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The impact of global climate change on vegetation has become increasingly prominent over the past several decades. Under-
standing vegetation change and its response to climate can provide fundamental information for environmental resource
management. In recent years, the arid climate and fragile ecosystem have led to great changes in vegetation in Yunnan Province, so
it is very important to further study the relationship between vegetation and climate. In this study, we explored the temporal
changes of normalized difference vegetation index (NDVI) in different seasons based on MOD13Q1 NDVI by the maximum value
composite and then analyzed spatial distribution characteristics of vegetation using Sen’s tendency estimation, Mann-Kendall
significance test, and coefficient of variation model (CV) combined with terrain factors. Finally, the concurrent and lagged effects
of NDVI on climate factors in different seasons and months were discussed using the Pearson correlation coefficient. The results
indicate that (1) the temporal variation of the NDVI showed that the NDVI values of different vegetation types increased at
different rates, especially in growing season, spring, and autumn; (2) for spatial patterns, the NDVI, CV, and NDVT trends had
strong spatial heterogeneity owning to the influence of altitudes, slopes, and aspects; and (3) the concurrent effect of vegetation on
climate change indicates that the positive effect of temperature on NDVI was mainly in growing season and autumn, whereas
spring NDVI was mainly influenced by precipitation. In addition, the lag effect analysis results revealed that spring precipitation
has a definite inhibition effect on summer and autumn vegetation, but spring and summer temperature can promote the growth of
vegetation. Meanwhile, the precipitation in the late growing season has a lag effect of 1-2 months on vegetation growth, and air
temperature has a lag effect of 1 month in the middle of the growing season. Based on the above results, this study provided
valuable information for ecosystem degradation and ecological environment protection in the Yunnan Province.

1. Introduction rise to the temporal and spatial atrophy of vegetation in

diverse ecosystems [5]. Dynamically monitoring the vege-

As a key component of terrestrial ecosystems, vegetation
plays a pivotal role in the linkage of the pedosphere, at-
mosphere, and hydrosphere [1, 2]. It affects the carbon cycle,
energy exchange, climate change, and the water cycle of the
diverse ecosystems in direct or indirect ways [3]. However,
global warming, unreasonable human disturbance [4], de-

tation changes of terrestrial ecosystems is critical to un-
derstand the role in the global material cycle and energy flow
and to provide a theory for humans to natural resources in a
reasonable manner.

With the development of satellite sensor technology,
remote sensing techniques have been widely used to monitor
vegetation growth because of a large coverage area and long
time series [6]. Good relationships between the vegetation
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indices and vegetation coverage have been reported, and
vegetation indices, such as the normalized difference veg-
etation index (NDVI), are usually used to explore the ability
of remote sensing data to evaluate vegetation variety [7, 8].
For example, Wu et al. employed the time series of NDVI
data to monitor the spatial distribution of global vegetation
and the time-lag effects of the vegetation responses to cli-
matic factors [9]. Shilong et al. investigated the temporal
patterns of vegetation in temperate and boreal regions of
Eurasia (>23.5%) based on the NDVI from 1982 to 2006 [10].
Liu and Lei applied the NDVI to study the temporal and
spatial distribution of vegetation in China during 1982-2011
[2]. Zhang et al. explored the spatiotemporal patterns of
vegetation growth in the Koshi River Basin in the middle
Himalayas during 1982-2011 [11]. These studies indicated
that the NDVI was able to examine the temporal and spatial
variations of vegetation at different temporal and spatial
scales. Therefore, it is feasible to employ the NDVT to explore
the spatial and temporal characteristics of vegetation in a
long, continuous time series.

In recent years, some studies have been conducted on the
spatiotemporal distribution of vegetation and its relation-
ship with climate factors, although some problems still re-
main. First, at present, unitary linear regression is mostly
used to analyze interannual changes in vegetation in re-
search on vegetation change trends, but this method has a
weak ability to avoid errors [12]. Meanwhile, researchers
usually use a threshold to classify statistical data when using
unitary linear regression. Although the results can be
classified in more detail, it is difficult to give a statistical
explanation [13, 14]. Second, most previous studies mainly
paid more attention to the mean NDVI values within a fixed
time period (such as a whole year or growing season), which
may not properly reflect the seasonal differences in the
relationship between vegetation and climate change [2, 15].
Yunnan has a complex and diverse climate. The seasonal
climate of Yunnan Province is very different because of the
influence of the East Asian monsoon, the Indian monsoon,
and air masses from the Tibet Plateau [16]. The precipitation
is mainly concentrated in summer (accounting for more
than half of the annual precipitation) and less concentrated
in spring [17]. For temperature in Yunnan Province, the
warming rate in winter (0.33°C per decade) is faster than that
in summer (0.26°C per decade) [18]. There is a wide range of
vegetation types in Yunnan, and the growth periods of
different regions and vegetation types are significantly dif-
ferent. Thus, vegetation changes and their response to cli-
mate on the seasonal scale must be considered. Third,
vegetation needs a period of time to adapt to climate
change, so the lag effects should not be ignored when
analyzing the relationship between seasonal vegetation
changes and climate factors. The lag effects of vegetation
responses to climate change are caused by climate change
exceeding the ability of vegetation ability to adapt to en-
vironmental disturbances [19, 20]. In order to improve the
accuracy of the relationship between vegetation activity
and climate factors, the lag effects should be considered.
Hence, to deeply understand the response of vegetation
variation to climate change in arid and semiarid areas, the
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specific case study is still necessary by using the NDVT in
more detail.

This paper takes Yunnan Province as a case study, with
the goal of assessing the spatiotemporal changes in vege-
tation and its response to climate change. The specific ob-
jectives of this study were the following: (1) to explore the
spatiotemporal patterns of vegetation growth in Yunnan
Province and the mechanisms of vegetation change using the
maximum value composite, Mann-Kendall (M-K) abrupt
change test, Sen’s tendency estimation, M-K significance
test, and coeflicient of variation (CV) model; (2) to analyze
the concurrent effects of climate change on vegetation for
different seasons; and (3) to explore the time-lag effects of
vegetation activity responses to climatic factors at the season
scale.

2. Materials and Methods

2.1. Study Area. Yunnan Province (20°8'-29°16'N,
97°31'-106°12'E), located in southwest China, bordering the
Xizang Plateau and the Himalayan Range on the west and
Laos and Vietnam on the south [21], covers an area of
approximately 3.83 x 10°km? (Figure 1). The elevation of
this region increases from 76 m in the southeast to 6,740 m in
the northwest, with an average altitude of 2,000 m [22]. The
region contains various terrains, with karst landscape in the
east, deep canyons in the west, and longitudinal mountains
throughout the area [16]. It is particularly worth mentioning
that Yunnan Province is called the “kingdom of plants” for
its rich plant diversity and is one of the most biodiverse areas
in China [23]. The main vegetation types in Yunnan
Province are woodland, cultivated plant, shrubland, grass-
land, and meadow steppes, which accounts for 27.04%,
26.01%, 22.51%, 21.14%, and 2.60% of the area of Yunnan,
respectively.

The climate of Yunnan Province is a typical plateau
monsoon climate, which is affected by the East Asian
monsoon, the Indian monsoon, and air masses from the
Tibet Plateau with abundant rainfall but an uneven spa-
tiotemporal distribution (ranging from 560 to 2,300 mm)
[16]. The annual average precipitation is approximately
1,100 mm, which is primarily concentrated between June
and August in Yunnan Province [24]. Furthermore, the
precipitation has increased in recent years in the central and
northwest of Yunnan Province [25]. Yunnan Province has a
relatively small annual temperature variation because of its
cold zone, temperate zone, and tropical climate types. The
average temperature of the hottest month (July) is between
19°C and 22°C, and that of the coldest month (January) is
over 6°C [26]. However, Yunnan Province has a large daily
temperature difference. All these conditions have contrib-
uted to make this study area a popular region for the study of
the relationship between vegetation and climate.

2.2. Data Compilation. In this study, time-series NDVI
(MOD13Q1) data from National Aeronautics and Space
Administration (NASA) (https://ladsweb.modaps.eosdis.
nasa.gov/) were used to explore the spatiotemporal
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FIGURE 1: The study area across Yunnan Province.
distribution of the vegetation, with a temporal resolution The meteorological data (monthly precipitation and air

of 16 days and a spatial resolution of 250 m x 250 m. The ~ temperature) from 2001 to 2018 for 52 nationally standard
data were processed with radiation, atmospheric, and  meteorological stations around and within the study area
geometric corrections to guarantee that they are of high  (see Figure 1) were provided by the Chinese Meteorological

i i i i study of regional =~ Administration (http://data.cma.cn/). The spatial distribu-
tion of precipitation and air temperature in the entire region
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was predicted using Kriging interpolation in ARCGIS 10.5.
In addition, we obtained the seasonal precipitation and air
temperature distribution over the past 18 years through
monthly precipitation and air temperature based on a raster
calculator in ARCGIS 10.5.

Vegetation types of Yunnan in this study were extracted
from the 1:1,000,000 China vegetation map published by the
Data Center of Chinese Academy of Resources and Envi-
ronmental Sciences (http://www.resdc.cn/) and reclassified
into five categories, namely, woodland, cultivated plant,
shrubland, grassland, and meadow steppes. In addition, the
spatial pattern of these major vegetation types is shown in
Figure 1.

ASTER digital elevation model (DEM) data were
collected from NASA (https://asterweb.jpl.nasa.gov/
gdem.asp) with a spatial resolution of 30 m. The slope
and aspect were calculated by ARCGIS10.5 based on the
DEM.

2.3. Study Method. For this paper, the temporal changes of
NDVI in different seasons (growing season, spring,
summer, and autumn) were analyzed based on MOD-
IS13Q1 NDVI by maximum value composite. Then, the
spatial distribution characteristics of vegetation were
explored using Sen’s tendency estimation, M-K signifi-
cance test, and CV model combined with terrain factors
(altitude, slope, and aspect). Finally, we analyzed the
concurrent and lagged effects of NDVI on climate factors
in different seasons and months using the Pearson cor-
relation coeflicient.

2.3.1. Maximum Value Composite. The maximum value
composite was proposed by Holben, which has the advan-
tages of minimizing the effects of cloud contamination,
atmosphere scan angle, and solar zenith angle [13, 27]. For
this study, the maximum value composite method was used
to reconstruct the original NDVI data into the seasonal or
monthly NDVI dataset. The equation to calculate maximum
NDVI is as follows:

MNDVI = max! (NDVI,), i<j<n, ey

where MNDVI represents the maximum NDVI value in
different seasons or months, i represents the sequence
number of the first image of each season or month, and »
represents the sequence number of the last image of each
season or month.

2.3.2. Sen’s Tendency Estimation. Sen slope estimation
method was proposed by Sen et al. for the purpose of an-
alyzing the slope trend of time-series data [12, 28]. It is a
mathematical statistical method that has the following ad-
vantage: even the absence of data or the existence of bad
points in individual data series does not affect the trend
result. For this study, the slope trend of the NDVTI time series

ol L) EJI_tLl
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. (x i xi) L.
slope = median [~———=|, Vj>i, (2)
(j-1)
where x; and x; are the values at times i and j, respectively,
and slope is the tendency of NDVI time series. Slope >0
indicates an upward trend and slope < 0 means the down-
ward trend.

2.3.3. M-K Significance Test. In this study, since Sen’s
tendency estimation method lacks statistical significance
testing for the trend, we evaluated it using the M-K sig-
nificance test method. As a nonparametric statistical test,
this method does not require the sample data to obey a
certain distribution and is not affected by outliers, so it is
widely used to identify a monotonic trend in climate. The
M-K significance test is given as follows [12, 28]:

$>0,
S-1
var(S)’
o] 0,S=0,
S+1
—, S§$<0,
| var(S)
n-1 n
S=Y ) sgn(NDVI, - NDVIL,),
j=li=j=1

1, NDVI; - NDVI; >0,

sgn (NDVIj -NDVI;)) =4 0, NDVI; - NDVI, =0,

-1, NDVI; - NDVI; <0,

var(§) = n(n- 115(;211+5)’

(3)

where NDVI; and NDVT; are the values of the pixels in the
ith and jth years, respectively, and » indicates the length of
the time series. Z obeys a standard normal distribution, and
its value ranges from —oo to +co. When the calculated result
of Z is greater than 0, it indicates an upward trend. When the
calculated result of Z is less than 0, it indicates a downward
trend. Under the given significance, if [Z|> Z1 — «/2, the
trend is considered to be significant. When |Z| > 2.58, it
indicates that the linear trend has passed the significance test
of 0.01, whereas when |Z|>1.96, it indicates that it has
passed the significance test of 0.05. In this study, the NDVI
trend categories are shown in Table 1 based on Sen’s ten-
dency estimation and the M-K significance test.

2.3.4. CV Model. The CV method is a statistical method for
measuring the degree of variation of each observation in a
group of observations. In this paper, based on the pixel scale,
this model is used to perform statistical analysis on the
degree of variation of NDVI in time series and to evaluate
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TaBLE 1: Classified result of NDVI change simulated from 2001 to
2018.

TAaBLE 2: Pearson correlation coefficient and corresponding cor-
relation levels.

Items The trend of NDVI change Status P and R,, value Correlation level
Slope <0, P<0.01 Extremely significant R,,<0, P<0.01 Extremely significant negative cor.relatlon
decrease R,,<0,0.01<P<0.05 Significant negative correlation
Slope <0, 0.01 <P <0.05 Significant decrease R,,<0,0.05<P Insignificant negative correlation
Category Slope <0, 0.05< P Insignificant decrease R, >0, P<0.01 Extremely significant positive correlation

Slope >0, 0.05< P
Slope >0, 0.01 <P <0.05

Slope >0, P<0.01

Insignificant increase
Significant increase
Extremely significant
increase

the stability of NDVI with time. The calculation formula is as
follows [29]:

v VX (NDVI - NDVI)? @

C —
NDVI

where NDVTIis the average value of a pixel from 2001 to
2018. The larger CV value represents the fiercer fluctuation
of NDVI. On the contrary, the smaller CV value means the
slighter fluctuation of NDVT [30].

2.3.5. Pearson Correlation Coefficient. Vegetation has cer-
tain adaptability to climate change. Sometimes, vegetation
does not change immediately with climate change, that is,
the response of vegetation to climate change has a certain
time lag. The NDVI sequence in the study area from 2001 to
2018 and the mean precipitation sequence were taken as two
groups of variables for calculating the correlation coeflicient
between NDVI and mean precipitation. Similarly, in order
to calculate the correlation coefficient between the NDVI
sequence and the mean air temperature, we use two groups
of variables: mean air temperature and NDVI. To explore the
concurrent and lag effects of NDVT on different seasonal and
monthly climate factors, we compared the seasonal or
monthly correlation coefficients between NDVT and climate
factors in different seasons and months. The relevant for-
mula is as follows [31]:

R - 2iallxi—x]-[i-7]
xy = n —2 —2 (5)
VEL 1% - = [y - 7))
where R, is the correlation coefficient between x and y and n

is the number of years during the study. The correlation
coefficient levels are shown in Table 2.

3. Results
3.1. Spatiotemporal Patterns of NDVI

3.1.1. Interannual Variation of NDVI in Different Vegetation
Types. In order to investigate the time-series variation of
NDVTin different vegetation types in Yunnan Province from
2001 to 2018, the seasonal time scale was analyzed (Figure 2).
gest NDVI value
sland, cultivated

Ry >0,0.01<P<0.05
Ry >0, 0.05<P

Significant positive correlation
Insignificant positive correlation

steppe, and meadow steppe in the growing season, spring,
and autumn. However, NDVI values of forest, grassland,
cultivated steppes, and shrubland are almost the same in
summer, and the NDVI value of meadow steppes is the
lowest. In addition, during the study period, NDVI values of
different vegetation types increased at different rates in
growing season, spring, and autumn. However, the NDVI
values of each vegetation type showed a relatively flat trend
in summer, and only meadow steppes showed a large range
of change.

3.1.2. Characteristics of Spatial Distribution of NDVIL
The growing season NDVI from 2001 to 2018 of Yunnan
Province showed a distribution pattern that decreased from
the southwest to northeast (Figure 3(a)). The high-value
areas of growing season NDVI were mainly distributed in
Xishuangbanna, Dehong, Puer, Lincang, and Baoshan
(Figure 3(b)). Low-value areas were mainly concentrated in
Kunming, Lijiang, Qujing, Yuxi, Chuxiong, Dali, and
Diqing. The results of trend analysis showed that growing
season NDVT had mainly an insignificant increase (48.97%),
followed by insignificant decrease (16.95%), extremely sig-
nificant increase (15.98%), significant increase (15.81%),
significant decrease (1.31%), and extremely significant de-
crease (0.98%) (Table 3). The areas with a significant increase
and an extremely significant increase were mainly con-
centrated in Zhaotong, Qujing, Wenshan, Puer, and Lincang
(Figure 3(c)). The areas with significant decrease and ex-
tremely significant decrease were mainly distributed in
Kunming, Yuxi, Diqing, Lijiang, and Dali. The stability
analysis results showed that growing season NDVI in
Yunnan Province from 2001 to 2018 was generally stable,
with CV values ranging from 0 to 3.36 (Figure 3(d)). At the
pixel scale, the high-value areas of CV were primarily dis-
tributed in Kunming, Yuxi, and Diqing, which indicates that
the growing season NDVI varied wildly and fluctuated
greatly in these areas.

3.1.3. The Relationship between Terrain Factor and NDVI,
CV, and NDVI Trends. In this study, the relationship be-
tween terrain factor and NDVI, CV, and NDVI trends is
shown in Figure 4. NDVI generally showed a decreasing
trend with an increase in altitude (Figure 4(a)). Specifically,
with the increase of altitude, NDVT first increased and then
decreased, and the value of NDVI reached its maximum at
an altitude of 500-1000 m. On the contrary, NDVI increased
as sloped increased (Figure 4(b)). In addition, the
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FIGURE 2: Interannual change of NDVI in different vegetation types in (a) growing season, (b) spring, (c) summer, and (d) autumn.

relationship between NDVI and aspect showed that the
high-value areas of NDVI were mainly concentrated in
north, northeast, and northwest and that the lowest-value
areas of NDVI were mainly distributed in south
(Figure 4(c)).

The value of CV increased as altitude increased; the
maximum value was obtained when the altitude was greater
than 4000 m, and the minimum value was obtained when the
altitude was 500-1000 m (Figure 4(c)). However, the rela-
tionship between CV and slope was opposite to that between
CV and altitude. The CV value decreased with the increase of
slope, and the maximum value was obtained when the slope
was less than 5° (Figure 4(d)). Furthermore, the regions with
the maximum CV value were distributed in the east, fol-
lowed by the southeast, south, southwest, west, northwest,
northwest, and north (Figure 4(e)).
emely significant
emely significant

decrease for NDVI with the increase of altitude decreased
(Figure 4(g)). The proportion of insignificant increase and
significant decrease for NDVI with the increase of altitude
increased; especially when the altitude was more than
3000 m, the proportion of insignificant decrease of NDVI
increased rapidly. The relationship between NDVI trends
and slope showed that the proportion of extremely signif-
icant decrease and significant decrease of NDVI was de-
creased with the increase of slope, the proportion of
insignificant increase of NDVI remained unchanged, the
proportion of insignificant increase of NDVI decreased first
and then increased, and the proportion of extremely sig-
nificant increase and significant increase of NDVI increased
first and then decreased (Figure 4(h)). In addition, the re-
lationship between NDVI trends and aspect showed the
proportion of significant increase of NDVI, with the max-
imum proportion occurring in the east and the minimum
proportion distributing in the west. Of the proportion of
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FiGure 3: The characteristic spatial patterns of NDVI. (a) Spatial distribution of NDVI of Yunnan Province from 2001 to 2018; (b)
characteristics of NDVT in different cities; (c) trends of the NDVI based on the M-K significance test across the Yunnan Province during
2001-2018; (d) stability of NDVI change across the Yunnan Province over 2001-2018.
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TaBLE 3: Statistics of NDVI trends in the Yunnan Province from
2001 to 2018.

Status Area (km?)  Proportion (%)
Extremely significant decrease 3763.47 0.98
Significant decrease 5034.68 1.31
Insignificant decrease 65137.21 16.95
Insignificant increase 188188.81 48.97
Significant increase 60740.26 15.81
Extremely significant increase 61409.48 15.98

extremely significant increase, the significant increase of
NDVI with the maximum proportion occurred in the
northwest and the minimum proportion mainly distributed
in the east. Finally, the relationship between the insignificant
decrease of NDVI and aspect and the insignificant increase
of NDVTI and aspect is consistent (Figure 4(i)).

3.2. Spatiotemporal Patterns of Climate Factors

3.2.1. Temporal Pattern of Climate Factors. Figure 5 shows
the interannual variation of precipitation and air temper-
ature in different seasons in Yunnan Province from 2001 to
2018. For the entire observation period, the growing season
and spring precipitation showed an insignificant downward
trend, with a decreased rate of 1.89 mm/year and 3.3 mm/
year, respectively (Figures 5(a) and 5(b)). However, summer
and autumn precipitation had an insignificant increased
trend, with an increased rate of 1.44 mm/year and 0.42 mm/
year, respectively (Figures 5(c) and 5(d)). Compared with
the precipitation, air temperature experienced an increased
trend in different seasons. The increased rate of air tem-
perature was largest in autumn (0.04°C/year, R*=0.27,
P>0.01, Figure 5(d)) followed by the growing season
(0.03°C/year, R° = 0.22, P < 0.05, Figure 5(a)), spring (0.03°C/
year, R°=0.09, P> 0.01, Figure 5(b)), and summer (0.03°C/
year, R°=0.27, P <0.05, Figure 5(c)).

3.2.2. Spatial Pattern of Climate Factors. In this study, we
adopted the precipitation and air temperature to reflect the
impacts of climate factors on vegetation. As displayed in
Figures 6 and 7, the precipitation demonstrates a descending
gradient from southwest toward northeast in different seasons,
and the spatial distribution of precipitation is extremely un-
even. The areas with high values of precipitation were mainly
concentrated in Xishuangbanna, Puer, Lincang, Baoshan, and
Dehong. Low values of precipitation areas were mainly dis-
tributed in Diqging, Chuxiong, Kunming, Yuxi, and Zhaotong.
It is different from the spatial distribution of precipitation, and
the air temperature decreased from the middle of the study area
to the periphery, with the low values mainly in Diqging, Lijiang,
Nujiang, and Qujing, and the high values mainly in Chuxiong,
Kunming, Yuxi, and Xishuangbanna.

3.3. Relationships between Climate Variables and Vegetation
for Different Seasons. Figure 8 shows the correlations be-
tween the NDVI and precipitation in different seasons in
Yunnan Province. We found that the relationships between
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growing season NDVI and growing season precipitation
showed mainly insignificant positive correlations (ac-
counting for more than 45%), followed by insignificant
negative correlations (accounting for more than 40%) and
significant positive correlations (accounting for about 5%,
Figure 8(a)). The insignificant negative correlation areas
were mainly concentrated in northwest, north, and south-
west of Yunnan Province. The areas with insignificant
positive correlation were mainly distributed in southeast and
northeast of Yunnan Province. In addition, some significant
positive correlation areas were mainly concentrated in Zhao-
tong. In spring, the main relationship between NDVI and
precipitation included insignificant positive correlations (areas
mainly concentrated in northwest and southwest of Yunnan
Province), insignificant negative correlations (areas mainly
emerged in northeast, southeast, and northwest of Yunnan),
and significant positive correlations (areas mainly distributed
in Zhaotong, Chuxiong, and Lijiang, Figure 8(b)). In summer,
an insignificant positive correlation (mainly in the central and
northeast of Yunnan) and insignificant negative correlation
(mainly distributed in the northwest of Yunnan) were the main
relationships between NDVI and precipitation (Figure 8(c)). In
autumn, the main relationships between NDVI and precipi-
tation showed insignificant positive correlations (areas mainly
concentrated in southeast and northeast of Yunnan) and in-
significant negative correlations (mainly in the northwest of
Yunnan), accounting for about 55% and 30%, respectively
(Figure 8(d)).

To reveal the impacts of air temperature on NDVI in
different seasons, the correlation coefficient between NDVI
and air temperature was calculated at each pixel scale. As
shown in Figure 9, in growing season, the main relationship
between NDVI and air temperature showed insignificant
positive correlations (accounting for about 50%), which
was mainly distributed in north, southeast, and northeast of
Yunnan Province (Figure 9(a)). In spring, the main rela-
tionship between NDVI and air temperature showed in-
significant negative correlations (mainly emerged in the
central of Yunnan Province), which accounted for about
50% (Figure 9(b)). In addition, the areas with insignificant
positive correlation also account for a large proportion
(about 25%), which were concentrated in Zhaotong,
Nujiang, and some areas of Wenshan. In summer, the
relationship between NDVI and air temperature showed
mainly insignificant positive correlations and insignificant
negative correlations, the proportion of which was basically
the same (approximately 40%), and the distribution of the
regions was scattered (Figure 9(c)). In autumn, the main
relationship between NDVI and air temperature were in-
significant positive correlations, accounting for about 60%
(Figure 9(d)). Furthermore, the relationship between
NDVI and air temperature showed insignificant negative
correlations and accounted for a large proportion (ap-
proximately 25%), which mainly emerged in Chuxiong and
Dehong.

3.4. Lag Analysis of Vegetation to Climatic Factors for Different
Seasons. In order to study the vegetation lag effects to
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climate change for different seasons, we analyzed the cor-
relation between precipitation, air temperature, and NDVI
in different seasons. As shown in Figure 10, the relationship
between spring precipitation and summer NDVI showed
mainly insignificant positive correlations (approximately
50%), which was mainly distributed in the central and
northeast of Yunnan Province (Figure 10(a)). On the con-
trary, the main relationship between spring precipitation
and autumn NDVI showed insignificant negative correla-
tions (nearly distributed in the whole region of Yunnan),
which accounted for about 55% (Figure 10(b)). In addition,
the relationship between summer precipitation and autumn
NDVI showed mainly insignificant positive correlations
(accounting for about 50%), which was distributed in the
southwest and northeast of Yunnan Province (Figure 10(c)).
Compared with the relationship between NDVI and pre-
cipitation, areas with positive correlations between NDVI
and air temperature in different seasons increased insig-
nificantly. The insignificant positive correlations (mainly
distributed in the central and northwest of Yunnan) and
in northeast of
ween spring air

temperature and summer NDVI, the proportion of which
was basically the same (accounting for about 40%,
Figure 10(d)). The relationship between spring temperature
and autumn NDVI showed that the proportion with in-
significant positive correlation and negative correlation was
the highest, which emerged mainly in the northwest and
southeast of Yunnan Province and the central and southwest
of Yunnan, respectively (Figure 10(e)). Furthermore, the
relationship between summer air temperature and NDVI
showed mainly insignificant positive correlations, and the
proportion was more than 50%, and it was mainly dis-
tributed in the northwest and southeast of Yunnan Province
(Figure 10(f)).

We further examined the concurrent and lagged effects
of precipitation and air temperature on NDVI. The inhi-
bition effects of spring precipitation on summer NDVTI and
autumn NDIV increased gradually (more and more regions
with a correlation coefficient less than 0); in particular, the
spring precipitation had the most obvious inhibition effects
on autumn NDVTI (Figures 11(a) and 11(b)). On the con-
trary, there were significant differences in the effects of
summer precipitation on summer NDVI and autumn
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FIGURE 6: Spatial pattern of multiyear mean precipitation in

NDVTI. The relationships between summer precipitation and
autumn NDVI showed mainly positive correlations in many
regions (Figure 11(c)). Compared with the lag response of
NDVI to precipitation, the results showed that the spring air
temperature on the summer NDVI, the spring air tem-
perature on the autumn NDVI, and the summer air tem-
perature on the autumn NDVTI had a clear facilitated effect
(more and more regions with correlation coefficients greater
than 0), especially for the impacts of spring air temperature
to autumn NDVT (Figures 11(d)-11(f)).

3.5. Lagged Time Response of Monthly NDVI to Climate
Change. Figure 12 displays the correlation coeflicients be-
tween climatic variables and monthly NDVTI in all previous
months from 2001 to 2018. The strength of the lag effect and
lag period of climate varied with months. Specifically, the
correlation coefficient between NDVI and precipitation
from April to June is much greater than that of previous
months, which represents that the strength of the lag effect of
han that with no
alysis found that
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in July (r=0.360%%, P<0.05), August (r=0.485%%,

P <0.05), September (r=0.571%%, P<0.05), and October
(r=0.593%x%, P<0.05), there is a significant positive cor-
relation between NDVI and precipitation of the previous
month (Figure 11(a)), which indicated that vegetation has a
lag period of 1-2 months for precipitation from July to
October. Furthermore, for temperature, there is a significant
positive correlation between the NDVT in June (r=0.214x,
P <0.01) and August (r=0.456%:, P <0.01), which repre-
sents that there is a monthly lag effect of temperature on
NDVI in the summer.

4, Discussion

4.1. NDVI Spatiotemporal Patterns. The interannual varia-
tion of NDVI in different vegetation types experienced a
significant uptrend in the growing season, spring, and au-
tumn (Figure 2). A similar pattern has also been reported in
the Tibetan Plateau [32], Amur-Heilongjiang River Basin
[6], and Nansi Lake [33]. This phenomenon is inseparable
from the impact of anthropogenic factors and climate
change. Since the 1980s, Yunnan Province has implemented
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a series of ecological projects, such as the closing of a
mountain to decrease afforestation, returning farmland to
forest, and artificial afforestation [34, 35]. Yunnan Province
has successively formulated and implemented a series of
environmental protection laws and regulations, for example,
the forest protection project in the upper reaches of the Pearl
River and the forest protection project in the upper reaches
of the Yangtze River [36]. A previous study has shown that
the total area of returning farmland to forest in Yunnan
Province from 2001 to 2017 was 6754 km? [37]. In terms of
climate, the precipitation and air temperature in growing
season and autumn in Yunnan Province have increased in
the past 18 years (Figures 5(a) and 5(d)). The favorable water
and heat environment provided important resources for the
vegetation growth [38-40]. Sufficient soil moisture ensures
the normal operation of vegetation photosynthesis when
CO, concentration and light are sufficient [41]. At the same
time, sufficient soil moisture guaranteed nutrient transport
[41]. Therefore, the increased precipitation played a crucial
precipitation, air
ffects the growth

of vegetation. Temperature increase could facilitate vege-
tation growth without encountering water limitation [33].
An increase in temperature will stimulate the enzymatic
activities of photosynthesis [39]. In addition, the increase in
temperature accelerated the mineralization and decompo-
sition of organic matter, which has been shown to promote
the absorption of organic matter by vegetation [42, 43].
Furthermore, the increase of air temperature in the growing
season and autumn extends the length of the vegetation
growing period, resulting in an increased NDVI in the
growing season and autumn [1, 44]. However, the inter-
annual variation of NDVI in different vegetation types is
very small in summer (Figure 2(c)). There are two reasons to
explain the above phenomenon. Yunnan Province has both
arid and semiarid areas. With the impact of the East Asian
monsoon, Indian monsoon, and air masses from the
Qinghai-Tibet Plateau, summer are times of relative drought
[45, 46]. This environment reduces the photosynthetic rate
and carbon uptake capacity of vegetation. Meanwhile,
vegetation flourishes best in summer and NDVI reached its
peak. Furthermore, there is a frequent occurrence of natural
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disasters (drought, hail, and flash floods) in summer, es-  follows: the eastern part of Yunnan Province is hilly and the
pecially in July [47]. terrain is relatively flat, but the western part has the

The multiyear (2001-2018) mean NDVI in Yunnan  Hengduan Mountains, with high mountains and deep val-
Province has strong spatial heterogeneity, with a distinct  leys, and the altitude difference is large [16, 48]. This terrain
est (Figure 3(a)). leads to the vegetation types in western Yunnan Province
are explained as being dominated by woodland; however, the eastern part is
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mainly dominated by cropland and grassland [49], and the
economically developed cities of Yunnan Province (such as
Kunming, Yuxi, and Qujing) are mainly concentrated in the
ith snow because
Province [50].

Meanwhile, we found that the NDVT in central and northern
Yunnan Province showed a downward trend, varied wildly,
and fluctuated greatly in these areas. Possible reasons in-
clude the following: since 1999, with the implementation of
the western development strategy, the economy has
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FIGURE 10: Spatial distributions of correlation coefficients between NDVT and precipitation or temperature in different seasons. The spatial
distribution of correlation coefficients (a) between spring precipitation and summer NDVT; (b) between spring precipitation and autumn
NDVI (c) between summer precipitation and autumn NDVI; (d) between spring temperature and summer NDVI; (e) between spring
temperature and autumn NDVI; (f) between summer temperature and autumn NDVIL.

developed rapidly, and the impervious surface area of the
city (mainly distributed in eastern Yunnan Province) ex-
panded [51]. Another possibility is that the northwest part of
Yunnan Province is the southern extension of the Tibet
Plateau, which has a higher altitude [52]; this topography
makes the ecosystem fragile in this area, and vegetation
growth is vulnerable to extreme weather. All these condi-
I in central and
the past 18 years.

Furthermore, the distribution of NDVT is mainly concen-
trated in the altitude range of 500-4000 m, where slopes are
greater than 5°, or shady slopes (northwest, northeast, and
north aspect, Figures 4(a)-4(c)). The main reason is that the
areas with an altitude less than 500 m and with a slope less
than 5° are mainly farmland or cities, while the areas with
altitude greater than 500 m and have a slope greater than 5°
are mainly grassland or forest [53]. Meanwhile, the shady
slopes have soft solar radiation, moist soil, less moisture
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evaporation, and higher soil fertility [54, 55]. Additionally,
the variation of vegetation was extreme in areas where the
altitude was more than 4000 m and the slope was less than 5°,
or those that had sunny slopes (southwest, southeast, and
south, Figures 4(d)-4(f)). On the one hand, because the
ecosystem is fragile and vulnerable to extreme climate at
high-altitude areas, the impact of human activities on
vegetation is greater in regions with a slope <5° [56]. On the
other hand, the higher air temperature and increased
evaporation of soil moisture lead to soil drought [57]. Fi-
nally, the proportion of areas with insignificant decrease in
NDVI increased with the increase of altitude (Figure 4(g))
because with the increase of altitude, ecosystems became
more vulnerable, and vegetation became more vulnerable to
extreme weather [58].

4.2. 'The Response of the NDVI to Climate Factors.
Climate change is one of the main factors affecting the
dynamic variation of vegetation. The results of this study
showed that the concurrent effects of climate change on the
ecosystem were different in different seasons (Figures 8-9).
In growing season and autumn, vegetation growth was
strongly dominated by air temperature in most areas
(Figures 8(a) and 8(d) and Figures 9(a) and 9(d)), which is
basically consistent with the findings of previous studies [2].
There are two reasons to explain the above phenomenon.
The increase in temperature will stimulate the enzymatic
activities of photosynthesis and accelerate the mineralization
and decomposition of organic matter [42, 43]. Furthermore,
the increased temperature extends the length of the vege-
tation growing period, leading to more time for vegetation
photosynthesis [1, 44, 59]. Another interesting finding is that
the precipitation has exerted more effects on NDVI than air
temperature in spring. The negative correlations between
spring NDVI and spring air temperature were mainly
concentrated in the central part of Yunnan Province
(Figures 8(b) and 9(b)). The same phenomenon had also
been observed in temperate and boreal Eurasia [10], south-
central Indiana [44], and the Tibetan Plateau [60]. On the
one hand, the spring vegetation responding to air temper-
ature has a time-lag effect; that is, vegetation will not change
immediately with the increase of temperature. On the other
hand, Yunnan Province is located in arid and semiarid areas,
which are relatively dry in the winter. The precipitation in
spring effectively supplements the lack of soil moisture and
avoids drought restriction for vegetation [61], thus pro-
viding a good hydrothermal environment for vegetation
growth.

Vegetation has certain adaptability to climate change.
Unless climate change exceeds the vegetation ability to adapt
to environmental disturbances, namely, environmental ca-
pacity or vegetation tolerance, climate change will not have a
significant impact on vegetation [19, 20]. Time lags generally
occur with the change of various climatic factors. However,
sometimes even if climatic factors change, vegetation growth
can take time to respond, and the time hysteresis will vary
depending on different climate factors and different regions
because of the delay in the adjustment of biological processes
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and soil moisture content [1, 19, 62-65]. According to the
statistical results of the response of vegetation to climate
factors in Yunnan Province, the spring precipitation has an
obvious inhibitory effect on summer NDVI and autumn
NDVI, and the inhibitory area gradually increased
(Figures 10(a) and 10(b) and Figures 11(a) and 11(b)).
Yunnan Province is under relative drought in the winter,
and the spring precipitation provides a good development
environment for seed germination [46]. All these conditions
cause vegetation growth to be strongly dominated by spring
precipitation. In summer and autumn, with the increased
temperature, the water in the soil gradually evaporates, and
the spring precipitation does not provide enough water for
the growth of summer vegetation and autumn vegetation. In
contrast, summer precipitation has a positive effect on
autumn vegetation (Figures 10(c) and 11(c)). The possible
reason is that there is too much precipitation in summer,
and some of which still preserved in the soil in autumn,
which provides a good water environment for vegetation
growth [38]. Compared with the lag effect of precipitation in
different seasons on vegetation, temperature significantly
promotes vegetation in each season (Figures 10(d)-10(f)
and Figures 11(d)-11(f)). This phenomenon contributes to
the increase of spring temperature and provides a good
thermal environment that makes more seeds germinate.
Simultaneously, the increasing temperature provides a
basement for the decomposition of organic matter, thus
offering a material basis for the growth of vegetation [9, 66].
Furthermore, we found that precipitation from July to
October had a lag effect by 1-2 months on vegetation growth,
and temperature from June to August had a lag effect by 1
month on vegetation growth (Figure 12). This phenomenon
is closely related to the fact that the precipitation in Yunnan
is concentrated in this period owing to the influence of
plateau monsoon and the Asian monsoon, and excessive
precipitation leads to the necrosis of the root of some
vegetation and reduces the photosynthesis of vegetation
[38]. Meanwhile, the temperature in Yunnan Province is
higher from June to August, which exceeds the optimal
temperature of vegetation, resulting in a decrease in the
activities of vegetation photosynthesis enzymes [67]. In
addition, the higher temperature leads to the smaller sto-
matal conductance of vegetation, which seriously affects the
transpiration of vegetation and the transport of nutrient
substances [1].

4.3. Limitations of the Current Study. In this paper, the
spatiotemporal distribution of vegetation in Yunnan
Province and its response to climate factors were analyzed.
Nevertheless, there are some deficiencies in the current
study. First, there are many factors that affect vegetation
growth. Some changes in vegetation growth are caused by
climatic factors; other decisive factors have shown effects on
vegetation dynamics, such as the fertilization effect of CO,,
and soil properties (soil total carbon, soil total phosphorus,
and soil water content) in previous studies. Since the effects
of climate factors on soil microbial activities and soil nu-
trients are closely related to vegetation growth, more
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attention should be paid to the relationship between vege-
tation and soil factors in future studies. Second, in addition
to NDVI, multiple vegetation indices can be used to reflect
vegetation dynamics. It is worth noting that the results of
vegetation changes may be different due to the differences in
resolution and quality of different vegetation dynamic
datasets. Therefore, it is necessary to further check whether
the data reflecting vegetation dynamics change have the
same or similar results and to increase the credibility of the
results. Despite these deficiencies in this paper, this work has
provided a primary understanding for the spatiotemporal
pattern of vegetation in Yunnan Province.

5. Conclusions

In the present study, based on the MOD13Q1 NDVI, me-
teorological stations, and digital elevation model (DEM)
data, this paper analyzed the spatiotemporal patterns of
vegetation during the past 18 years and its response to
climate change using the maximum value composite, Sen’s
tendency estimation, M-K significance test, CV model, and
Pearson correlation coefficient. The temporal variation of
the NDVI showed that the NDVI values of different vege-
tation types increased at different rates, especially in growing
season, spring, and autumn. As to spatial patterns, the NDVI
increased from the northeast to the southwest. NDVI pri-
marily increased in most regions, which showed degradation
in the north and the middle and improvement in the east
pattern. Furthermore, the spatial distribution of NDVTI, CV,
and NDVI trends has strong spatial heterogeneity at dif-
ferent altitudes, slopes, and aspects. Furthermore, an anal-
ysis of the climatic factors for vegetation in different seasons
showed that vegetation growth in the growing season and
autumn was strongly dominated by air temperature, but in
spring, it was controlled by precipitation. Finally, the results
of lag effects showed that the spring precipitation has an
obvious inhibitory effect on summer and autumn NDVI,
while the summer precipitation has a positive effect on
autumn NDVI. Meanwhile, the lagged effect of the spring
and summer air temperature on vegetation was shown as a
promotion. The precipitation from July to October had a lag
effect by 1-2 months on vegetation growth, and temperature
from June to August had a lag effect by 1 month on veg-
etation growth.

The results of this study revealed the seasonal change of
vegetation and emphasized the important role of seasonal
precipitation and temperature in controlling vegetation
dynamics. Consequently, to better preserve the fragile en-
vironment in Yunnan Province, we should pay more at-
tention to the impacts of climate change on vegetation under
the condition of global warming.
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