant negative correlation [[] Significant positive correlation
[ Significant negative correlation - Extremely significant positive correlation

Figure 9. Spatial distribution characteristics of partial correlation between NDVI in Miaoling and pre-
cipitation seasonality (CV) (a), VPD (b), precipitation of wettest quarter (c), MAP (d), soil moisture (e),
and MAT (f).

In summary, precipitation seasonality (CV) and VPD in climate factors showed positive
and negative related relationships with NDVI distribution and were all widely distributed
across the study area, but the spatial heterogeneity of other climatic factors with NDVI was
significantly complicated with them.

On the time scale, the average annual value of NDVI shows significant fluctuations in
the study time series, but overall, it shows a slow growth trend (Figure 2a). The linear fitting
trend of precipitation seasonality (CV) and the NDVI is upward (Figure 10a). Figure 10b
shows that the NDVI value and precipitation seasonality (CV) have basically similar
dynamic changes, and the NDVI increases and decreases with the increase and decrease in
precipitation seasonality (CV). This result shows that precipitation seasonality (CV) has
a positive effect on the increase and decrease in NDVIL. On the contrary, the fitting trend
of VPD and NDVI is decreasing (Figure 10c) because the general feature of VPD change
is a significant upward trend, while the change of NDVI is contrary to the fluctuation of
VPD. Therefore, it can also be concluded that there is a negative correlation between VPD
and NDVL
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Figure 10. Variation trends and correlations of precipitation seasonality (CV), VPD, and NDVI.
(a) Linear fitting of NDVI and precipitation seasonality (CV) trend; (b) Annual average change of
NDVI and precipitation seasonality (CV); (c) Linear fitting of NDVI and VPD trend; (d) Annual
average change of NDVI and VPD.

3.4. Detection of the Impact of Key Factors on NDVI
3.4.1. Detection Factor Influence

In order to further explore the driving characteristics of various influencing factors
on the dynamic changes of Miaoling’s vegetation, this section used 13 factors (Table 2)
covering climate, soil, terrain, geomorphology, and human activities to conduct factor
driving force and factor interaction detection on the NDVI of Miaoling’s vegetation. To
explore the contribution rate and interaction of climate factors and human activities to
vegetation change in the Miao Mountains and further verify the differences in the main
impact factors of NDVI in the Miao Mountains. The q value of the factor detection results
reflects the influence of each factor on the NDVI of Miaoling’s vegetation (explanatory
power). The factor detection results show that the explanatory power of each factor on
the NDVI is in the following order: NLI > non-karst > land use change > precipitation
seasonality (CV) > karst > VPD > elevation > precipitation of the wettest quarter > MAP >
slope > soil moisture > MAT > aspect. Specifically, NLI (X13) has the strongest explanatory
power for NDVI (q = 0.422), and aspect (X9) has the smallest explanatory power for NDVI
(q=0.125).
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The explanatory power of the above factors passed the 0.05 test with a confidence
level of 95%. Overall, the explanatory power of human activities on vegetation NDVI is
greater than the climactic factors in Miaoling. Additionally, the order of partial correlation
and explanatory power of each factor for NDVI is consistent.

3.4.2. Detection Factor Interaction Analysis

The change in vegetation and the existence of spatial heterogeneity are driven by
many factors. The interaction detection results of various influencing factors in Miaoling
(Figure 11) show that their interaction is manifested as dual factor enhancement and non-
linear enhancement, and all interaction factors have obvious enhancement characteristics
on the driving force of NDVI compared to a single influencing factor. Among them, the
interaction between land use change and NLI [q (X12NnX13) = 0.459] has the strongest
explanatory power for the spatial distribution of NDVI, showing a driving feature of dual
factor enhancement. On the contrary, the interaction between soil moisture and aspect
orientation [q (X5NX9) = 0.112] has the least explanatory power on NDVL In addition,
the research results also indicate that the interaction between human activity factors and
other factors is significantly greater than that between other factors. It can be seen that the
explanatory power of the interaction between human activities and other factors in the
Miaoling area is dominant and that it is a key driving factor affecting the vegetation change
in the Miaoling area.
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Figure 11. Explanatory power of interaction between key factors. X1, precipitation seasonality (CV);
X2, VPD; X3, precipitation of wettest quarter; X4, MAP; X5, soil moisture; X6, MAT; X7, elevation;
X8, slope; X9, aspect; X10, karst; X11, non-karst; X12, land use change; X13, NLIL

4. Discussion
4.1. Analysis of the Spatial Distribution Trend of NDVI

Previous research has confirmed that the ecological environment of karst regions has
greatly improved [32-34,38,51-53]. Our research findings indicate that the Miaoling region
has exhibited sluggish growth in NDVI over time compared to non-karst areas, indicating
an improvement in their ecological environment [53,54]. This positive ecological change
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is attributed to the residents’ strong awareness of environmental protection as well as the
preservation of subtropical evergreen broad-leaved forests, evergreen and deciduous broad-
leaved mixed forests, and evergreen shrubs in the area [34,38]. Furthermore, the vegetation
coverage exhibited a distribution pattern of “gradually increasing from west to east”, as
confirmed by an average Hurst index of 0.56. The slow and incremental increase in NDVI
observed in our study area is consistent with the continuous improvement in vegetation
coverage seen in other study areas across China [20-22,55]. The spatial heterogeneity of
the impact of all climate factors on vegetation cover change is evident. Nevertheless, as
demonstrated by Figures 6 and 7, the utilization of arable land and the increase in artificial
surfaces have resulted in a consistent decline in NDVI values in the related areas.

As mentioned above, the NDVI variation in Miaoling not only shows a slow upward
trend over the whole period, but there are also strong downward processes. As shown in
Figure 2, NDVI declined considerably after 2010 and 2018. Notably, a considerable decrease
occurred in 2012, and this phenomenon can be primarily attributed to the backdrop of
global climate change, paralleling the NDVI changes seen in other karst regions of China.
Investigations of this phenomenon reveal that the most severe drought and extreme weather
in 50 years occurred in the karst region of southwest China in 2010 [56], leading to a
sharp decline in Miaoling’s NDVI that continued through 2012 and culminated in the
lowest NDVI value of the entire research period. Furthermore, it is likely that the natural
disasters that occurred in 2017 have had a negative impact on vegetation dynamics, thereby
comprehensively influencing the overall NDVI trend in the Miaoling Mountains during
the past 21 years.

4.2. NDVI Variation and Land Use Change

Human activity is widely recognized as an important driver of vegetation cover.
Land use change, representing human activity, has been shown to be highly correlated
with vegetation change [24,26,49,57]. Previous research studies have demonstrated the
importance of land use change as a key factor in the spatial distribution of the NDVI, which
significantly influences vegetation change, regional ecological security [58], and ecosystem
services [59]. Our study, depicted in Figure 6b, reveals that forests in the Miaoling area
have the highest NDVI value, followed by grass, shrub areas, arable land, wetland, water
areas, and artificial surfaces. The changes in NDVI’s distribution across different spatial
and temporal scales are driven by both climatic factors and human activities [1,12,15].
The explanatory power of human activities on NDVI changes is much higher than that
of climate factors, as shown in Table 4, indicating that NLI, land use change, and human
activities play significant roles in the ecosystem. Land use change represent ongoing
challenges for vegetation variation and the effects of anthropogenic activity [19].

The land use change characteristics of human activities in Miaoling reveal that vegeta-
tion coverage has been significantly impacted by land use change over the past 21 years.
Human activities such as returning farmland to forests and grass, traditional farming prac-
tices, and the combination of human activities and climate change have played a significant
role in improving or degrading the vegetation [53]. Changes in forest, arable land, and
artificial land surfaces have had a considerable impact on regional vegetation coverage,
primarily due to the tradeoff between forests and arable land. The distribution of land use
change and changes significantly influence the NDVI’s spatial distribution in the region.

4.3. Impact Climatic Factors of NDVI Variation

Understanding the relationship between regional NDVI changes and climatic factors
is critical for predicting regional vegetation changes and for effective ecological restoration
management [56]. Climate change affects vegetation growth and change through dynamic
changes and interactions between different weather factors. Miaoling’s spatial heterogene-
ity is evident from its correlation distributions between NDVIs and six climate factors. This
is due, in part, to the spatial variability of climate change. The strongest correlation among
the climatic factors is precipitation seasonality (CV), as shown in Table 3. Compared with
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results from other regions, vegetation cover (0.0009/year) in the Miaoling’s karst region
is more sensitive to changes in climatic factors, including precipitation seasonality (CV)
and VPD.

Seasonal changes in precipitation have a significant effect on NDVI, as shown by
research [60]. Precipitation is the main driver of vegetation change [61]. Seasonal changes
in precipitation can also influence vegetative phenology and cover [20]. In areas of high
humidity, the risk of drought is lower, making the growing season of vegetation more
sensitive to precipitation seasonality (CV) in order to maximize water benefits [53,55].
The results of this study show that the regularity of the temporal change of NDVI in
Miaoling is similar to that of precipitation seasonality (CV) (Figure 10b). Obviously, in
the period of precipitation seasonality (CV) and precipitation of the wettest quarter (i.e.,
plant growth season) (Figure 12a), when precipitation is abundant, with an increase in
temperature to a certain extent, the photosynthesis, respiration, and transpiration processes
of plants can be increased, and plant growth can be promoted. This is based on the strong
precipitation seasonality in Miaoling, in the subtropical monsoon region. The rate of change
of precipitation and the precipitation in the wettest season strongly promote the growing
season of plants in Miaoling, and the trend of change is consistent, so it has a significant
regulating effect on NDVI. NDVI is also highly positively correlated with precipitation
seasonality (CV) and precipitation in the wettest season in terms of spatial heterogeneity

(Figure 9a,c).
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Figure 12. Time variation
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Furthermore, there is a significant negative correlation between VPD and NDVI, which
is second only to precipitation seasonality (CV) in explaining NDVI changes. VPD also
plays an important role in the interannual variability of NDVI, as an increase in VPD causes
a decrease in NDVI (Figure 10c). However, current Earth system models underestimate
VPD’s interannual variability and its effect on GPP and NEP [50] by ignoring VPD’s indirect
influence on NDVI. Due to global warming, VPD is increasing, and vegetation is severely
affected [55,62]. In addition, previous research has found that the vegetative landscape
is “browning”, i.e., plant growth is decreasing [7,63]. Above a certain threshold, plant
photosynthesis and growth in most species are limited, which leads to a higher risk of
hydraulic failure and a decrease in NDVL

Temperature and precipitation are the most significant climatic drivers of vegetation
growth, as per previous studies [9,11,16,20]. The change in vegetation phenology, structure,
and coverage has been observed to be significant from tropical to northern regions and
from coastal to inland areas [7,12,19]. However, the karst landscape, which is complex
and heterogeneous, has also contributed to vegetation change, including drought and
land degradation, due to rocky desertification [64,65]. The results of this study show that
NDVlI increases with the increase in temperature in the study time sequence (Figure 12c).
The increase in temperature can increase the photosynthetic efficiency of vegetation and
prolong its growth period, thereby improving the status of NDVI [6]. However, the partial
correlation is slightly smaller than that of precipitation (Table 3). Contrary to the results of
other studies, “temperature has a stronger impact on NDVI than precipitation” [55,64].

A study conducted on the interaction between NDVI and the climate of karst veg-
etation in Guizhou revealed that the effect of MAT on NDVI is stronger than that of
MAP [53,60]. The study concluded that the explanatory power of MAT on NDVI in the
Miaoling area is lower than that of MAP. The binary hydrological structure commonly
found in karst regions leads to a substantial loss of precipitation [23], suggesting that water
resources are not efficiently utilized for the thriving of vegetation. The study’s findings
are consistent with the fact that precipitation has a lower positive correlation with NDVI
changes. This is particularly relevant in karst areas that are prone to drought, where pre-
cipitation changes have a significant impact on vegetation [34,62,66]. It is confirmed that
NDVI is more sensitive to precipitation than temperature in Miaoling.

Soil moisture mainly comes from precipitation and affects vegetation growth [8,17].
Therefore, it is also one of the important factors limiting vegetation growth in karst areas.
Due to the relatively thin nature of the karst soil layer, soil water is easy to lose, which limits
plant growth and ecological recovery in karst areas [50,67]. In this study, the explanatory
power of soil moisture is relatively weak, which also proves that the characteristics of soil
moisture loss under the dual structure in karst areas are easy and the positive effect on
NDVI s not significant. As shown in Figures 9e and 12d, the soil moisture of Miaoling’s
arable areas (mainly in non-karst areas) is highly positively correlated with NDVI, which
accounts for 43.7% of Miaoling.

4.4. Influence of Factor Interaction on NDVI

Changes in vegetation growth are inextricably linked to climate variation and human
activities. Based on the detection of geographical detectors, we further analyzed the
interaction of 13 factors on NDVI. We found that NLI between 2000 and 2020 is the strongest
driving factor for explaining the changes in vegetation in Miaoling. Additionally, the results
showed that the interaction between various factors has significantly higher explanatory
power for the changes in the NDVI than itself (Figure 11), which is consistent with other
research results [13,16,66].

In the study, NLI has the greatest explanatory power for the trend of vegetation cover
change (q = 0.422, Table 4). There are a few studies that combine NLI with NDVI, indicating
that urbanization has a negative impact on vegetation coverage or the ecological envi-
ronment by increasing NLI [30,68,69]. There is a significant negative correlation between
vegetation coverage and NLI values. From Figures 5 and 13, it can be seen that there is
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a significant overlap between the areas where NDVI continues to degrade and the areas
where NLI significantly increases. The areas where NDVI improves mostly correspond to
areas with a low or no nighttime light index.
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Figure 13. Characteristics and spatial distribution of NLI changes from 2000 to 2020.

Studies have shown that the interaction between precipitation seasonality (CV) (q = 0.355),
land use change (q = 0.0.397), non-karst areas (q = 0.401), and NLI (q = 0.422) has the most
obvious effect on the NDVI of vegetation (Table 4). Unlike other studies [5,7,43], we found
that two factors of human activity and their interaction with other factors have a high
explanatory power for the changes in NDVI, and it mainly shows a bifactor enhancement;
the contribution rate is very large. This also shows that human activity can significantly
influence the NDVI in the karst region [37,39,55]. Among them, the interaction between
NLI and land use change (q (X13MX12) = 0.459) has the largest impact on NDVI, and it
mainly shows a bifactor enhancement. Therefore, human activities can be identified as the
dominant factor in vegetation dynamics, while other factors only serve as constraints in
karst basins. Relevant studies on the Loess Plateau have also shown this [15,20,58].

Temperature and precipitation are considered the foremost drivers of vegetation
growth with regards to climatic factors, as cited by previous research [8,10,13,19]. Al-
though the influence of mean annual temperature (MAT) (q = 0.155) and mean annual
precipitation (MAP) (q = 0.21) on vegetation in Miaoling does not differ significantly, their
interactions (q (X4NX6) = 0.428) exhibit a significantly higher impact on NDVI compared
to their individual effects. Furthermore, soil moisture and VPD are strongly linked to
temperature and precipitation [69,70]. A few researchers have reported a direct or indirect
dependence of VPD’s impact on NDVI on the prevailing temperature and soil moisture
conditions [25,71,72]. Hence, when the response of plants in an ecosystem decreases the
evaporation capacity due to atmospheric drying, the conservation of soil moisture improves,
along with some evidence of NDVI growth. This suggests that hydrothermal conditions
in subtropical regions significantly influence vegetation growth and change. Moreover,
the impact of factors such as altitude, slope, and aspect interaction are relatively minor in
driving vegetation trends in Miaoling, but this impact increases significantly under the
influence of human activities, reinforcing the crucial role of human activities in vegetation
change in the Miaoling (karst area) region. In other words, the varying responses of vegeta-
tion NDVI to climate factors and human activities may be explained by the interaction of
various factors in terms of temporal and spatial scale differences.

4.5. Limitations of This Study

In this study, we explored the dynamic change characteristics and trends of the regional
vegetation’s NDVI in Miaoling and conducted a driving analysis using climate factors,
human activities, and topography. However, there are still some limitations. Firstly, we
did not analyze the seasonal characteristics of vegetation growth in Miaoling, such as
growing season and non-growing season. In future research, we should pay attention to
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the differences between these vegetation changes and their comprehensive relationship.
Secondly, due to the limitation of spatial resolution differences in NDVI and climate factors,
the NDVI variation trend of some pixels may be overestimated or underestimated, as may
also be found in correlation analyses. Despite these shortcomings, this work is helpful to
comprehensively understand the spatiotemporal characteristics of Miaoling’s vegetation
and the driving factors of vegetation dynamics. At the same time, it provides a reference
value for the dynamic driving factors of vegetation in important karst basins.

5. Conclusions

Based on NDVI data, the present study examines the alterations in vegetation cov-
erage within a karst basin watershed from 2000 to 2020. Furthermore, the research also
investigates the impact exerted by climate factors, topography, and human activities on
Miaoling’s vegetation and how they interact with each other. The key results of this study
are as follows:

(1) Under the pixel scale and spatial distribution in Miaoling, the vegetation coverage
gradually increases from west to east. During the study period, the NDVI of Miaoling’s
vegetation showed an overall upward trend (0.0009/year), with an average value of 0.766,
53.82% of the region continuing to grow, and a distribution pattern of “gradually increasing
from west to east”. The vegetation in NDVI showing an upward trend is much larger than
the area showing a downward trend, and the site with a downward trend is mainly in the
western and central parts of Miaoling.

(2) The correlation between the vegetation’s NDVI and meteorological factors presents
significant spatial heterogeneity. Climate change has a two-sided impact on NDVI changes
in vegetation in the study area because there is a positive promoting effect and a relatively
inhibitory effect for the NDVI. The NDVI and VPD of the vegetation in the study area show
a negative correlation and a positive correlation with the other five climate factors as a
whole, with the greatest correlation being with precipitation seasonality (CV).

(8) Compared with climate change and landform factors, human activity factors have
a greater driving force on the NDVI of Miaoling’s vegetation, and their interaction with
other factors is also significantly higher, which also shows that the dynamic change and
development trend of the NDVI of Miaoling’s vegetation are strongly affected by human
activities. Therefore, human activities can be considered the dominant factor driving NDVI
changes in the Miaoling area.
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