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Abstract: Phenological change is an emerging hot topic in ecology and climate change research.
Existing phenological studies in the Qinghai–Tibet Plateau (QTP) have focused on overall changes,
while ignoring the different characteristics of changes in different regions. Here, we use the Global
Inventory Modeling and Mapping Studies (GIMMS3g) normalized difference vegetation index
(NDVI) dataset as a basis to discuss the temporal and spatial changes in vegetation phenology in the
Qinghai–Tibet Plateau from 1982 to 2015. We also analyze the response mechanisms of pre-season
climate factor and vegetation phenology and reveal the driving forces of the changes in vegetation
phenology. The results show that: (1) the start of the growing season (SOS) and the length of the
growing season (LOS) in the QTP fluctuate greatly year by year; (2) in the study area, the change in
pre-season precipitation significantly affects the SOS in the northeast (p < 0.05), while, the delay in
the end of the growing season (EOS) in the northeast is determined by pre-season air temperature
and precipitation; (3) pre-season precipitation in April or May is the main driving force of the SOS of
different vegetation, while air temperature and precipitation in the pre-season jointly affect the EOS of
different vegetation. The differences in and the diversity of vegetation types together lead to complex
changes in vegetation phenology across different regions within the QTP. Therefore, addressing the
characteristics and impacts of changes in vegetation phenology across different regions plays an
important role in ecological protection in this region.

Keywords: vegetation phenology; remote sensing; air temperature; precipitation; Qinghai–Tibet Plateau

1. Introduction

Vegetation is an important aspect of surface material composition. Vegetation plays a
crucial role in regulating the biosphere and the atmosphere by affecting carbon absorption,
the hydrological cycle, and energy exchange in the ecosystem. Phenology, which mainly
studies the periodicity of biological cycles affected by climate change, provides an indepen-
dent measure of how ecosystems respond to these changes [1,2]. Most scholars agree that
climate change has a significant impact on terrestrial ecosystems [3–7], regulating regional
and global climate through geo-biochemical and biophysical feedback [8,9].

Further, vegetation phenology refers to the corresponding changes in vegetation
rhythms when environmental conditions vary periodically [10]. Hence, vegetation phenol-
ogy better reflects the dynamic response relationship between vegetation ecosystems and
climate change [3,11]. Leaf emergence and senescence are important stages in vegetation
growth and play a critical role in carbon absorption in vegetation ecosystems [12,13]. In
addition, changes in vegetation phenology also affect the interaction between different
species and nutrition, impacting the composition of species community [14]. Therefore,
studies on the response relationship between vegetation phenology and climate change
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have increased in number in recent decades. Spring vegetation phenology has remained the
focus of most recent studies, as total carbon absorption of vegetation in a year is mainly lim-
ited by field observation and regional remote sensing methods [15–18]. These approaches
are mostly used to study the response relationship between vegetation phenology and air
temperature in spring [19,20]. However, some studies have shown that the extension of
the growing season is mainly driven by the delay in autumn phenology in the temperate
zone of the northern hemisphere regions [21,22]. Autumn phenology thus assumes a key
position in regulating the nitrogen cycle, ecosystem function, and interaction with the
climate system [14]. Therefore, the feedback mechanism between vegetation phenology
and climate change can be clarified systematically through an in-depth inquiry into the
changes in vegetation phenology in spring and autumn.

The unique climatic conditions of the Qinghai–Tibet Plateau (QTP) strongly impact
the carbon cycle of the regional ecosystem. Previous studies have shown that climate
warming in the plateau has led to significant changes in the ecological environment, such
as the increase in primary productivity and the advance of vegetation phenology in spring.
Studies on the phenology of the vegetation growing season in the study region have
focused on the analysis of the response relationship between its spatiotemporal trend
and climate change [23–25]. Nonetheless, most previous studies aimed at exploring the
response mechanism between vegetation phenology and rising air temperature [26,27],
ignoring the role of precipitation drivers. However, precipitation is an important factor
affecting the start and the end of the vegetation growing season [28], especially in dry
climate areas [29], and detailed analysis of the feedback between vegetation phenology
and different periods (months) of temperature and precipitation before the growing season
is still rare.

In addition, there is an obvious spatial heterogeneity among the vegetation compo-
nents in the QTP, which leads to enormous differences in the response relationship between
vegetation phenology and climatic factors affecting the different vegetation types [25]. Con-
sequently, it is necessary to systematically study the response and feedback mechanisms
between vegetation phenology and temperature and precipitation in the pre-season, so as
to deepen our understanding of how climate change affects vegetation phenology in the
study area. However, due to limitations in using ground observation to study vegetation
phenology in the QTP, a remote sensing approach holds greater promise for spatial vegeta-
tion monitoring purposes [24,30]. As such, this study uses the Global Inventory Modeling
and Mapping Studies (GIMMS3g) normalized difference vegetation index (NDVI) dataset
from 1982 to 2015 to extract vegetation phenology for different years in this region. This
dataset has been corrected to minimize various errors and noises resulting from calibration,
orbital drift, viewing geometry, stratospheric volcanic aerosols, and other factors unrelated
to vegetation dynamics [31]. This dataset has been widely employed in research work
involving long time series of changes in vegetation dynamics [24,28,30]. Additionally, this
dataset will be used to study the characteristics and trends in vegetation phenology in the
plateau in the months leading up to the growing season, along with the main driving forces
affecting the phenology of the different vegetation types.

In this paper, we use the GIMMS3g dataset to extract the start of the growing season
(SOS), the end of the growing season (EOS), and the length of the growing season (LOS)
for vegetation, and systematically analyze the characteristics of the changes in vegetation
phenology and the response relationship between vegetation phenology and climatic
factors across the study area. The main objectives of this study were to: (1) investigate
the characteristics of the spatial and temporal changes in vegetation phenology in the
QTP during the period 1982–2015; (2) evaluate the effects of pre-season temperature and
precipitation on the SOS and the EOS in different areas of the study area; (3) explore the
feedback mechanism between vegetation phenology and climatic factors in the study area.
The study findings enable predicting the future evolution of ecosystems and implementing
effective ecosystem management.
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2. Material and Methods

In this section, we describe the materials and methods used in this study. First, we
describe the general situation in the study area, then elaborate on data acquisition and data
processing, and finally all of the analyze the results.

2.1. Study Area

The QTP is one of the most elevated regions on Earth, with a mean elevation of
~4000 m above sea level, and is consequently known as “the roof of the world”, with a
geographical range of 26◦0′0′′N–39◦47′N to 73◦19′E–104◦47′E (Figure 1), covering an area
of ~3 × 106 km2 [32]. The QTP and its surrounding mountains are also known as “The
Water Tower of Asia” [33], as the source of several major Asian rivers such as the Yellow
River, the Yangtze, Indus, Ganges, Brahmaputra, Irrawaddy, Salween and Mekong, and
provide water to more than one billion people living downstream [34]. The population in
this region is small and its density is low, with an average of 4.05 people/km2, far lower
than the national average population density of 119 people/km2 [35]. Due to the impact of
topographical factors, the QTP has formed a unique climate. The QTP is characterized by
a low temperature, low humidity, low cloud cover, and abundant sunshine. The annual
mean, the minimum and the maximum air temperature between 1980 and 2018 obtained
from the 95 China Meteorological Administration (CMA) (http://data.cma.cn/en, accessed
on 12 October 2020) weather stations in the QTP are 4.1, 2.8, and 5.1 ◦C, respectively [32].
Due to global warming, the temperature in this region has increased significantly and was
2-fold higher than the rate of global warming (0.014 ◦C/a) during the period 1961–2015 [32].
Further, the spatial heterogeneity of precipitation across the QTP is apparent [36], with
an annual mean, minimum and maximum precipitation of 482, 418, and 553 mm in the
period 1980–2018 from the 95 CMA weather stations in the QTP, respectively [32]. For
example, annual summer precipitation decreases gradually from the southeast (~700 mm)
to the northeast (~50 mm) [36]. Grassland is the dominant vegetation type in this region
(Figure 1). In order to study the driving forces of vegetation phenology in the study
area, we choose only pixels that have the same class between 1992 and 2015 by using
yearly land -cover data from the European Space Agency (ESA) climate change initiative
(CCI) [37]. The land -cover data have a spatial resolution of 300 m and are divided into
37 categories, which are finally merged into ten categories (cropland, grassland, forest,
urban, water, shrubland, wetland, bare area, sparse vegetation, and permanent snow and
ice) in this study. Nevertheless, we selected only land cover types (cropland, grassland,
forest, shrubland, and spare vegetation) that remained unchanged from 1992 to 2015 for
the different vegetation types.
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2.2. Data Acquisition

The GIMMS3g NDVI dataset is used to study the longtime range. The time range of the
dataset in the present study is from 1982 to 2015, with a spatial resolution of approximately
8 km and is updated every half month. Additionally, the Digital Elevation Model at a spatial
resolution of 1 km was utilized to record the changes in vegetation phenology at different
elevations. The Digital Elevation Model was developed at the Resource and Environmental
Science and Data Center of the Chinese Academy of Sciences. Furthermore, the Long-Term
Snow Depth Product for China (LSDPC), with a spatial resolution of 0.25◦, provided by
the Cold and Arid Regions Sciences Data Center in Lanzhou during the period 1979–2015,
was used; it is updated once a month. Daily temperature from 1982 to 2015 recorded at
meteorological stations across the QTP was provided by the China Meteorological Data
Sharing System (http://cdc.nmic.cn/home.do, accessed on 12 November 2020).

Further, to evaluate the interaction between vegetation phenology and climatic fac-
tors, we relied on air temperature (◦C) and precipitation (mm) data retrieved from the
CRUTSv.4.04 grid data released by the British Atmospheric Data Center (http://badc.
nerc.ac.uk/data/cru/, accessed on 12 November 2020). Air temperature and precipitation
represent the monthly average and monthly sum for air temperature and precipitation,
respectively. The time series of this dataset is 1901 to 2019, with a spatial resolution of 0.5◦,
and it is updated once a month.

2.3. Data Processing

In this section, we elaborate on the data processing used in this study. First, we
describe the method used for vegetation phenology extraction in detail and then introduce
the method used for meteorological data extraction.

2.3.1. Extraction of Data on Vegetation Phenology

Snow cover in the non-growing season often distorts NDVI values, which leads
to errors in phenological retrieval [38]. In our research, we used daily air temperature
(below 0 ◦C for 5 consecutive days) to identify the pixels most likely contaminated by
snow and replaced those with the nearest uncontaminated winter NDVI values [29]. This
method has been verified in a previous report [39]. A smooth curve was then fitted using
the Savitzky Golay filter from the time series of NDVI data [40]. A dynamic threshold
method has been employed to retrieve the vegetation phenological parameters [41]. Further,
dynamic thresholds defined as NDVI ratios of 20% were used to determine the SOS [42,43].
Specifically, the SOS is defined as the first day of the year when the NDVI ratio value exceeds
0.2. The NDVI ratio is described in Equation (1):

NDVIratio = (NDVIt − NDVImin)/(NDVImax − NDVImin) (1)

Here, NDVIt is the NDVI at time t; NDVImax and NDVImin stand for the maximum
and the minimum NDVI values in the annual NDVI time series, respectively. Additionally,
a threshold of 60% was originally employed to determine the EOS by Yu et al. from in situ
observations in the QTP [44]. To eliminate the impact of sparse vegetation and bare soil
on the NDVI, we extracted pixels with an average annual NDVI (1982–2015) greater than
0.1 [30]. Additionally, the extraction of the above parameters was mainly completed in
TIMESAT3.3.

2.3.2. Meteorological Data Processing

For temperature, precipitation and snow depth changes, we calculated the monthly
and annual averages from 1982 to 2015 using the corresponding datasets. To study the
relationship between climatic factors (air temperature and precipitation) and vegetation
phenology from 1982 to 2015, we unified the spatial resolution of climatic factor grid
data with vegetation phenology using the proximity method in Matlab2016a; hence, the
consistency in spatial resolution. However, given the inconsistency between vegetation

http://cdc.nmic.cn/home.do
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phenology and the distribution of the target data (air temperature and precipitation), we
used the annual vegetation phenology distribution as a template to mask out the grid data
to ensure one-to-one correspondence between vegetation phenology and climatic factors.

We then selected the spatial response relationship between pre-season air temperature
and precipitation and the SOS from 1982 to 2015, respectively. Further, we selected the
spatial response relationship between pre-season air temperature, precipitation and the
EOS from 1982 to 2015, respectively. The above experimental processes were performed
in Matlab2016a.

2.4. Analyses

The SOS, the EOS, and the LOS for each pixel in the QTP were calculated using the
GIMMS3g NDVI datasets. To calculate the interannual trend in the SOS, the EOS, and
the LOS of the study area, a simple linear regression method was used to analyze the
interannual trend in each pixel. To detect the trend turning points in the SOS, the EOS,
and the LOS at the regional scale, we applied the Mann–Kendall (MK) method test, which
is a non-parametric significance test, to statistically assess whether there is a monotonic
upward or downward trend in a variable overtime [45]. Here, this test has been applied to
multiple trend analyses of NDVI data [26]. In our study, a significance level of 0.05 was
used. To evaluate the response of the SOS and the EOS to climatic change in different
regions during the pre-season, we applied a temporal partial correlation analysis to the
SOS, the EOS, pre-season air temperature, and precipitation for all pixels of the different
regions in the QTP [28].

Random forest regression tree analysis is an extension of the decision tree algorithm
for continuous response variables [46]. This was employed to determine the most impor-
tant climatic factors driving vegetation phenology. Random forest regression tree analysis
can also be used to describe the interaction between climatic factors and vegetation [47].
Regarding the degree of phenology driven by climatic factors affecting the different vegeta-
tion types, our analysis is completed by using the random forest software package in R [48].
We selected air temperature and precipitation in the pre-season as the driving forces of the
changes in vegetation phenology. Relevant scholars have found that feedback between
temperature, precipitation, and vegetation phenology is at its greatest in the first month of
the pre-season [24,28]. According to the annual average change in the SOS and the EOS,
the SOS in the study area is mainly in April, May, and June, while the EOS is mainly in
August, September, and October. So, we discussed the driving forces air temperature and
precipitation in the first month of the pre-season and the SOS, the EOS of every pixel for
the different vegetation types.

Accordingly, we carried out the regression of 500 trees in each of the six vegetation
communities in the study area. The regression trees were tested using air temperature and
precipitation in March, April, and May and the growing season of the different vegetation
types. Further, the regression trees were tested using air temperature and precipitation in
August, September and October at the EOS.

As such, we found the random forest model to be useful for addressing the following
key research questions: (1) What is the comprehensive impact of air temperature and
precipitation on the SOS and the EOS of the different vegetation types in the study area?
(2) Among factors such as air temperature and precipitation in different months, what are
the most important factors driving the phenology of the different vegetation types at the
SOS and the EOS?

3. Results

In this section, we mainly analyze the characteristics of the changes in vegetation
phenology, and the response relationship between vegetation phenology and climatic
factors in the study area.
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3.1. Characteristics of the Changes in Vegetation Phenology in the Qinghai–Tibet Plateau

In this section, first, we analyze the characteristics of the temporal changes in veg-
etation phenology, and then analyze the characteristics of the spatial changes in vegeta-
tion phenology.

3.1.1. Characteristics of the Temporal Changes in Vegetation Phenology

By analyzing the characteristics of the interannual changes in the SOS, the EOS and
the LOS of the vegetation phenology in the QTP from 1982 to 2015 (Figure 2), we found
that all of these fluctuations of different ranges. For instance, the EOS is 0.40 day/decade
ahead of schedule, which is only a slight change. However, both the SOS and the LOS
show significant changes between 1982 and 1998, advancing 3.70 and 3.10 days/decade,
respectively. Similarly, from 1998 to 2015, the SOS and the LOS were delayed by 5.0 and
5.5 days/decade, respectively.
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Figure 2. Characteristics of the interannual changes in vegetation phenology. The green, red and
blue lines represent the interannual changes in SOS, the EOS, and the LOS, respectively. The blue
and green equations at the upper left of the graph represent the interannual changes in 1982 to 1998,
respectively. The blue and green equations at the lower right of the graph represent the interannual
changes in 1998 to 2015, respectively. The red equation at the lower left represents the interannual
changes in 1982 to 2015. Days of Year (DOY) represents the change in the vegetation growing season
in the study area.

3.1.2. Characteristics of the Spatial Changes in Vegetation Phenology

Analysis of vegetation phenology changes from 1982 to 2015 indicates that the SOS
mainly occurred in mid-early May (Figure 3A), accounting for 60.70% of the total. Spatially,
the SOS from the east to the west showed a gradual delay. The EOS at some point in October
(Figure 3B), in both the east and the west, was delayed more than in the central regions. The
LOS during the period 1982–2015 varied between 120 and 160 days (Figure 3C), accounting
for approximately 78.30% of the total, whereas the LOS decreased gradually from the east
to the west.

In analyzing the changes in vegetation phenology at various heights in the QTP
from 1982 to 2015 (Figure 4), we realized that vegetation phenology varies with change in
altitude. As per the findings, the following can be discerned (Figure 4): the SOS tends to be
delayed approximately 0.08 days/100 m at an elevation between 2000 and 6000 m, while
the EOS tends to by approximately 0.28 days/100 m. Overall, the LOS displayed sizeable
decreases of approximately 0.58 days/100 m with an increase in altitude.

The past 30 years indicate change in the SOS is small (Figure 5A). Additionally,
in the eastern and the central region of the study area, the trend shows an advance of
approximately 0.19 days/a, while in the western region, the trend mainly shows a delay
of approximately 0.29 days/a. There is a lagging trend of approximately 0.66 days/a for
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the EOS in 98.60% of the plateau (Figure 5B), with the west and the east lagging more
than the central regions. On the other hand, the trend in the LOS in the eastern region is
opposite to that in the central and the western regions (Figure 5C). Specifically, the LOS in
the eastern plateau increased by approximately 0.31 days/a, while the LOS in the central
and the western regions mostly decreased by approximately 0.42 days/a.
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(A–C) represent the trend in the start, the end, and the length of the growing season from 1982 to
2015, respectively. The right side of each trend chart is significant according to the M-K test (p < 0.05). In
the lower left of the bar chart, red represents the proportion of the number of regions with a significant
trend (p < 0.05). Gray represents the proportion of the number of areas with a non-significant trend.
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3.2. Relationship between Changes in Vegetation Phenology and Climatic Factors

In this section, first, we analyze the characteristics of different climatic factors, and then
analyze the relationship between the growing season and climatic factors. Finally, we ana-
lyze the driving forces of the changes in vegetation phenology during the growing season.

3.2.1. Characteristics of Different Climatic Factors

Analysis of annual changes in air temperature, precipitation, and snow depth in
the QTP reveal that the maximum values of air temperature (9.46 ◦C) and precipitation
(91.50 mm) occurred in July of each year, while the maximum value of snow depth (3.57 m)
occurred in April (Figure 6A). From the perspective of interannual changes, the overall
air temperature showed an upward trend (Figure 6B) of approximately 0.32 ◦C/decade
from 1982 to 2015. Further, precipitation fluctuated greatly (Figure 6C), with the maximum
value of annual precipitation topping out at approximately 1.32-fold the minimum value.
Note that the maximum value occurred in 1998 and the minimum value in 1994.

Meanwhile, annual precipitation generally shows a gradual upward trend, but the
increased range is not large (~2.8 mm/decade). Likewise, the change in snow depth is also
relatively small for most years, with few exceptions. Specifically, snow depth remained at
between 1.5 and 3 m (Figure 6D), with the maximum depth (3.87 m) occurring in 1986. For
interannual change, the increment in air temperature resulted in the snow depth generally
showing a gradual downward trend, decreasing by 0.28 m/decade.
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3.2.2. Relationship between Growing Season and Climatic Factors

To analyze the relationship between the growing season and climatic factors, we first
evaluate the relationship between the start of the growing season and climatic factors and
then analyze the relationship between the end of the growing season and climatic factors.

Analysis of the Relationship between the Start of the Growing Season and Climatic Factors

Across the QTP, the correlations between the interannual changes in the SOS and pre-
season air temperature and precipitation are quite different in different regions (Figure 7).
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In the southwest, the SOS is positively correlated with pre-season air temperature and pre-
cipitation. In the east, the correlation is negative. However, there is significant correlation
between the SOS and pre-season precipitation in the north of the QTP (p < 0.05).

Throughout our analysis, we found that interannual changes in air temperature in
different regions are consistent with the whole. Additionally, air temperature shows an
upward trend over time. Specifically, the rise in air temperature in the east is greater than
that of the QTP on the whole, which is approximately 0.20 ◦C/decade.

Further, we found that the interannual change in pre-season precipitation in the
southwest and the north is consistent with the whole study region, displaying a decreasing
trend, with the greatest decrease in the southwest by approximately 0.16 mm/decade.
Nevertheless, the central and the eastern regions show the opposite trend. With time (year),
precipitation shows an increasing trend, with the greatest increase in the central region at a
rate of 0.30 mm/decade.

Analysis of the Relationship between the End of the Growing Season and Climatic Factors

On studying the correlation between pre-season air temperature, precipitation, and
the end of the growing season from 1982 to 2015 (Figure 7), we realized that the areas with
significant correlations are mainly distributed in the southwestern, northern, and eastern
regions. To analyze how the changes in pre-season air temperature and precipitation across
the above regions affected the end of the growing season, we studied the interannual
changes in pre-season air temperature and precipitation. Our findings indicate that the
interannual changes in air temperature and precipitation are displaying an opposite trend
in the southwest. We found that pre-season air temperature causes the end of the growing
season to lag (Figure 8).
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Figure 7. The correlation between vegetation phenology and pre-season climatic factors. (A,B) represent the correlation
between the SOS and pre-season air temperature and precipitation, respectively. (C,D) represent the correlation between
the EOS and pre-season air temperature and precipitation, respectively. The inset panels in the lower left of each submap
present pixels with a significantly (p < 0.05) positive (red) and negative (blue) value. The percentages of positive (P) and
negative (N) correlations (percentage of significant correlations in parentheses) are shown at the top of each submap. SW,
MD, EA and NH represent the southwestern, middle, eastern and northern regions of the study area, respectively.
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Figure 8. Trends in air temperature and precipitation in different areas of the study area. (A,B) represent the interannual
changes in pre-season air temperature and precipitation in different areas of the study area, respectively. The left half of
(A) presents the interannual changes in air temperature at the SOS, and the right half presents the interannual changes
in air temperature at the EOS. The left half of (B) presents the interannual changes in precipitation at the SOS, and the
right half presents the interannual changes in precipitation at the EOS. AL, SW, MD, EA, and NH represent all of and the
southwestern, middle, eastern, and northern regions of the study area, respectively.

In the north, there is a slow upward trend in the interannual changes in pre-season
air temperature, which is higher than the overall trend. Furthermore, it can be seen that
the slow increase in pre-season air temperature extends the growing season. On the other
hand, the general trend in pre-season precipitation is opposite to the overall change in
precipitation. When the overall precipitation shows a downward trend, the increase in
precipitation in the north may be the main factor leading to the delay in the EOS.

In the east, we understand that the interannual changes in pre-season air temperature
prior to the SOS show an upward trend that is higher than the overall change in air
temperature, and that increasing air temperature results in a delay in the EOS. Moreover,
when precipitation decreases, the end of the growing season advances, and the main reason
for the delay in the EOS in the east may be the increase in pre-season air temperature.

3.2.3. Analysis of the Driving Forces of the Changes in Vegetation Phenology during the
Growing Season

The different vegetation types in the QTP show enormous differences between the
SOS, the EOS, and climatic factors in the pre-season, respectively (Table 1). Analysis
of changes during the growing season of the different vegetation types indicates that
grassland and shrubland are highly impacted by the factors in pre-season air temperature
and precipitation (March, April, and May), accounting for 72.37% and 58.43%, respectively.
The minimum value appears in the forest (29.36%). This suggests that grassland and
shrubland in the region are greatly affected by climatic factors such as air temperature and
precipitation, while forest areas are less affected.

Considering air temperature and precipitation in July, August, and September at the
EOS, we see that pre-season air temperature and precipitation also have a great impact on
grassland and shrubland, accounting for 58.96% and 62.95%, respectively. However, the
end of the growing season in cropland area is less affected by these variables, accounting
for only 36.57%.

Similarly, the importance scores of the climatic factors affecting the SOS and the EOS
in different vegetation regions and during different months show immense differences.
First, by analyzing the importance scores of pre-season air temperature and precipitation
with the SOS of the different vegetation types (Figure 9), we see that the vegetation phe-
nology of cropland and grassland areas is mainly affected by air temperature in April and
precipitation in May. However, the SOS of forest, shrubland, and sparse alpine vegetation
is mainly impacted by air temperature or precipitation in March and April, respectively.

In addition, by analyzing the importance scores of pre-season air temperature and
precipitation with the EOS of the different vegetation types, cropland and grassland are
mainly affected by air temperature in August, while the EOS in shrubland is mainly affected
by the air temperature and precipitation in September (Figure 9).
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Figure 9. The importance scores of the pre-season climatic factors affecting the SOS and the EOS
of different vegetation types during different months. The horizontal axes represent the different
vegetation types in the study area. tem3, tem4, and tem5 represent air temperature in March, April,
and May from 1982 to 2015, respectively. pre3, pre4, and pre5 represent precipitation in March, April,
and May from 1982 to 2015, respectively. tem7, tem8, and tem9 represent air temperature in July,
August, and September from 1982 to 2015, respectively. pre7, pre8, and pre9 represent precipitation
in July, August, and September from 1982 to 2015, respectively. The colored circle size represents the
importance score of different indicators—the larger the circle, the higher the score.

Table 1. Interpretation of different climatic factors affecting the different vegetation types.

Vegetation Type SOS (%) EOS (%)

Cropland 47.28 36.57
Grassland 72.37 58.96

Forest 29.36 45.88
Shrubland 58.43 62.95

Sparse vegetation 42.81 37.82
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4. Discussion

In this section, we mainly discuss the following three aspects. First, we discuss
the changes in vegetation phenology, then the response relationship between vegetation
phenology and climatic factors, and finally the driving forces of the changes in vegetation
phenology in the study area.

4.1. Changes in Vegetation Phenology in the Study Area

Interannual changes in vegetation phenology in the QTP from 1982 to 2015 showed
varying degrees of fluctuation. The most pronounced changes occurred in 1998, with the
SOS advancing the most and the LOS increasing the most. However, there was little change
in the EOS at this time. This may be due to the higher air temperature and the maximum
precipitation in the EOS that year [49], as the relationship between these two factors is
beneficial for the germination of vegetation—it also greatly promotes the advance of the
SOS, thus increasing the LOS.

From a spatial point of view, the SOS is gradually delayed from the east to the west in
the study area, which is consistent with the results reported by Shen et al. [24]. In general,
the EOS is earlier in the central region, but later in the eastern and western regions, which is
similar to the results obtained by Li et al. for changes in the plateau’s vegetation phenology
in the autumn of 1982–2012 [28]. Furthermore, it is consistent with the trend in the SOS
in this area, indicating that changes in the SOS will also affect changes in the EOS [50].
Overall, there are notable differences in the spatial distribution of the LOS, which is mainly
determined by the start and end times.

Air temperature is the main driving force of the SOS of alpine vegetation. Specifically,
air temperature changes with altitude [24]. This study found that with an increase in alti-
tude, the SOS fluctuated slightly in the plateau, showing a gentle upward trend. However,
this correlation was weak, likely indicating that the change in the SOS has almost nothing
to do with altitude [49].

Conversely, the correlation between the EOS, the LOS and the altitude is high (R2 > 0.7).
With an increase in altitude, the EOS advances and the LOS decreases. This may be due to
the relatively high air temperature at lower altitudes, which is beneficial for delaying leaf
senescence and increasing carbon absorption of vegetation [51]. In other words, altitude
promotes a delay in the EOS and lengthens the overall season. However, at higher altitudes,
where air temperature is lower, the EOS advances to avoid harm from frost [51]. Thus, in
these areas, there is a shorter growing season.

4.2. Response of Vegetation Phenology and Climatic Factors

Climatic factors profoundly impact vegetation phenology, with air temperature, in par-
ticular, playing an important role. Air temperature not only strongly affects the SOS [19,20],
but also the EOS [21,22]. Along with air temperature, precipitation indicators are thought
to have an important impact on vegetation phenology [52,53].

Most scholars studying the QTP generally believe that the increase in spring air
temperatures is causing an advance in the SOS in alpine vegetation [23,54]. However,
by observing the correlations between pre-season air temperature and precipitation in
the southwest and the SOS, pre-season air temperature and precipitation are negatively
correlated with the SOS; that is, the increase in pre-season air temperature and precipitation
may lead to the advance of the SOS. Specifically, analyzing the interannual pre-season
air temperature and precipitation in this region, it is found that air temperature shows
an upward trend with time, while precipitation spirals downward, which is consistent
with the results reported by Shen et al. obtained using 79 meteorological stations in the
plateau from 2000 to 2011 [24]. These data also indicate that the advancing southwest
growing season is mainly related to pre-season precipitation [24], because although air
temperature charts an increasing trend, precipitation decreases. It is also worth noting that
Kobresia littledalei C. B. Clarke and Potentilla fruticosa L. are the main dominant species in this
region [55], and that these plants thrive in an environment of moderate air temperatures
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and high precipitation. Therefore, the decrease in precipitation greatly limits the growth of
this particular vegetation and is not conducive to its germination, which leads to the delay
in the SOS in this region.

The EOS in the southwest shows a positive correlation with pre-season air temper-
ature and precipitation, while in the interannual change, air temperature increased but
precipitation showed a downward trend, indicating that the increase in air temperature is
the main factor leading to the lag in the EOS in the southwest. This is mainly because a
small increase in air temperature has a positive effect on the delay in the EOS in this region,
and an increase in precipitation would be unfavorable to the growth of this plant. Excessive
water causes excessive soil moisture and leads to poor internal ventilation, resulting in the
suffocation and ultimate death of the root system since it cannot absorb oxygen.

In the north of the Qinghai–Tibet Plateau, there is a positive correlation between
the EOS and pre-season air temperature and precipitation, indicating that the increase
in pre-season air temperature and precipitation can promote the lag in the EOS. These
changes are likely the result of Stipa sareptana A.K. Becker var. krylovii (Roshev.) being
the dominant species in this area [56]. The plant belongs to the family Gramineae and
is a perennial dense herbaceous plant that mainly lives in a warm and drought-tolerant
environment [56]. To a certain extent, the increase in air temperature is beneficial to
the growth of the vegetation, and the increase in precipitation may also slow down the
vegetation’s chlorophyll degradation rate [57]. The combined effect of the two may be the
main reason for the delay in the EOS.

In the east, an increase in pre-season air temperature will delay the EOS, while pre-
season precipitation tends to be stable, and it will also delay the EOS. This is mainly
because the eastern plateau region has a warm and humid climate, and the vegetation type
is mainly the alpine meadow [58]. The increase in air temperature will promote the growth
of the vegetation, resulting in the delay in the EOS.

4.3. Analysis of the Driving Forces of the Changes in Vegetation Phenology

The phenology of the different vegetation types is affected by climatic factors to
varying degrees [59]. On analyzing the response relationship between the SOS, the EOS
and pre-season climatic factors, we found that areas with a higher response relationship
between the SOS and pre-season air temperature and precipitation are mainly in the
grassland and shrubland. These factors have the lowest impact on the forest, which may
be related to the importance scores of various climatic factors across different regions.
Thus, for cropland and grassland, air temperature in April and precipitation in May
significantly impact the SOS. However, forest and shrubland are mainly affected by pre-
season precipitation in April, which shows that pre-season precipitation is the main factor
that affects the difference between them, because the taller shrub and forest plants mainly
grow in warmer areas and display high water consumption, so an early increase in pre-
season precipitation will lead to the increase in vegetation photosynthesis, and increase
the nutrient content of the vegetation [60]. However, this is not possible for grassland and
cropland with a late growing season [61].

In addition, precipitation in April or May is the main driving force of the SOS in
different vegetation. This is primarily due to the different demand for precipitation in
the various areas of vegetation. Specifically, vegetation in the southwest thrives in wet
conditions, while vegetation in the north is drought- tolerant. So, both more and less
precipitation will cause changes in the SOS.

Air temperature in August is the key factor influencing the EOS in cropland, grassland
and forest. This is caused by these plant types being mainly distributed in the north and
west of the study area, where air temperature is typically high, leading to the growth of
drought- tolerant vegetation. Moreover, because the key period of vegetation growth and
also the time of year with the highest air temperatures is August, further increases in air
temperature this point will enhance the photosynthetic rate of vegetation, thus reducing
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the degradation rate of chlorophyll with vegetation aging [29] as well as reducing sufficient
nutrients for growth, and consequently affecting the EOS.

For other vegetation, air temperature and precipitation in September are important
driving forces of the EOS, which may be due to the EOS being mainly concentrated from the
end of September to the beginning of October. The climatic factors affecting the first month
of the pre-season are most closely related to vegetation phenology in the growing season.

5. Conclusions

This research investigated the characteristics of the spatial changes in vegetation
phenology in the QTP over a recent 34 years period. This study also analyzed the mutual
feedback mechanisms between vegetation phenology and climate and explored the main
climate-related driving forces of the phenology of the different vegetation types. Based
on the GIMMS3g data of time series from 1982 to 2015, we observed that the interannual
changes in vegetation phenology in the study area fluctuated to different degrees. Spatially,
the SOS shows an advancing trend from the east to the west. With an increase in altitude, this
trend was less evident, but there were pronounced changes in both the EOS and the LOS.

Additionally, we examined how pre-season air temperature and precipitation impact
vegetation phenology, finding that the SOS in the southwest and the north may be related
to the decrease in pre-season precipitation, which leads to the delay in the growing season
in the southwest and the advance in the growing season in the north. Except for the central
region of the study area, an increase in air temperature in other areas will delay the EOS,
and a decrease in pre-season precipitation will advance the EOS in the southwest and the
east. The increase in pre-season precipitation leads to the delay in the growing season in
the north. The main reason for the above phenomenon is that the dominant species of
vegetation in different regions have different responses to hydrothermal conditions.

In addition, we found that in the growing season, cropland and grassland are greatly
affected by climatic factors. Pre-season precipitation in April or May is the main factor
affecting the SOS of the different vegetation types, while pre-season air temperature and
precipitation together affect the change in EOS.

6. Shortcomings and Future Works

In this paper, the driving forces of the changes in vegetation phenology on the Qinghai–
Tibet Plateau were analyzed, but there are still some areas that need to be further explored
in-depth. We only analyzed the effects of temperature and precipitation, the main driving
forces of vegetation phenology in this region [62].We left human factors unexplored, but
these also affect vegetation changes; for example, overgrazing, the increase in population,
the increase in agricultural production area and fire can affect the vegetation [63–65]. In
addition, land cover types that are not natural vegetation and errors in the climate datasets
maybe also affecting the changes in vegetation phenology.

Given the above shortcomings, we will perform related work considering the follow-
ing three factors in the future. Since the spatial resolution of the GIMMS3g NDVI dataset
is low, and the period is only from 1982 to 2015, future studies should integrate a series
of products over a longer time and at a higher resolution to further discuss the response
relationship between vegetation phenology and climate change. Second, the results in this
paper are based on remote sensing data, and they need to be further verified in the future
by combining field monitoring and process-based ecosystem models. Third, study of the
impact of climatic factors and human activities on vegetation phenology in this area is open
to future scholars. Nevertheless, the results of this paper have implications for predicting
the future evolution of ecosystems and implementing effective ecosystem management.
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