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Abstract: Global environmental changes have been dramatic recently, exerting substantial effects
on the structures and functions of terrestrial ecosystems, especially for the ecologically-fragile karst
regions. Southwest China is one of the largest karst continuum belts around the world, which also
contributes about 1/3 of terrestrial carbon sequestration to China. Therefore, a deep understanding of
the long-term changes of vegetation across Southwest China over the past decades is critical. Relying
on the long time series of Advanced Very High Resolution Radiometer (AVHRR) Global Inventory
Modeling and Mapping Studies normalized difference vegetation index (GIMMS NDVI3g) data set,
this study examined the spatial and temporal patterns of vegetation conditions in Southwest China
from 1982 to 2015, as well as their response to the environmental factors including temperature,
precipitation and downward shortwave radiation. Multi-year mean NDVI showed that except the
northwestern region, the NDVI of Southwest China was large, ranging from 0.5 to 0.8. Meanwhile,
nearly 43.7% of the area experienced significant improvements in NDVI, whereas only 3.47% of the
area exhibited significant decreases in NDVI. Interestingly, the NDVI in karst area increased more
quickly with 1.035× 10−3/a in comparison with that in the non-karst area with about 0.929× 10−3/a.
Further analysis revealed that temperature is the dominant environmental factor controlling the
interannual changes in NDVI, accounting for 48.19% of the area, followed by radiation (3.71%) and
precipitation (3.09%), respectively.

Keywords: vegetation dynamics; karst ecosystem; trend analysis; environmental driving factors

1. Introduction

Terrestrial vegetation directly connects the material cycle and energy flow among soil
sphere, hydrosphere and atmosphere, playing an important role in regulating terrestrial
carbon balance and climate system [1]. In recent decades, global environmental changes
including climate change and human-induced disturbances have exerted substantial ef-
fects on vegetation structures and functions, particularly for ecologically-fragile terrestrial
ecosystems [2–4]. Therefore, a deep understanding of the spatiotemporal dynamics of
vegetation over large areas has important scientific value and practical significance for
ecosystem management.

Vegetation monitoring is a long-term dynamic process, which is crucial to the current
research on global and regional climate change and eco-environmental quality assess-
ment [5,6]. Owing to the advantages of high temporal and spatial resolution, wide extent
of coverage, good timeliness and large amount of information, satellite remote sensing
technology has become the first choice for the dynamic detection of vegetation condition
over a long period and broad extent [7,8]. Among vegetation information obtained from
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remote sensing, the normalized difference vegetation index (NDVI) is of relatively wide
usage [9], and can well reflect the variation of vegetation coverage, biomass and ecosystem
parameters [10,11]. Due to these, it is widely used for monitoring vegetation dynamics
from global to regional scale and its response to climate change.

At present, there are many remote sensing data sets that can provide NDVI products,
such as Moderate Resolution Imaging Spectroradiometer (MODIS) NDVI, SPOT VGT,
Advanced Very High Resolution Radiometer (AVHRR) Global Inventory Modeling and
Mapping Studies (GIMMS) NDVI. In terms of the AVHRR GIMMS NDVI data set, it has the
characteristics of long time series, wide coverage, comparable time and space, and strong
representation ability of vegetation dynamics, which have been proved to be the optimal
data sets to characterize long-term vegetation growth conditions [9,12]. Currently, the data
have two generations including GIMMS NDVIg and GIMMS NDVI3g, which cover the
periods of 1981–2006 and 1981–2015, respectively. Several studies have compared their
differences from the perspectives of monitoring vegetation activity change in the Northern
Hemisphere and extracting the information of vegetation phenology [13,14]. Generally,
the NDVIg data set largely underestimated the changing trend of terrestrial vegetation by
comparison with the new-released NDVI3g product [14–16].

The response of NDVI to environmental factors was crucial to understand the impact
of global and regional changes on terrestrial ecosystems [17,18], and develop appropriate
strategies to confront and settle the potential challenges [19], which was also one of the
research hotspots in recent years. The growth of vegetation will consume substantial
water during photosynthesis, and the availability of resources such as solar radiation and
temperature will affect its use efficiency. Meanwhile, human activities can exert positive or
negative effects on the structure and function of terrestrial ecosystems. Thus, the dynamics
of vegetation are closely related to the environment changes from both climate variability
and human-induced disturbance [20].

Southwest China has the largest karst area in China and is also one of the three largest
karst concentrated contiguous areas in the world [21,22]. However, the karst ecosystems
are facing serious ecological and socio-economic problem due to rocky desertification. In
order to alleviate the problem, the government has implemented a series of ecological
projects, promoting the vegetation productivity in karst areas [23]. Detecting vegetation
change in the karst area can effectively reflect the condition and change of regional rocky
desertification, which has important guiding significance. However, there is still a lack
of long-term monitoring of vegetation dynamics in this ecologically-fragile region. In the
study, using the long-time series AVHRR GIMMS NDVI3g data set, we aimed: (1) to figure
out the spatial pattern of multi-year mean NDVI in Southwest China during the past four
decades; (2) to examine the long-term changes in interannual NDVI across this region;
and (3) to clarify the dominant environmental factor determining the dynamics in NDVI
through the spatial partial correlation analysis.

2. Materials and Methods
2.1. Study Area

The study area is located in the Southwest China spanning from 20◦54′N to 34◦19′N
and from 91◦21′E to 112◦04′E, covering an area of about 1.36 million km2, which is com-
posed of the five provinces Sichuan, Chongqing, Guizhou, Yunnan and Guangxi (Figure 1).
In general, this region is characterized by complex topography and diverse landform.
Meanwhile, this area is the most concentrated and typical karst landform distribution
area in China with an area of 0.55 million km2, which is also one of the three largest karst
regions in the world [24]. The climate type of most areas in Southwest China is subtropical
monsoon climate. Annual mean precipitation is generally above 900 mm but unevenly
distributed in months, with 80–90% falling from May to October [25]. Additionally, more
than 48% of the surface in Southwest China is covered by forest, about 18% is grassland
and about 2% is shrubland.
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which specifically aims to improve the data quality in the high latitudes of Northern Hem-
isphere [15]. This long record is comprised of data from two different sensors: AVHRR/2 
(from July 1981 to November 2000) and AVHRR/3 (from November 2000 to the present) 
[26]. The empirical mode decomposition/reconstruction was employed to minimize vary-
ing solar zenith angle effects introduced by orbital drift, when producing GIMMS NDVI3g 
[27]. In this study, we used the GIMMS NDVI3g data for analysis with the spatial resolu-
tion of 1/12 degree and temporal resolution of 15 days, and the maximum value composite 
method was applied to process into monthly data. It can be obtained from the NASA 
Ames Ecological Forecasting Lab (https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/) 
(accessed on 23 April 2021). 
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Figure 1. The map of land use/land cover in Southwest China and distribution of karst ecosystem.

2.2. Data Sets
2.2.1. AVHRR GIMMS NDVI3g Data

For a long time, the most commonly used NDVI data has been the GIMMS NDVIg
dataset from 1981 to 2006 [16]. To study the vegetation dynamics beyond 2006, it needs
to be expanded with other data sets such as MODIS NDVI data. A new updated version
of the AVHRR GIMMS NDVI3g data set is now available [26] covering from 1981 to 2015,
which specifically aims to improve the data quality in the high latitudes of Northern Hemi-
sphere [15]. This long record is comprised of data from two different sensors: AVHRR/2
(from July 1981 to November 2000) and AVHRR/3 (from November 2000 to the present) [26].
The empirical mode decomposition/reconstruction was employed to minimize varying
solar zenith angle effects introduced by orbital drift, when producing GIMMS NDVI3g [27].
In this study, we used the GIMMS NDVI3g data for analysis with the spatial resolution
of 1/12 degree and temporal resolution of 15 days, and the maximum value composite
method was applied to process into monthly data. It can be obtained from the NASA
Ames Ecological Forecasting Lab (https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/)
(accessed on 23 April 2021).

Due to the relatively coarse resolution of GIMMS NDVI3g, the MODIS NDVI (MOD13A3)
data with a spatial resolution of 1 km and a temporal resolution of 1 month from 2001 to
2015 was employed to evaluate the consistence to GIMMS NDVI3g over Southwest China.
As shown in Figure 2, the coefficient of determination (R2) between GIMMS NDVI3g and
MODIS NDVI reached up to 0.99. Many previous studies have also conducted the compari-
son between GIMMS NDVI3g and MODIS NDVI, and found that the trends of GIMMS
NDVI3g were basically consistent with MODIS NDVI data [28–30]. The MODIS NDVI
can be obtained from the LAADS DAAC (https://ladsweb.modaps.eosdis.nasa.gov/)
(accessed on 14 May 2022).

https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/
https://ladsweb.modaps.eosdis.nasa.gov/
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Figure 2. The scatter diagram of multi-year mean NDVI between GIMMS NDVI3g and MODIS NDVI
in pixel level.

2.2.2. Meteorological Data

The meteorological data, including temperature, precipitation and downward short-
wave radiation data, are derived from the China Meteorological Forcing Dataset (CMFD)
with a spatial resolution of 0.1 degree, a temporal resolution of 3 h; its record begins in
January 1979, currently extending up to December 2018, and can be obtained from Big
Earth Data for Three Poles (https://poles.tpdc.ac.cn/zh-hans/) (accessed on 23 April 2021).
The CMFD data was made through fusion of remote sensing products, reanalysis datasets
and in-situ station data, and formed the first high spatial-temporal resolution gridded
near-surface meteorological dataset for studies of land surface processes in China [31].
The reanalysis and remote sensing data used were Global Land Data Assimilation System
(GLDAS) NOAH10SUBP 3H, GLDAS NOAH025 3H, Modern Era Retrospective-Analysis
for Research and Applications (MERRA) MAI3CPASM 5.2.020, Global Energy and Water
Exchanges-Surface Radiation Budget (GEWEX-SRB) REL3.0 SW 3HRLY21 and Tropical
Rainfall Measuring Mission (TRMM) 3B42 v7. The ground-based observations were from
two sources including the China Meteorological Administration (CMA) data and the
National Oceanic and Atmospheric Administration (NOAA)’s National Centers for Envi-
ronmental Information (NCEI) data. The values of non-physical range, which emerge when
the interpolation algorithm is employed to create gridded data from the station observation
data, were removed before using ANU-Spline statistical interpolation, such as negative
value of gridded precipitation and downward shortwave radiation data interpolated from
the CMA/NCEI data. The accuracy lies between the observation data and satellite remote
sensing data, which is superior to the existing international reanalysis data [32], indicating
that fusing both the surface observation estimates and the satellite estimates will apparently
improve the estimation accuracy [31].

2.2.3. Land Cover Data

In the study, we used the time-series land cover data set (1982–2018) from Global
Land Surface Satellite (GLASS) to investigate its effect on the spatio-temporal change of
NDVI. Using China land use/cover data sets (CNLUCC). This data set established the
corresponding relationship between land cover samples and GLASS quantitative remote
sensing products. The bidirectional long-term and short-term memory network (Bi-LSTM)
model in the TensorFlow framework based on Python was employed for model training
and prediction [33]. The overall accuracy of the data set was up to 84.2%. The spatial
resolution is 0.05◦, which can be obtained from National Earth System Science Data Center,
China (http://www.geodata.cn) (accessed on 14 May 2022). In the study, land cover was

https://poles.tpdc.ac.cn/zh-hans/
http://www.geodata.cn
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divided into the following 9 types: cultivated land, forest land, grassland, shrubland,
wetland, water body, artificial surface, bare land and permanent snow and ice.

2.3. Analysis
2.3.1. Data Preprocess

As a result of the rainy and cloudy climate in Southwest China, there exists a series
of noises in the NDVI data. In order to eliminate potential residual effects of cloud, smog
or other noise [4], the maximum value composite is one of the most commonly used
algorithms [34]. In the study, we adopted this algorithm to process the raw AVHRR
GIMMS NDVI3g data at a 15-day interval, aggregating the monthly data. The formula is
as follows:

MNDVIi = Max(NDVI1, NDVI2) (1)

where MNDVIi is monthly value of NDVI; i is month, i = 1, 2, . . . , 12; NDVI1 is the first
half of each month, and NDVI2 is the second half of each month. The technique selected
the larger NDVI value from the two images pixel by pixel, taking it as the value of the
corresponding pixel in the monthly image. The output image minimized cloud contamina-
tion, sun-angle and shadow effects and aerosol and water-vapor effects; meanwhile, the
directional reflectance and off-nadir viewing effects were also reduced [35].

2.3.2. Trend Analysis

The trend analysis method refers to the analysis of the change trend of the relevant
indicators in long-term sequence. In the study, trend analysis was applied to investigate
the NDVI change tendency from regional and pixel scale. The formula is as follows:

θslope =
n×∑n

i=1 i×MNDVIi −∑n
i=1 i ∑n

i=1 MNDVIi

n ∑n
i=1 i2 − (∑n

i=1 i)2 (2)

where θslope is the slope of the NDVI trend; n is the number of cumulative years of monitor-
ing period; i = 1 represents the year 1982; MNDVIi is the maximum NDVI of the pixel in
year i. The larger |θslope| is, the more obvious the variation of NDVI is. When θslope < 0, it
indicates that vegetation exhibits a decreasing trend; otherwise, when θslope > 0, it shows an
increasing trend. The significance test is essential for long-time trend analysis. In this study,
the significance of the NDVI trend was examined by F test at a confidence level of 95%.

2.3.3. Partial Correlation Analysis

Partial correlation analysis aims to eliminate the influence of the third variable, and
only analyze the correlation between the two variables. In the study, partial correlation
analysis was performed to investigate the response of NDVI to temperature, precipitation
and downward shortwave radiation. The formula is as follows:

R12(3) =
R12 − R13R23√

1− R2
13

√
1− R2

23

(3)

where R12(3) is the partial correlation coefficient between factor 1 and factor 2 with factor
3 controlled, and R12, R13 and R23 are the correlation coefficients between factor 1, 2 and 3,
respectively. In the study, the significance level (p-value) was the criterion to determine the
dominant environmental factors. While one of them passed the significance test (p < 0.05)
but other two did not, the former was the dominant factors; while two of them passed but
the third did not, both were the dominant factors; while all of them passed, all of them
were the dominant factors; while none of them passed, these pixels were viewed as having
no dominant environmental factors. In the study, we performed the data analysis with
Python and ArcGIS.
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3. Results
3.1. Spatial Pattern

In general, multi-year mean NDVI over Southwest China from 1982 to 2015 showed a
decreasing trend from the southeastern to the northwestern (Figure 3). High vegetation-
covered areas (0.7~0.9) with an area ratio about 18.49% were mainly distributed in south-
western Yunnan, northern Guangxi and central Sichuan. Low vegetation-covered areas
(0.2~0.4) with an area ratio about 3.64% mainly appeared in western Sichuan, which is
related to huge relief degree of land surface and relatively high altitude with harsh climate.
Multi-year mean NDVI over Southwest China ranged majorly from 0.5 to 0.8, accounting
for about 83.90%, and the mean NDVI was 0.61 for the whole region, which indicated that
the overall vegetation condition in Southwest China was relatively well. In addition, the
area of multi-year mean NDVI being lower than 0.2 only accounted for 0.18%.
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As shown in Figure 4 and Table 1, generally, the vegetation types in Southwest China
were comprised of forest land, grassland, cultivated land and shrubland. Overall, forest
land was the main contributor of vegetation NDVI, and exhibited an apparent increase
in area from 1982 to 2015 by 14.19%. Meanwhile, the areas of grassland, cultivated land
and shrubland decreased about 6.09%, 7.84% and 11.07%, respectively. However, the
magnitudes of both increase and reduction were basically equal. Nevertheless, the regional
mean NDVI value in 2015 increased significantly by 7.28% in comparison with that in
1982. Table 2 also indicated that the area of NDVI ranging from 0.6 to 0.9 has increased
from 68.26 × 104 km to 98.07 × 104 km, while the area of NDVI ranging from 0.2 to 0.6 has
decreased from 67.46 × 104 km to 37.64 × 104 km since 1982 to 2015. It proved that the
quality of vegetation improved obviously during the past decades.
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Figure 4. Comparison of the land cover and spatial pattern of NDVI in 1982 (a) and 2015 (b).

Table 1. Changes of land cover between 1982 and 2015.

Land Cover 1982 (×104 km) 2015 (×104 km) Rate of Change (%)

Cultivated land 29.68 27.35 −7.84
Forest land 48.47 55.37 14.19
Shrubland 24.19 21.52 −11.07
Grassland 32.37 30.40 −6.09

Water body 0.35 0.22 −38.46
Permanent snow and ice 0.10 0.05 −42.86

Wetland 0.08 0.26 216.67
Artificial surface 0.14 0.18 30.00

Bare land 0.63 0.67 6.52

Table 2. Changes of NDVI in different range between 1982 and 2015.

NDVI 1982 (×104 km) 2015 (×104 km) Rate of Change (%)

<0 0.05 0.07 25.00
0–0.1 0.07 0.04 −40.00

0.1–0.2 0.16 0.18 8.33
0.2–0.3 1.37 1.16 −15.84
0.3–0.4 4.84 3.97 −17.98
0.4–0.5 16.96 11.49 −32.24
0.5–0.6 44.28 21.03 −52.49
0.6–0.7 48.40 55.24 14.17
0.7–0.8 16.70 38.52 130.62

>0.8 3.16 4.31 36.64
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3.2. Long-Term Trend

Generally, NDVI in Southwest China from 1982 to 2015 showed a significant increasing
trend with a rate of 0.936 × 10−3/a (Figure 5). Meanwhile, it presented a decreasing trend
from the eastern to the western. The maximum trend value appeared in central Sichuan,
while the minimum trend value appeared in central Guangxi. Approximately 77.96% of the
area exhibited a positive trend, especially in northeastern Sichuan, Chongqing and Guangxi,
while approximately 22.04% of the area exhibited a negative trend, mainly in western
Sichuan, and northwestern and central Yunnan (Figure 5). Besides, the NDVI values
of cultivated land, forest land, grassland and shrubland have increased significantly at
1.107 × 10−3/a, 0.89 × 10−3/a, 0.509 × 10−3/a and 0.827 × 10−3/a, respectively (Figure 6),
which jointly explain the increase in vegetation NDVI over Southwest China from 1982
to 2015.
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The areas of significant increase and slight increase over Southwest China during
1982–2015 were 50.14% and 8.61%, respectively (Table 3), with the concentrated distribution
area mainly lying in the eastern region (Figure 7), whereas the area of significant reduc-
tion and slight reduction were 3.29% and 2.49% respectively, distributing sparsely in the
northwestern and central areas. In addition, 35.48% of the whole region seems stable.

Remote Sens. 2022, 14, x FOR PEER REVIEW 9 of 18 
 

 

 
Figure 6. The long-term trend of NDVI of cultivated land (a), forest land (b), grassland (c) and 
shrubland (d) over Southwest China from 1982 to 2015. 

The areas of significant increase and slight increase over Southwest China during 
1982–2015 were 50.14% and 8.61%, respectively (Table 3), with the concentrated distribu-
tion area mainly lying in the eastern region (Figure 7), whereas the area of significant re-
duction and slight reduction were 3.29% and 2.49% respectively, distributing sparsely in 
the northwestern and central areas. In addition, 35.48% of the whole region seems stable. 

 
Figure 7. Variance tendency of interannual NDVI over Southwest China from 1982 to 2015. Figure 7. Variance tendency of interannual NDVI over Southwest China from 1982 to 2015.

Table 3. The area ratio of different variance tendency of NDVI over Southwest China during 1982–2015.

Variance Tendency p-Value Ratio (%)

Significantly reduced p < 0.01 3.29
Slightly reduced 0.01 ≤ p < 0.05 2.49

Basically unchanged p ≥ 0.05 35.48
Slightly increased 0.01 ≤ p < 0.05 8.61

Significantly increased p < 0.01 50.14

3.3. Driving Factor Analysis

In the study, spatial partial correlation analysis was used in order to dig out the
response of vegetation NDVI to climatic factors including air temperature, precipitation
and downward shortwave radiation (Figures 8 and 9). Overall, the area controlled by
temperature was about 48.19% (p < 0.05), followed by downward shortwave radiation
(3.71%, p < 0.05) and precipitation (3.09%, p < 0.05). Meanwhile, the area controlled by both
temperature and precipitation was about 4.60% (p < 0.05), followed by both temperature and
downward shortwave radiation (3.80%, p < 0.05). Approximately 35.47% of the area showed
none of climatic controlling factors owing to insignificant changes in NDVI over the past
four decades (Figure 9). Moreover, the pixels with significant positive partial correlation
between temperature and NDVI were mainly concentrated in the eastern regions, while
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few pixels in the western regions showed significant negative partial correlation. The pixels
with significant positive partial correlation between precipitation and NDVI were mainly
distributed in southwest Chongqing and northwest and northeast Yunnan. The pixels in
the western regions presented a large area of negative partial correlation between solar
radiation and NDVI, particularly in the central and north Yunnan (Figure 8).
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4. Discussion
4.1. Effects of Climate Factors

Many studies have investigated the response of vegetation NDVI to climatic factors
on global [36], country [37] and regional [38,39] scales. Generally, as precipitation increases,
vegetation flourishes. However, the areas controlled by precipitation was scarce in South-
west China. More than a half of the area was controlled by temperature during 1982–2015,
which was consistent with previous findings [40,41]. Overall, precipitation is relatively
abundant in Southwest China, which means precipitation is not a limiting factor. Under
this circumstance, vegetation grow better owing to increased photosynthesis [42] and the
growing season is lengthened [43] caused by increased temperature. In western Sichuan
and central and north Yunnan, partial correlation coefficient between downward shortwave
radiation and NDVI was negative, which was ascribed to low soil moisture brought about
by increased evapotranspiration in a dry environment, with rising solar radiation [44].

In addition, some studies illustrated that the response of vegetation NDVI in the karst
area is more sensitive to temperature than that in the non-karst area [45,46], which was the
same with our study (Table 4). Some studies pointed out that the vegetation greening was
driven principally by the elevation-dependent climate warming [47]. Karst landform is
widely distributed in some high-latitude regions such as Yunnan-Guizhou plateau, there-
fore vegetation NDVI in the karst areas will be more susceptible to increasing temperature.
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Table 4. Comparison of the area proportion in driving factors between the karst area and non-karst
area over Southwest China from 1982 to 2015.

Environmental Factors Karst Area Non-Karst Area

No dominant factors 29.59 38.08
Temperature 55.99 44.70
Precipitation 2.79 3.23

Radiation 2.39 4.30
Temperature and Precipitation 4.42 4.70

Temperature and Radiation 4.02 3.70
Precipitation and Radiation 0.46 0.57

Temperature, Precipitation and Radiation 0.35 0.71

4.2. Differences in Vegetation NDVI between Karst and Non-Karst Areas

There existed many discrepancies in climatic, geological, geomorphological and socioe-
conomic circumstances between the karst and non-karst areas. It was the diversity within
such conditions that led to the differences in vegetation NDVI [48,49]. Previous studies
found that compared with the non-karst area, the improvement of vegetation performed
better than that of the non-karst area in Southwest China [42,45,46].

In the study, the overall NDVI trends in the karst and non-karst areas over Southwest
China from 1982 to 2015 exhibited significant increasing trends at rates of 1.035 × 10−3/a
and 0.929 × 10−3/a, respectively (Figure 10), but the trend in the karst area is slightly
stronger. Interestingly, the NDVI trend between the karst area and non-karst area in
different ranges showed opposite characteristics (Figure 11a). When the trend value was
higher than 1 × 10−3/a, the proportion in each range of the karst area was larger than that
of the non-karst area. On the contrary, when the trend value was lower than 1 × 10−3/a,
it exhibited the opposite condition. Meanwhile, the area ratios of significant increase
and slight increase in the karst area were 59.33% and 9.20%, respectively, and the values
were 46.05% and 8.37% in the non-karst area, respectively (Figure 11b). Nevertheless,
some studies suggested a larger NDVI increasing trend does not mean the net primary
productivity (NPP) value with similar dynamics [50]. This inspired us to pay more attention
to the synthetic analysis on vegetation using NDVI and NPP.
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4.3. Impact of Human Activities

Human activities such as ecological projects can exert substantial effects on vegetation
dynamics [22]. Since 2000, the national and local governments have implemented a series
of ecological restoration projects, such as “the Grain for Green Program”, “Natural Forest
Protection Project” and “Karst Rocky Desertification Restoration Project” throughout South-
west China. The overall NDVI trends from 1982 to 2000 in the karst area and the non-karst
area were 0.847 × 10−3/a and 0.957 × 10−3/a, respectively, neither of which passed the
significance test (Figure 10). However, from 2001 to 2015, the trends were 1.187 × 10−3/a
and 1.095× 10−3/a, respectively, both of which were significant at a level of 0.05 (Figure 10).
Significant changes between the two periods can be found in Figure 12. Furthermore, the
transformation among land covers was of extreme importance for the vegetation dynamics.
Widespread forest land, grassland and shrubland converted from cultivated land domi-
nated the regional land cover changes [51,52]. Such change happened in China enlarged
vegetation cover and restored vegetation productivity in the ecologically-fragile areas [23].
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Figure 11 indicates that the NDVI trend and variance tendency differed a lot during
the two periods. Since 2000, the eastern area has been experiencing significantly increasing
tendency, while the western area has converted from significant increase to significant
or slight reduction. This can be partly explained by the impact of annually sustained
droughts [53]. Several studies have revealed a significant decreasing trend of precipitation
in Southwest China after 2000 [47,54], and a drying trend was detected with moderate
and severe droughts [55]. Moreover, the occurrence frequency and severity of droughts
were rising in recent years [24]. Nevertheless, vegetation mainly presented a significant
growing trend, especially for the eastern area (Figure 13). It proved that drought events
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had not changed the greening trend of vegetation in Southwest China [56], which can be
partly attributed to the implementation of a series of ecological restoration projects after
2000 [41,57]. Large-scale ecological restoration projects have also been recognized as the
main reason for the vegetation greening in the karst area of Southwest China [39,42,58],
whereas climate is the dominant driver of negative vegetation trends in non-karst areas [49].
However, large-scale afforestation may increase vegetation transpiration and consume
more water resource, making vegetation coverage decrease [59]. Peng et al. [60] found that
the positive effect of ecological engineering on vegetation productivity can be weakened by
changing climate. Consequently, we should comprehensively investigate the natural and
human-induced factors in dominating vegetation dynamics.
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5. Conclusions

In the study, the spatiotemporal dynamics of vegetation and its driving factors over
Southwest China during 1982–2015 were investigated. The results indicated that the
multi-year mean NDVI over Southwest China from 1982 to 2015 showed a decreasing
trend from the southeastern region to the northwestern region. Vegetation NDVI showed
an overall significantly increasing trend, at a rate of 0.936 × 10−3/a. Among the four
vegetation types, NDVI trend of cultivated land, forest land, shrubland and grassland were
1.107 × 10−3/a, 0.89 × 10−3/a, 0.827 × 10−3/a and 0.509 × 10−3/a, respectively. The area
proportions of significant and slight increase in NDVI accounted for 50.14% and 8.61%,
respectively, whereas significant and slight reduction in NDVI only appeared in a small
area by 3.29% and 2.49%, respectively. The eastern area was the main NDVI increased area.
On the contrary, the western area was the main NDVI reduction area, especially in western
Sichuan and northwestern and central Yunnan. Temperature was the dominant climate
driving factor by about 48.19%, followed by downward shortwave radiation (3.71%) and
precipitation (3.09%), respectively. Compared with the non-karst area (0.929 × 10−3/a),
the overall trend in the karst area was larger (1.035 × 10−3/a). Moreover, the trend after
2000 was apparently stronger than that before 2000, indicated the importance of ecological
restoration projects for the vegetation protection.
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