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A B S T R A C T   

Over the past two decades, eco-engineering has been recognized as an important restoration approach to pro
mote vegetation regrowth and greenness in a widespread rocky desertification land of southwest China. How
ever, it remains unclear of recovery patterns and dominating drivers in different types of karst landforms. Here 
we use multi-satellite archives based on Google Earth Engine (GEE) to reveal the rapid greening process although 
encountered severe drought, especially in Karst Peak-Cluster Depression (+0.0035y− 1) and Karst Trough Valley 
(+0.0035y− 1) influenced by subtropical monsoon climate and afforestation endeavor, while degradation 
happened recently at non-karst areas of west highland in Karst Fault Basin (− 0.0043y− 1 since 2006) and Karst 
Plateau (− 0.0039y− 1 since 2014) influenced by decreasing rainfall. Afforestation project and sloping land 
conversion program is found to play crucial part in explaining a large part of the greening trend in Peak-Cluster 
Depression and Trough Valley but not in other landforms, suggesting that geomorphic heterogeneity should be 
further considered in restoration implementation and vegetation assessment, in conjunction with climate change 
and anthropogenic factors. Our study provides a helpful perspective for karst conservation priorities of various 
rocky desertification region ecosystems.   

1. Introduction 

Karst is a special landform formed by the long-term dissolution of 
limestone, coupled with the physical erosion process of water erosion 
and collapse. The main environmental factors are abundant ground
water, numerous small and medium rivers, limestone with many crev
ices and voids, as well as erosive surface water. Such environmental 
factors result in low soil formation rate and high permeability carbonate 
rocks. Intense soil erosion results in barren soil layer with poor water 
storage capacity, leading to fragile vegetation resilience and conserva
tion. Land degradation and rock desertification are more likely to occur 
(Yuan, 1997), which has a dramatic impact on the environment and 
social economy, such as ecology, soil, carbon-water cycle (Kang et al., 
2020; Wang et al., 2017), geological disaster and economic production 
(Jiang et al., 2014). Karst areas are ecologically fragile areas with 
frequent vegetation degradation, which increase their sensitivity to 
environmental changes and human impacts (Wu et al., 2020). Studies on 
the relationship between vegetation dynamics and climate change are 
crucial for vegetation protection and restoration of fragile ecosystems 

(Liu et al., 2018a). 
The global karst distribution data released by Karst Scientific Data 

Center (http://www.karstdata.cn/) shows that the total area of exposed 
karst landforms in the world is up to 16.72 million square kilometers, 
covering 12.5% of the global continental (Goldscheider et al., 2020). 
Literatures up to 2014 shows that the global karst area has reached 22 
million square kilometers, accounting for about 15.6% of the world’s 
land surface area and 20% of the total population (Jiang et al., 2014). 
There are more than 1.88 million square kilometers of karst outcrops 
and semi-outcrops in China, and the total area of karst areas, mainly in 
Yunnan-Guizhou and the Qinghai-Tibet Plateau, is 3.44 million square 
kilometers with the addition of widely distributed limestone rocks 
buried underground (Wu et al., 2020). Karst regions in southwest China 
are one of the largest contiguous karst regions in the world, mainly 
represented by Yunnan, Guizhou, Sichuan, Chongqing, Hunan, Hubei, 
Guangxi and Guangdong, with a cumulative area of 540,000 km2 (Wang 
et al., 2019b). Vegetation there was proved having important carbon 
sequestration potential for China (Liu et al., 2016a; Song et al., 2016). 
However, karst areas in southwest China have encountered serious 
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rocky desertification since around 2000 (Yuan, 1997). Cultivated land 
expansion and population surge have highlight karst vegetation degra
dation one of the most important ecological and environmental issues in 
China (Bai et al., 2013). HengDuan Mountains in southwest China, an 
important national ecological function zone and ecological barrier of the 
upper reaches of the Yangtze River, as well as a gathering place of ethnic 
minorities and poor villages, has witnessed obvious ecological degra
dation under the influence of human activities and climate change. This 
has promoted a series of researches on the dynamic evolution of karst 
vegetation, including the relationship between land use and vegetation 
degradation (Li et al., 2009; Wang et al., 2004), the evaluation of rocky 
desertification and the spatiotemporal process of vegetation (Bai et al., 
2013; Yue et al., 2012), the attribution analysis of vegetation evolution 
(Chen et al., 2019; Dai et al., 2017; Jiang et al., 2014; Zhao and Hou, 
2019), and the ecological restoration of karst vegetation (Liao et al., 
2018). 

Since 2000, China has gradually recognized the value of ecosystem 
services and the sustainable development of fragile ecosystems in karst 
areas (Li et al., 2021). A series of comprehensive technology has been 
carried out (Chen et al., 2018; Wang et al., 2019a; Zhang et al., 2020) to 
address the problems of karst rocky desertification and ecological 
degradation, and remarkable achievements have been made in ecolog
ical protection and restoration (He et al., 2019; Yue et al., 2020; Zhang 
et al., 2018). Ecological restoration projects have been initiated by 
Chinese government since the late 1990s to ameliorate degraded envi
ronment and alleviate climate stress, including Natural Forest Protection 
Project (I:2000-2010,II:2011–2020), Green for Grain Project (2002), 
and the Karst Rocky Desertification Comprehensive Control and Resto
ration Project(2006–2015). The implementation of national forestry 
protection activities has increased the coverage of karst vegetation in 
southern China from 69% to 81% from 1999 to 2017, accounting for 
about 5% of the global biomass increase (Brandt et al., 2018). Research 
shows that ecological afforestation projects in karst areas of southwest 
China improved the ecological environment and carbon sequestration of 
vegetation, and reduced the sensitivity of karst vegetation ecosystem to 
climate disturbance (Tong et al., 2018). Forest management has been 
highly approved to increased vegetation growth and carbon stock in 
China karst via ecological engineering (Tong et al., 2018; Tong et al., 
2020). Ecological engineering has promoted the vegetation restoration 
rate in China in recent 30 years with a trend of greening, especially in 
Yunnan, Guangxi and Guizhou provinces (Qiao et al., 2021). its spatial 
variation still has non-stationary characteristics nevertheless (Tong 
et al., 2017; Zhang et al., 2017b). Greening trend seems to match with 
the implementation of ecological conservation projects, while no sta
tistical evidence on a relationship between vegetation greening and eco- 
engineering exists (Zhang et al., 2021). Due to the particularity of karst 
ecological landscape (Wang et al., 2014) and the complexity of influ
encing factors, the phenology (Li et al., 2020) and dynamic changes of 
vegetation (Tong et al., 2020; Zhou et al., 2017) in karst region still show 
high spatiotemporal heterogeneity. 

Global climate change has strongly enhanced the variability of karst 
ecosystems in complex climate change (Hou et al., 2015). Although 
many literatures prove that climate warming promotes the increase of 
global vegetation coverage, there are also some articles that show that 
the relationship between karst vegetation and temperature is not sig
nificant (Zhao et al., 2020), and even become a limiting factor of 
vegetation growth in karst areas (Hou et al., 2015). The actual evapo
transpiration in karst area is more sensitive to precipitation change 
under global atmospheric water condition (Liu et al., 2016b). The ex
istence of karst groundwater (Chen et al., 2017) and the process of hy
draulic erosion (Dai et al., 2017) also change the soil water holding 
capacity (Fu et al., 2016) and vegetation available water (VAW) in karst 
areas (Liu et al., 2018b). Water stress has brought challenges to the 
utilization of agricultural water resources in karst areas (Wan et al., 
2015a) and has become a sensitivity factor affecting the vegetation 
communities and geomorphic types in karst areas (Zhou et al., 2018). 

Climate change even weakens the positive effect of vegetation ecological 
restoration project (Wu et al., 2020), resulting in a more complex rela
tionship between vegetation dynamic change and climate factors. In the 
face of frequent extreme global climate change, such as drought (Li 
et al., 2019; Song et al., 2019; Wan et al., 2015a), human interference 
(Peng et al., 2021; Tong et al., 2016) and land use change (Wang et al., 
2020; Yang et al., 2011; Yue et al., 2020). The ecological environment of 
karst vegetation will be more complicated, and the quantitative study of 
vegetation dynamic monitoring and climate response will be more 
meaningful (Zhang et al., 2017a). Under the condition of global climate 
change, karst vegetation in southwest China plays an important role for 
China’s fragile ecosystem to cope with global change. As a matter of fact, 
the karst landforms in southwest China are complex and diverse, and the 
vegetation change and its influencing mechanism under the long-term 
study scale are still unclear. Therefore, it is necessary to fully under
stand the current distribution, greening trend and vegetation recovery 
pattern of typical Karst vegetation in China. 

Google Earth Engine (GEE) is a cloud-based planetary geospatial 
analysis platform, which applies Google’s massive computing power to 
remote sensing research of global change, including vegetable change 
(Diao et al., 2021; Hansen et al., 2013; Ye et al., 2021; Zhao et al., 2021), 
land surface water change (Pekel et al., 2016), land use change (Liu 
et al., 2018c), etc. GEE provides a massive amount of free remote sensing 
data and an interactive development environment based on Python or 
JavaScript language, and supports users to calculate worldwide, long 
time series and multi-source satellite archives. Based on the Google 
Earth Engine (GEE), a cloud computing platform of, this paper considers 
typical rocky desertification areas of different karst landforms in 
southwest China (Karst Peak-Cluster Depression(I) (Zhang et al., 2020), 
Karst Fault Basin(II) (Li et al., 2020), Karst Plateau(III) (Gao et al., 2012; 
Xi et al., 2018), Karst Trough Valley(VI) (Xie and Zhao, 2018)) as the 
study area, and characterize vegetation dynamic change at long-time 
inter-annual scale. Furthermore, the achievement and its influencing 
mechanism of vegetation restoration in different karst landforms are 
discussed, which provides data and theoretical support for ecological 
restoration of karst rocky desertification region with different 
landforms. 

2. Material and methods 

2.1. Study area 

Karst Peak-Cluster Depression(I) region is located in Huanjiang 
(24◦44′-25◦33′N, 107◦51′-108◦43′E), north of Guangxi Province. 
Elevation ranges from 184 m to 1576 m, with high mountains around 
north and low basin in the south. The region is controlled by an average 
annual temperature of 19.9 ◦C in the southern hilly area and 15.7 ◦C in 
the northern mountainous area, as well as an average annual rainfall of 
1750 mm. Karst peak clusters and depressions are concentrated in the 
southwest of the region, dominated by dark or brown lime soil devel
oped from carbonate rocks, which is prone to convert to shallow soil 
layers and large slopes, serious soil erosion and rock exposure. Lithology 
type of western area is dominated by wide range dolomite, while central 
karst landform is composed of limestone. 

A typical Karst Fault Basin(II) is selected in Luxi (24◦10′-24◦45′N, 
103◦30′-104◦05′E),eastern Yunnan Province. More than 70% of the 
1674km2 area is covered by limestone-dolomite interbedded layer, with 
an undulating terrain varies from 902 m to 1840 m and an average 
altitude of 1840 m. The region is characterized by subtropical monsoon 
climate with an annual average temperature of 15.2 ◦C and an annual 
average rainfall of 979 mm. 

Puding (26◦26′36′′-26◦31′42”N, 105◦27′49′′-105◦58′51′′E), located 
in the central part of Guizhou Province as a typical Karst Plateau (III) 
landform, covers an area of 1091km2. The topography of the region is 
relatively high, with an average elevation of 1355 m. The region’s 
northern subtropical monsoon humid climate has formed a mild climate 
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and abundant rainfall, with an average annual temperature of 15.1 ◦C 
and an average annual rainfall of 1396.9 mm. Karst landforms are 
widely developed with an exposed area of 863.7km2, accounting for 
79.2% of the whole land area. 

The Karst Trough Valley (VI) is delineated in the Yinjiang (227◦35′- 
28◦28′N, 108◦17′-108◦48′E) in northern Guizhou, with dolomite as the 
main karst type. The area presents a sloping landform from southeast to 
northwest. The highest altitude is 2311 m, the lowest altitude is 458 m, 
and the average altitude is 910 m. The annual average temperature is 
16.8 ◦C, and the average rainfall is 1113.4 mm (See Fig. 1). 

2.2. Multi-source satellite archives on Google Earth Engine and filtered 
afforestation data 

Medium resolution satellite image collection from 2000 to 2020 was 
download from Google Earth Engine (GEE) platform to describe 
spatiotemporal variation of vegetation and climate, including (1) 
MODIS/006/MOD13A2:Global 16-Day Normalized Vegetation Indices 
(NDVI) at 1 km (Didan, 2015); (2)MODIS/006/MOD11A2: Global Land 
Surface Temperature(LST) at 1 km (Wan et al., 2015b); (3) MODIS/006/ 
MOD17A2H: Global 8-day Gross Primary Productivity (GPP) at 500 m 
(Running et al., 2015); (4)MODIS/006/MCD12Q1: MODIS Land Cover 
Type Yearly Global 500 m, based on Annual International Geosphere- 
Biosphere Programme (IGBP) classification (Friedl and Sulla-Menashe, 
2019); (5) UCSB-CHG/CHIRPS/DAILY: Climate Hazards Group 
Infrared Precipitation (CHIRPS, Version 2.0 Final), which is a long time 
series quasi-global rainfall dataset at 0.05◦ resolution within 50S◦ to 50 
N◦. This gridded dataset was produced by satellite imagery and in-situ 
station data, and was widely applied in trend analysis and seasonal 

drought monitoring (Funk et al., 2015). In this study, pixel-based quality 
indicators band for clouds/shadows/land/water mask was applied to 
the bitmask algorithm for cloud-free images. Annual composites at 1 km 
for each given year was constructed, including NDVI Maximum Value 
Composites (NDVI_MVC), LST Mean Value Composite (LST_MVC), GPP 
Sum Value Composite (GPP_SVC) and CHIRPS Sum Value Composite 
(CHIRPS _SVC).In addition, 1:500,000 shapefile map of lithology type 
map acquired from Karst Distribution Map of Southwest China is pro
vided by the Institute of Karst Geology, Chinese Academy of Geological 
Sciences. Afforestation area was collected from China Forestry Statisti
cal Yearbook (https://data.cnki.net/trade/Yearbook/Single/N201311 
0040?z=Z010) during 2002 to 2019. Only two data of artificial affor
estation and closing hills for reforestation have been compiled and 
summarized, due to the missing value availability of limited reported 
materials. 

2.3. Sen’s slope and Manner-Kendall (M-K) mutation test 

Sen’s slope and Manner-Kendall (M-K) test have been widely applied 
in vegetation dynamic and trend analysis (Jiang et al., 2015; Wang et al., 
2015). Theil-sen Median method, also known as Sen’s slope estimation 
(Sen, 1968), is a robust trend calculation method of non-parametric 
statistics. This method has high computational efficiency and is insen
sitive to measurement error and outlier data, so it is often used in trend 
analysis of long time series data. The calculation formula is: 

Slope = mean
(

xj − xi

j − i

)

，∀j > i (1)  

where xi and xj are time series data; i and j represent the year. 

Fig. 1. Geographical location and elevation of the study area with three main lithologic types: 1) Non-karst type; 2) Pure karst landscape, including dolomites, 
dolomite-limestone, limestone, limestone-dolomites; 3) Impure karst contains dolomites and limestone interlayers, impure limestone and other carbonate rocks. 
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Manner-Kendall (M-K) (Kendall, 1948; Mann, 1945) is a common 
mutation detection method that is not only easy to calculate, but also 
can identify the onset of change point. For time series X with n sample 
sizes, construct an order column Sk, which is the cumulant whose value 
at time i is greater than that at time j. 

Sk =
∑k

i=0
ri, (k = 2, 3,…, n) (2)  

ri =

{
+1, xi > xj

0, else , (j = 1, 2,…, i) (3) 

Under the assumption of random independence of time series, UFk is 
defined as: 

UFk =
Sk − E(Sk)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(Sk)

√ , (k = 1, 2,…, n) (4) 

Where UF1 = 0, E(Sk) and Var(Sk) is the mean value and variance of 
Sk. When x1, x2, …, xn is independent series with the same continuous 
distribution, it can be calculated by the following formula: 

E(Sk) =
n(n + 1)

4
(5)  

Var(Sk) =
n(n − 1)(2n + 5)

72
(6) 

Repeat the above process in reverse order xn, xn− 1, …, x1 of time 
series X, while making UFk = − UBk, k = n, n − 1, …, 1, UB1 = 0. 

2.4. Pearson correlation between vegetation and climate factors 

In order to study the influence of climate conditions on vegetation 
change in karst areas, the correlation between temperature, precipita
tion and vegetation index and GPP can be analyzed, which can indicate 
the relationship between vegetation growth and vegetation change in 
this region. Pearson correlation coefficient (Benesty et al., 2009) rxy was 
used to describe the correlation between two variables, and the signif
icance of the correlation coefficient can be tested by t-test, which can be 
divided into significant correlation (P < 0.05) and non-significant cor
relation (P ≥ 0.05) with 95% confidence. rxy is calculated as follows: 

rxy =

∑n

i=1
(xi − x)(yi − y)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(xi − x)2

∑n

i=1
(yi − y)2

√ (7) 

Where n is the image collection length of the study, representing 
each given year from 2000 to 2020; xi is an independent variable that 
changes with time, such as temperature and precipitation. yi is a 
dependent variable that changes over time, such as NDVI or GPP. x and y 
is the mean value of x and y, respectively. 

3. Results 

3.1. Climate and vegetation condition among regions 

The climate condition of four regions is dominated by the subtropical 
humid monsoon with mild sunlight and abundant rainfall, whereas there 
is obvious hydrothermal discrepancy among the regions displayed in 

Fig. 2. Spatial hydrothermal and vegetation discrepancy among the regions since 2000. 
(a) Mean value of the each region. (b) Spatial distribution of climate and vegetation of each region. 
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Fig. 2(a), mainly affected by tectonic terrace and the rolling hills within 
the region. Fig. 2(b) shows the monthly mean temperature has fluctu
ated between 13 ◦C and 28 ◦C, with the coolest weather in the southeast 
hilly area of Yinjiang. Annual precipitation supply level of the region 
ranges from 800 mm to 1800 mm, with a regional disparity of 1000 mm 
between Huanjiang and Luxi. Regional mean NDVI has been witnessed 
staying around at above 0.75 over the last two decades, benefited from 
our country’s afforestation efforts. The vegetation is seen in Fig. 2(a) 
varying from 0.775 to 0.825 under different water supply conditions 
hydrothermal level, with the illustration of Huanjiang equipped with 
excellent warm and humid climate compared to Luxi with less precipi
tation. The results of GPP distribution in Fig. 2(a) showed that the 
accumulation of total GPP of each year was 0.8–1.2Pg C/m2, with the 
lowest value of 0.2 PgC/ m2 locally in Puding. 

3.2. Vegetation greenness and degeneration along with spatiotemporal 
climate change 

Sen’s slope trend analyses show that all of the pixel sequence change 
with tendency in the last two decades with the large spatial heteroge
neity (Fig. 3). Huanjiang were found to be cooling at a maximum 
average rate of 0.1 ◦C in depression areas compared to a warmer trend in 
peak cluster, as well as a wet trend increasing near 20 mm per year in the 
south area. Greenness and gross primary productivity was observed 
rising by more than 0.004 and 0.003 Pg C/ m2 per year. The total pre
cipitation of other three regions was found increasing at a lower rate of 
5-15 mm per year. Land surface warming was showed in graben basin in 
northwest Luxi and carbonate rocks area in Puding, as well as mountain 

area east of Yinjiang, up to 0.08.◦C per year locally. Apparent vegetation 
degradation have been discovered at non-karst graben basin area in 
Luxi, with a local pixel NDVI value decreasing at 0.001 per year, while 
vegetation grow green by more than 0.04 per year and that of GPP by 
0.0003 Pg C/ m2 y− 1 in the pure limestone-dolomite karst landscape. 
Vegetation decreasing trend appeared in Puding and Yinjiang in line 
with the warming area, covered by carbonate rocks and rugged hills. 

In addition to temporal tracks of climate and vegetation condition, 
sudden change point appeared in the time series data have been detected 
by Manner-Kendall (M-K) mutation test. We divide lithology landform 
into karst and non-karst categories to compare vegetation and climate 
level under different geological conditions. Both pure karst landscape 
and impure karst are considered to be karst areas, with different purity 
levels. As described in Fig. 4(a), karst regions appeared a slightly cooling 
tendency ranging from − 0.0826 to − 0.0158 ◦C per year, and −
0.0885 ◦C to 0.0084 ◦C per year for non-karst region that is a little bit 
lower than karst land in spite of Luxi. In terms of precipitation supply 
level, Fig. 4(b) characterize a general increase between 18 mm to 20 mm 
per year for Huanjing, and others that appears slight wetting trend be
tween 7 mm to 11 per year. 

As depicted in Fig. 4(c), the vegetation greenness in these typical 
karst areas in southwest China has been witnessed to grow significantly 
from 0.78 to 0.86 since 2000, especially in Huanjiang (peak cluster 
depression region in GuangXi province, slope = 0.0035, R2 = 0.89) and 
Yinjiang (trough valley region in GuiZhou province, slope = 0.0035, R2 

= 0.81). Vegetation growth occurred in Luxi in a certain period of time, 
but a sudden point appeared in 2006 was detected by MK method. NDVI 
increased by an average of 0.0057 per year (graben basin region in 

Fig. 3. Spatial tendency of climate and vegetation of four karst regions during 2000–2020.  
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YunNan province, slope = 0.0057, R2 = 0.44) during 2000–2006, while 
generally degradation happened during 2006–2020 in the whole 
watershed level (slope = − 0.0004, R2 = 0.03), especially in non-karst 
landscapes (slope = − 0.0043, R2 = 0.68). Segmented trend of NDVI 
was also found in Puding (karst plateau landform in GuiZhou province) 
during 2000–2014 (slope = 0.0035, R2 = 0.52) and 2014–2020 (slope =

− 0.0044, R2 = 0.34) in karst area, and during 2000–2014 (slope =
0.0042, R2 = 0.77) and 2014–2020 (slope = − 0.0039, R2 = 0.59) in non- 
karst area. 

GPP has also experienced fluctuating increases since 2000 in Fig. 4 
(d), with a total of 88.954PgC/ m2 captured by the photosynthesis 
process during the last 20 years in Huanjiang (total GPP = 25.83PgC 

Fig. 4. Temporal tracks of climate and vegetation sequence during 2000–2020. (a)LST, (b)Total precipitation, (c)NDVI, and (d)GPP. The black/Gy lines indicate 
karst/non-karst area, with the trend line colored by green/palegreen or red/pink dash lines, which represent decreasing and increasing trend divided by change 
point, respectively. The vertical yellow span displays drought event in southwest China during 2010–2012. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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/m2; slope = 0.0073PgC/ m2 y− 1 and R2 = 0.16 for karst; slope =
0.0081PgC/ m2 y− 1 and R2 = 0.18 for non-karst), Luxi (total GPP =
23.607Pg C/m2; slope = 0.0127PgC/ m2 y− 1 and R2 = 0.48 for karst; 
slope = 0.0075PgC/ m2 y− 1 and R2 = 0.26 for non-karst), Puding (total 
GPP = 18.198PgC/m2; slope = 0.0086PgC/ m2 y− 1, R2 = 0.35 for karst; 
slope = 0.0103PgC/ m2 y− 1 and R2 = 0.33 for non-karst;), and Yinjiang 
(total GPP = 21.319PgC/m2; slope = 0.0076PgC/ m2 y− 1, R2 = 0.19 for 
karst; slope = 0.0079PgC/ m2 y− 1, R2 = 0.21 for non-karst;). 

Apparent fluctuations in temperature and rainfall were shown in 
Fig. 4(a) and (b) around 2011, which have been confirmed by reported 
severe drought legacy in southwest China during 2010–2012. Besides, 
obvious minimum values were observed on vegetation sequences (Fig. 4 
(c) and (d)) along with greenness progress during the period of these 
thirsty years. 

3.3. Vegetation recovery along with land cover evolution 

Fig. 5 demonstrated land cover change over a period of 20 years, 
revealing an overall greenness in forest and herbaceous ecosystem in 
southwest regions of China. HuanJiang was dominated by woody sa
vannas, while its coverage decreased from 65% to 59%, as the evergreen 
broadleaf forests area increased from 7.6% to 26.7% since 2007, espe
cially in non-karst region from 6.2% to 34.8%. Similar phenomenon 
happened in YinJiang with mixed forests cover growth from 1.3% to 
14.3% and woody savannas increment by 3%. 39.6% of the land surface 
of LuXi is distributed by cropland in 2004, while only 25.1% remained 
by the end of 2019, which has been replaced by savannas growing from 
56.3% to 70.4%. 22.5% karst cropland in PuDing has been gradually 
substituted by small-scale cultivation 40–60% with natural tree, shrub, 
or herbaceous vegetation. All of the surface vegetation cover in four 

regions has turned lush along with the land cover change, accompanied 
by vegetation recovery benefiting from either conversion of farmland in 
LuXi and PuDing, or afforestation in HuanJiang and YinJiang. 

3.4. Impacts of climate and effects of ecological restoration activities 

According to the correlation coefficients of climate and vegetation 
sequence depicted in Fig. 6, R value of NDVI-LST is basically negatively 
in the whole region in line with the vegetation growth and land surface 
cooling during 2000–2020 seen in Fig. 4. Correlation coefficients of 
NDVI/GPP- Precipitation are scattered mainly in positive areas, which is 
in line with the greening trend of vegetation and the precipitation ten
dency in Fig. 3. There is less significant correlation between GPP and 
LST although positive R values of GPP-LST were seen in Fig. 6, especially 
seen in mountainous areas of YinJiang, which can be explained by the 
fact that vegetation growth is not absolutely subject to temperature and 
rainfall changes due to the existence of vertical hydrologic structure 
(Deng et al., 2018). NDVI and GPP are consistent in the overall corre
lation of the two climate factors, while NDVI shows more significance 
than GPP, which reflects the discrepancy as proxy in vegetation green
ness and productivity for reflecting vegetation growth. 

Gross afforestation of 4 typical karst regions was aggregated in Fig. 7- 
a) annually, comprised by forest plantation in non-forest area and con
servation recovery in sparse woods area. The afforestation projects in 
LuXi and PuDing grew slowly before 2007, with an average of only 693 
and 471 ha of newly afforested land during 2004–2007. Fig. 7-b) showed 
a significant increase forest coverage since 2007 especially in YinJiang 
County, with an exponentially tendency and a total area up to 85,844 ha. 
Cumulative afforestation area in Puding is lower than that in Luxi and 
Huanjiang respectively, while each of the three counties had reached 

Fig. 5. Vegetation recovery along with the land cover change during 2000–2020.  
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about 50,000 ha by the end of 2019. It is demonstrated in Fig. 7-c) that 
ecological afforestation implementation seems to match with vegetation 
growth in karst region, explaining 87% (p < 0.01) and 62% (p < 0.01) of 
NDVI dynamics in HuanJiang and Yinjiang, while 85% (p < 0.01) and 
59% (p < 0.01) in that of non-karst area (Fig. 7-d)). There exists no such 
strongl evidence on a relationship between vegetation greening and eco- 
engineering in LuXi (p < 0.1) and PuDing (p < 0.1 in karst area), which 
is reasonably assumed by the reason that the main recovery and vege
tation cover change in Luxi and Puding is farmland returning to wood
land and other potential sloping land conversion. The abandon in the 
area of farmland where crops were originally planted and the increase in 
sparse shrubs and grasses have probably bring a downward trend in 
surface NDVI, thus leading to the less significant increase or even 
decrease in Luxi and Puding. However, it can be seen that the affores
tation area does not play a decisive role in the growth of GPP, with R 
square value lower than 30%. This shows that the increase of affores
tation project does not make the same contribution to the improve forest 
cover and productivity. The raise in forest productivity is affected by 
other potential complex factors. 

4. Discussion 

4.1. Focus on the effects of complex variables on vegetation restoration 
and recovery 

Although Fig. 6 shows significant correlation between vegetation 

cover and hydrothermal variables in local areas, the complicated in
fluence of climate factors cannot be fully understand by limited variable 
statistics. The karst area in southwest China has a warm climate and 
abundant rainfall in summer, which not only promotes the growth of 
vegetation, but also triggers severe erosion power and dissolution con
ditions for the formation of rocky desertification. Temperature incre
ment has intensified the dissolution process of carbonate substrate, thus 
limiting soil nutrient accumulation and vegetation growth. In addition, 
the erosion of rainfall accelerated the chemical reaction between karst 
matrix and water, resulting in rock desertification. The existence of 
underground rivers, vertical thermal difference in mountainous area, 
CO2 fertilization, as well as other natural factors will increasingly 
become the key variables in the evolution of karst vegetation. 

While the consistency between ecological afforestation and vegeta
tion greening is indicated in this paper, its contribution to vegetation 
carbon sequestration is not fully discussed. There is no evidence to 
suggest that afforestation area has played a decisive role on GPP, despite 
an observed upward trend in Fig. 7. The possible reason is that the 
ecological engineering records have not been fully collected. Affores
tation were used to characterize the intensity of ecological engineering, 
while other sloping land conversion program and human impacts were 
not fully considered, including farmland returning to woodland, aban
doned land and village migration (Qi et al., 2021), etc. Gap filling and 
data bank of these projects are of great concern to the research of karst 
vegetation restoration and recovery. 

Fig. 6. Spatial correlation coefficient between climate and vegetation variables.  
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4.2. Vegetation condition and dynamics in different geomorphic types 

Karst areas in southwest China are typical ecologically fragile areas 
of serious ecosystem degradation, with complex and diverse geomorphic 
types, as well as high landscape heterogeneity of ecological environment 
(Zhang et al., 2021). Typical karst geomorphic types are discussed in this 
paper, including Karst Peak-Cluster Depression (I), Karst Fault Basin (II), 
Karst Plateau (III) and Karst Trough Valley (VI). We found that Karst 
Peak-Cluster Depression (I) (Zhang et al., 2020) and Karst Trough Valley 
(VI) have the superior climate condition owing to the monsoon climate 
in the eastern part of Yunnan-Guizhou Plateau, which can be reflected 
by apparent greenness trend in Fig. 4, no matter the decreasing rainfall 
and severe drought event (Li et al., 2019). In contrast, Karst Fault Basin 
(II) and Karst Plateau (III) have more fragile ecological environment and 
unsteady vegetation evolution, characterized by severe karst leakage 
and obvious vertical heat difference. 

Considering the complexity of karst geological background and the 
uncertainty in the process of vegetation restoration of rocky desertifi
cation, it is of great practical significance to carry out the comprehensive 
effectiveness evaluation of karst rocky desertification control project. 
Ecological engineering was the dominant factor in Karst Peak-Cluster 
Depression (I) and Karst Trough Valleys(VI), explaining 87% and 62% 
of the positive greening trend, which is consistent with previous studies 
(Zhang et al., 2021). Specifically, these two types of karst zone were 
benefited from the superior climate condition (Fig. 2) and rapid affor
estation projects (Fig. 7), while Karst Fault Basin (II) and Karst Plateau 
(III) generally recovered from abandoned land strategies. The discussion 
of these 4 karst zones and 2 recovery patterns provides important 
theoretical support for ecological restoration of karst rocky 

desertification areas with different geomorphic types. 

4.3. Limitations and future research directions 

Firstly, karst and non-karst regions were considered when discussing 
vegetation recovery and degradation, while subdivided vegetation cover 
types have not been fully portrayed. Although annual International 
Geosphere-Biosphere Programme (IGBP) classification of 500 m in the 
last two decades was capable of indicating continuous land cover evo
lution, the savannas in the IGBP classification system does not conform 
to the real vegetation types in southwest China, and can only reflect the 
vegetation coverage to a certain extent. Secondly, the spatial resolution 
of MODIS data set in this paper is still limited in depicting the surface 
vegetation in southwest China with a specific landscape scale. Coherent 
high-resolution land classification map and indigenous knowledge are 
still expected to be adopted in southwest China. Nevertheless, long-term 
multi-source satellite archives and encapsulated data processing flow 
provided by GEE platform, still provide irreplaceable scientific tools for 
long-term and large-scale vegetation dynamic monitoring in the back
ground of global climate change. Thirdly, we highlighted the important 
role of ecological engineering in improving greenness in four regional 
landforms, while there are complex variables that have nonlinearly 
impacts on the process of vegetation growth. In the future, it will be 
difficult to completely isolate the effects of natural factors and man- 
made engineering projects on vegetation change. More detailed statis
tical methods are needed to focus on the coupling relationship between 
factors and vegetation. 

Fig. 7. Afforestation and its impacts on vegetation a) and b) display annual and cumulative afforestation area during 2002–2019. c) and d) show the scatter chart 
between NDVI and cumulative afforestation area in karst and non-karst region. e) and f) show the scatter chart between GPP and cumulative afforestation area in 
karst and non-karst region. 
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5. Conclusions 

In this study, vegetation greenness and degeneration along with 
spatiotemporal climate change and land cover evolution has been dis
cussed in four typical karst regions, including Karst Peak-Cluster 
Depression (I), Karst Fault Basin (II), Karst Plateau (III) and Karst 
Trough Valley (VI). Long-term multi-source satellite archives processing 
flow based on Google Earth Engine (GEE) and linear statistical methods 
were adopted to describe vegetation dynamics and its drivers. The re
sults show that heterogeneous vegetation dynamics token place in the 
last two decades under the impacts of decreasing rainfall and booming 
eco-engineering. Although ecological afforestation project and sloping 
land conversion program have explained large part of greening trend in 
karst areas, rocky desertification still occurs in non-karst areas especially 
in fault basin of Yunnan and plateau in Guizhou. Research findings 
remind us paying close attention to the coupling drivers from climate 
change and human activities in prominent rocky desertification regions, 
while affirming vegetation greenness and ecological achievement. 
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