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Alpine ecosystems are sensitive and vulnerable to climate change. In this study, we extracted
three phonological parameters, viz. the start of the growing season (SOS), the end of the
growing season (EOS), and the length of the growing season (LOS) from the moderate
resolution imaging spectroradiometer (MODIS) normalized difference vegetation index (NDVI)
dataset during 2000–2019 for alpine grasslands across the three parallel rivers region (TPRR),
and also examined the spatiotemporal heterogeneity of the three phenological parameters in
seasonally frozen ground regions (hereafter referred to as SFGR) in response to climate
change. The results showed that the multiyear mean SOS gradually delayed from 100 to
160 days along higher elevation, EOS advanced as a whole (from 320 to 280 days), and LOS
shortened (from 210 to 130 days). The multiyear mean spatial distribution of all the three
parameters showed significant north-to-south differences in the TPRR. In general, the variation
trends in all the phenological parameters were not significant (p > 0.05) in the past 20 years,
where SOS was advanced by 0.16 days year−l, EOS delayed by 0.08 days year−l, and
consequently LOS extended at a rate of 0.07 days year−l, likely due to the warming and drying
climate during the study period. In addition, annual mean temperature (AMT) was negatively
correlated with SOS (50.26%) and positively correlated with EOS and LOS (72.25 and 60%,
respectively). As for the annual mean total precipitation (AMP), it was positively correlated with
SOS and EOS (50.77 and 52.97%, respectively) and negatively correlated with LOS (52.07%).
Furthermore, a higher freezing index led to a delayed SOS and an advanced EOS and a
shortened LOS at the regional scale. Similar to AMT, a higher thawing index advanced the
SOS, delayed the EOS, and extended the LOS. Our results confirmed the importance of
climate and permafrost status on vegetation phenological processes and also contributed
toward understanding the response of cold region ecosystems to global climate change.
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INTRODUCTION

Plant phenology has attracted strong scientific attention in recent
years for its relationship with different driving factors of climate
change (Rauste et al., 2007; Shen et al., 2015b; Zhao et al., 2016;
Ganjurjav et al., 2020). Vegetation phenology plays an essential
role in the terrestrial ecosystem, as it is indicative of seasonal
activities and physiological processes. Traditionally, vegetation
phenology is monitored mainly through ground-based visual
observation of the seasonal and inter-annual changes in plant
phenology (e.g., plant germination, leaf expansion, flowering,
fruiting, withering, falling leaves, etc.) (Richardson et al., 2013;
Zhai et al., 2015). However, traditional visual observation is time-
consuming and is limited by personal bias. It is being gradually
replaced by advanced technological methods of remote sensing
phenological data acquisition. For example, a near-ground
phenological camera has been widely used in recent studies
(Klosterman et al., 2014; Weil et al., 2017). Meanwhile, the
emergence of remote sensing technology has greatly broadened
the scope of vegetation phenological observations due to its
virtues of multi-temporal, long time series, and large-scale
regional as well as global datasets (Hmimina et al., 2013; Zhao
et al., 2015; Piao et al., 2019). Vegetation indices, such as the
NDVI, the enhanced vegetation index (EVI), and the leaf area
index (LAI), have been used to infer the timing of vegetation
phenology (Delbart et al., 2005; Shen et al., 2014a; Wen et al.,
2021).

In the past few decades, the phenomena of advanced spring
phenology, delayed autumn phenology, and longer growing
seasons have been observed in varying degrees due to
assessing the impact of climate change. Studies have reported
significant regional-specific differences in the phenological
timeline of the observed vegetation (Wang et al., 2013a; Zhang
et al., 2013; Zhao et al., 2015; Piao et al., 2019). The available
vegetation phenological data, which are mainly from the 1980s
and 1990s at middle and high latitudes of the northern
hemisphere, show weaker trends of changing phenological
cycle, in comparison with the studies in the early 2000s (Zeng
et al., 2011; Zhao et al., 2015; Cong and Shen, 2016). Most studies
present an obvious trend toward early spring and delayed autumn
(Richardson et al., 2013; Zhao et al., 2015). A more detailed
description also referred that the changes in phenological trends
in Eurasia are more significant than in North America, and the
greatest change has occurred in Europe (Zhou et al., 2001).

In China, studies of vegetation phenology are mainly focused
on the north temperate zone and high-altitude areas (Jiao et al.,
2020; Fu et al., 2021), where the “amplifier” of global warming
signals demonstrates a greater rate and amplitude of rising
temperature (Wang et al., 2014; Ganjurjav et al., 2020). The
Qinghai-Tibet Plateau (QTP), as the “third pole” of the world, has
been considered as one of the most sensitive regions to global
climate change. In recent years, different views have been
declared on vegetation phenological trends in the QTP. Spring
phenology of vegetation has advanced in most areas of the QTP,
whereas delayed in a few other areas (e.g., the southwest part of
the Plateau) (Chen et al., 2015; Shen et al., 2015b; Shen et al.,
2016). However, the trend of vegetation phenology in the QTP

has been debated in recent studies, likely due to their differences
in data sources, methodologies, and study periods (Piao et al.,
2011; Shen et al., 2013). The alpine grassland in the QTP shows
regional heterogeneity and plays a crucial role in ecosystem
functioning and services and is highly sensitive to climatic
changes (Ganjurjav et al., 2020; Fu et al., 2021). It has been
concluded that temperature and precipitation play important
roles in phenological changes in the QTP (Zhou et al., 2001;
Yu et al., 2010; Wang et al., 2015). Temperature is the main
climatic factor regulating vegetation phenology across the QTP,
whereas in a few areas, precipitation and sunshine duration
(alternatively, radiation) become more important than
temperature (Shen et al., 2011; Che et al., 2014; Shen et al.,
2014b). Vegetation phenology in humid areas is more sensitive to
the preseason temperature than to the preseason precipitation,
and the relatively arid western regions of QTP are divergent or on
the contrary. In conclusion, vegetation spring phenology in all
these areas has been implicated interactively to covariance control
of altitude gradient (Shen et al., 2015a; Liu et al., 2020b).

In the alpine grassland ecosystem, variation in frozen soil can
drive vegetation phenology, including abiotic physical factors
such as climate and photoperiod (Gao et al., 2020a; Wen et al.,
2021). After the Arctic and the Antarctic, the QTP has the largest
permafrost and seasonally frozen ground region in the world
(Cheng and Jin, 2013; Zou et al., 2017; Jiang et al., 2018). Global
warming has already induced significant changes in permafrost
and seasonally frozen ground regions throughout most of the
Arctic and alpine regions (e.g., increasing active layer thickness,
decreasing freezing depth, degradation of permafrost, etc.)
(Sazonova and Romanovsky, 2003; Zhao et al., 2004; Jones
et al., 2016). Frozen soil, as the sentinel, integrator, and
regulator of climate change, may affect ecological and
hydrological processes via variations in water and heat
exchange between the ground and atmosphere in alpine
regions (Jiang et al., 2018). These variations can regulate the
growth and phenology of vegetation significantly (Hayashi, 2014;
Liu et al., 2021) and also indicate that the periodic physiological
activities of plants in response to climate change influence the
surface-energy flux and carbon budget over a large area
(Morisette et al., 2009; Qiao et al., 2021). Therefore, it is
essential to monitor the spatiotemporal patterns of vegetation
phenology in the SFGR and explore its responses to climatic
factors, frozen soil changes, and other such parameters to
elucidate the role of vegetation phenology in alpine ecosystems.

The three parallel rivers region (TPRR) is in the transitional
zone from the QTP to the Yunnan-Guizhou Plateau, where the
typical longitudinal valleys of the Hengduan Mountains are
located. The TPRR has attracted much attention as a famous
scenic spot and world natural heritage site, global biodiversity,
and cultural hotspot at home and abroad (Wang et al., 2013a; Lin
et al., 2018). The TPRR is experiencing unprecedented eco-
environmental challenges with urbanization and road
construction as well as a series of tourism developments (Li
et al., 2012). Only a few current studies have been reported on
vegetation growth conditions and phenological changes, but
without integration of the physical and spatial dynamics of the
alpine grasslands in the SFGR (Cheng et al., 2018; Gao et al.,
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2020b; Yao et al., 2020). The underlying mechanism linkages
between seasonally frozen ground and vegetation phenology
largely remain understudied in this region.

Thus, we used MODIS NDVI data from 2000 to 2019 for the
SFGR, extracted three key phenological parameters (SOS, EOS, and
LOS), and established the datasets. We further analyzed the
spatiotemporal pattern of regional vegetation phenology with the
relevant driving factors and explored the following objectives: 1)
investigate the pixel-scale spatiotemporal pattern of the alpine
grassland phenology in the SFGR; 2) detect if there are significant
trends of vegetation phenological parameters in the alpine grasslands
using the time series data; 3) assess the characteristics and linkages of
climatic factors and permafrost with vegetation phenology. Our
results are expected to provide a scientific reference in the TPRR
for the restoration and conservation of regional vegetation ecosystems.

MATERIALS AND METHODS

Study Area
The TPRR (24◦00′~36◦00′N, 90◦20′~102◦20′E) is located in the
southern part of the QTP in the longitudinalmountains and valleys
of the Hengduan Mountains, spanning Qinghai, Tibet, Sichuan,
and Yunnan provinces of China, with a total area of approximately
500,670 km2 (Gao et al., 2020a; Yao et al., 2020) (Figure 1). Its
upper sections consist of three major rivers of Asia: Nujiang River

(the upper reach of the Salween River down in Burma), Lancang
River (the upper reach of theMekong River extending toVietnam),
and Jinsha River (the major upper reach of the Yangtze River)
(Wang et al., 2013b; Liang et al., 2014; Cheng et al., 2018). They
flow almost parallelly from the Qamdo Prefecture, southeastern
Tibet, to northwestern Yunnan and then gradually take separate
routes. Hence, the region is named the “Three Parallel Rivers
Region” (Kingdon Ward, 1923; Xiao and Xiang, 2017).

The TPRR is characterized by high mountains and longitudinal
valleys, with an elevation ranging from 562 to 6,717 m a.s.l., with
generally higher elevations in the northwestern parts and lower
elevations in the southeastern parts. Due to its unique geographical
location and long-term historical evolution, it is well recognized as
global biodiversity and cultural hotspot (Lin et al., 2018). The
region is influenced by the southwest monsoon and southeast
monsoon and is characterized by warm and humid summers and
cold and dry winters. Our study area boundaries were extracted
fromDEM data, combined with watershed data from the Resource
and Environment Science and Data Center of the Chinese
Academy of Sciences (https://www.resdc.cn) and relevant
references (Li and Hao, 2003; Wu et al., 2011).

Data Sources and Preprocessing
Remote Sensing Data
The MOD13Q1 dataset was used to obtain the NDVI during
2000–2019 and conduct a phenological analysis of the TPRR,

FIGURE1 | Location and vegetation type of the study area. (A) The location of TPRR in China; (B) elevation gradients andmeteorological sites across the TPRR; (C)
seasonally frozen ground regions in the TPRR; and (D) land-use types of TPRR.
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which was provided by the National Aeronautics and Space
Administration (NASA, available from https://ladsweb.modaps.
eosdis.nasa.gov/search/order/) with a spatial resolution of 250 m,
corresponding to a maximum synthetic reflectance for 16 days.
The dataset has been corrected through a variety of methods,
including calibration and removal of atmospheric disturbances
and other effects (Khare et al., 2019; Wen et al., 2021). Firstly, we
used NASA’s MODIS Reprojection Tool (MRT) for data format
conversion, image mosaicking, reprojection, mask extraction, and
other operations to extract regional NDVI data. To facilitate
spatial analysis, we resampled the NDVI data and obtained a 300-
m NDVI time-series dataset. Then, the Savitzky–Golay (S-G)
filtering method was used to smoothen and reduce noise in the
original NDVI data.

Meteorological Data
Daily air temperature, ground surface temperature, and
precipitation during 2000–2019 in this study were derived
from the China Meteorological Data Service Centre (http://
data.cma.cn/) for 52 meteorological stations in the TPRR and
nearby. The meteorological data interpolated by ANUSPLINE
can better reflect the spatial heterogeneity of each variable (Tan
et al., 2016; Liu et al., 2020b), so we used ANUSPLINE for spatial
interpolation and obtained meteorological gridded data with a
spatial resolution of 300 m, matching the resolution of NDVI
data. Finally, we obtained two major datasets: 1) the annual long
time-series dataset of annual mean temperature and
precipitation; 2) the regional interannual freezing/thawing
index dataset, from which we calculated air freezing index
(AFI), air thawing index (ATI), ground surface freezing index
(GFI), and ground surface thawing index(GTI). The specific
calculation process is mentioned later in Methods.

Additional Data
ESA CCI-LC land cover types during 2000–2015 were provided
by the European Space Agency (http://maps.elie.ucl.ac.be/CCI/
viewer/) with a spatial resolution of 300 m, which has been widely
used in land use/land cover dynamic monitoring around the
world because of its high overall accuracy (Yang et al., 2017; Gang
et al., 2018). Figure 1 shows that the vegetation type in this area
was mainly alpine grassland, accounting for nearly 70% of the
total area. To minimize the impact of land-use changes on the
distribution of vegetation types, we referred to the research
methods by Liu et al. (2020a). In this study, areas with no
change in vegetation types during 2000–2015 were extracted to
represent each vegetation type cover status of this region in recent
years. Besides, DEM data at a spatial resolution of 90 × 90 m here
were collected from the Earth Science Data Cloud (http://www.
gscloud.cn).

In this paper, we resampled all remote sensing data at a 300-m
resolution using the nearest neighbor method to facilitate
correlation analysis based on pixel scale.

Methods
Extraction of Phenological Parameters
The common methods for phenological parameters extraction
include threshold, moving average, maximum slope method, etc.

We referred to the research method byWen et al. (2021) and used
the dynamic threshold method to extract three key phenological
parameters of alpine grassland in the TIMESAT 3.2 (Jonsson and
Eklundh, 2004).

Firstly, we used the S-G filter function to smoothen the NDVI
series, which has been considered to be the most effective and
widely used method (Zhao et al., 2015; Stanimirova et al., 2019;
Liu et al., 2020b). Here, we adopted the adaptation strength of 2.0,
the seasonal parameter of 0.5, and the window size of 4 for the
S-G filter. Next, we defined NDVI thresholds for identifying the
dates of major phenological events by referring to the relevant
literature on the phenological characteristics of alpine grassland
in the QTP (Ding et al., 2013; Guan et al., 2019; Huang et al.,
2019). Given the low vegetation cover in this region, our study
sets the relative thresholds of the growing season, which starts
and ends at approximately 20 and 50% of the annual amplitude of
NDVI, respectively (Chen et al., 2012; Zhang et al., 2013; Ma et al.,
2016). Finally, we used EOS minus SOS to obtain LOS and
extracted vegetation phenological parameters for alpine
grassland in the SFGR for each year and pixel over the last
20 years. In addition, this study also used Julian days to convert
the phenological period, i.e., the phenological period was
expressed as the actual number of days from January 1 [also
expressed as the day of the year (DOY)].

Calculating the Freezing/Thawing Variables
The annual freezing/thawing index was calculated with the daily
observed temperature data, including AFI, ATI, GFI, and GTI.
The freezing/thawing index is the cumulative value of
temperature less than (greater than) 0°C in the specified
period, respectively. To ensure the temperature data of the
same freezing (thawing) period used in the calculation of the
freezing/thawing index, the freezing index was specified to be
calculated from July 1 of each year to June 30 of the following
year, and the thawing index was calculated from January 1 to
December 31 of each year. The specific principles and calculation
methods are mentioned in the references (Luo et al., 2014; Shi
et al., 2019).

Trend and Correlation Analysis
Sen slope is a nonparametric estimation method, which can be
used to calculate the variability of data, and the results of the
Mann–Kendall (M-K) test are largely uninterrupted by outliers
(Wen et al., 2021). A combination of them has been widely used
in vegetation trend analysis and long-term series data analysis in
recent years (Gocic and Trajkovic, 2013). In this paper, we
classified regional sen slope value into the following main
categories: if sen > 0, it indicates delayed or extended;
conversely, sen < 0 indicates advanced or shortened.
Meanwhile, M-K test with a 95% confidence level was
conducted by Che et al. (2014) and Zhu et al. (2019). The
trends could be estimated by combining Sen’s slope and the
M-K test in light of the phenological parameters. Given
confidence level α = 0.05, whether the trend changed
significantly depended on the |Z| score, which the following
categories are available: 1) significantly advanced or shortened
(sen < 0, |Z| > 1.96); 2) insignificantly advanced or shortened (sen
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< 0, |Z| ≤ 1.96); 3) insignificantly delayed or extended (sen > 0, |Z|
≤ 1.96); 4) significantly delayed or extended (sen > 0, |Z| > 1.96).

We calculated the pixel-by-pixel correlation coefficients (r)
and p-values (P) of phenology with climate factors and freezing/
thawing indices using Matlab 2015b and analyzed the
relationships between them. The calculation formula is as
follows (Che et al., 2014):

rxy � ∑n
i�1(xi − �x)(yi − �y)�����������∑n

i�1(xi − �x)2
√ �����������∑n

i�1(yi − �y)2√ (1)

where x is the independent variable (climate factor, freezing/
thawing index), and y is the phenological parameter (SOS, EOS,
and LOS). We tested the significance of the correlation
coefficients with P-values. The correlation coefficients in this
study were mainly divided into three levels (Che et al., 2014):
strong correlation (0.8 < r # 1), medium correlation (0.3 < r #
0.8), and weak correlation (0 < r # 0.3). Here α = 0.05.

RESULTS

Spatial and Temporal Patterns of
Vegetation Phenology
The temporal trends results of the vegetation phenology in this
region showed that there was an advanced SOS trend at a rate of
1.64 days per decade (p > 0.05) and a delayed EOS trend at a rate
of 0.81 days per decade. No significant changes were found for
LOS, which extended by an average of 0.74 days per decade

(Figure 2). Our results also showed a significant spatial difference
in phenological trends (Figure 3).

The multiyear mean SOS of alpine grasslands in this region
ranged from 90 to 170 days (approximately 80% of the overall
pixels), i.e., from the end of March to the end of May
(Figure 3A). However, the variation in SOS is not obvious
across space. From northwest to southeast, the overall trend of
the multiyear mean SOS showed advancement. However, there
was delayed SOS in the TPRR at the junction of Yunnan and
Tibet, where the multiyear mean SOS was around
130–150 days.

Compared with SOS, EOS showed an opposite trend in spatial
distribution, i.e., EOS was gradually delayed from the northwest
to the southeast (Figure 3B), and the spatial variation of EOS was
much more pronounced than that of SOS. Specifically, the
multiyear average EOS mainly appeared in 260–340 days per
year, among which the EOS in most of the northern regions was
generally concentrated in the range of 270–300 days (82.05%),
i.e., from September to October. On the other hand, the overall
EOS in the south was later, basically after 300 days, i.e., later than
October, over less than 20% of the area.

Most of the LOS varied from 130 to 210 days, and the
multiyear mean LOS gradually extended from the northwest to
the southeast, showing a vertical divergence pattern more
consistent with SOS (Figure 3C). The LOS in most areas is
between 130 and 170 days (more than 50% of the area), which is
mainly distributed in the northwestern high mountains and deep
valleys of the TPRR, such as the river source areas of each basin
and the middle reaches of the basins.

FIGURE 2 | Inter-annual changes of vegetation phenology from 2000 to 2019.
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Trends of Vegetation Phenology
We calculated the linear trends of SOS, EOS, and LOS at a 95%
confidence level (Figure 4). The results showed an advanced
trend in the SOS of alpine grasslands in most areas. There was an
advancing trend in the northwestern part of the study area, but
the degree of advancement was modest (33.92%), of which less
than 2% was significantly advanced, mainly in the upper reaches
of the Lancang River basin. A few areas in the southern part of the
region showed a trend of insignificantly delayed SOS, especially in
the TPRR, whereas significantly delayed areas only accounted for
2.89% (Figures 4A,B; Table 1).

EOS, on the other hand, mainly showed a trend of extension.
The area of significantly delayed EOS accounted for 8.24% and was
mainly distributed in the central part of the basin, such as in the
middle reaches of the twomajor areas, the Lancang River basin and
Jinsha River basin. The areas with insignificantly delayed EOS
accounted for most parts of the study area (47.47%) and were
almost distributed in the source area and the central part of the
basin. In addition, the areas with EOS advancement were scattered
in the midstream of the basin, whereas the regions with significant
advancement accounted for less than 1% (Figures 4C,D; Table 1).

In the past 20 years, the LOS showed a trend of lengthening, with
50.44 and 29.41% of the areas showing insignificantly extended and
shortened LOS, respectively (Figures 4E,F; Table 1). A relatively
similar distribution concentrated in the source area of the basin and
the central part of the study area was observed. For the pixel points
with significant changes, the extended areas were mainly
concentrated in a few areas in the upper reaches of the Lancang
River basin and the middle reaches of the Jinsha River basin.

Relationships Between Vegetation
Phenology and Climate Factors
From the spatial distribution of the multiyear mean values of the
climate factors, the annual precipitation in the region gradually
decreased from the south to the north during 2000–2019. The
distribution of temperature had typical mountainous
characteristics due to the special geographical location, i.e., the
temperature was higher in the river valley. In addition, as the AMT
and AMP gradually decreased with the increasing altitude, the
trend was more significant (p < 0.05), reflecting strong dependence
of climate factors on altitude (Supplementary Figures S1, S2).

The correlation coefficient between SOS and temperature ranged
from approximately −0.78 to 0.83 (Figure 5), where SOS was
negatively correlated with AMT in approximately 50.26% of
areas. Out of these areas, 6.05% of the areas showed a significant
correlation (p < 0.05), mainly at the junction of the Jinsha river
basins and Lancang River basins, as well as the TPRR at the junction
of Yunnan and Tibet. Also, the correlation coefficient between EOS
and temperature ranged from −0.78 to 0.80, and EOS was mainly
positively correlated with AMT (72.25%), and only 3.05% passed
the significance test at 95% level, which was mainly sporadically
distributed in the three major basins and more concentrated in the
middle reaches of the basin. However, the correlation coefficients
between LOS and temperature varied from −0.81 to 0.76, and there
was a positive correlation between LOS with AMT for more than
60% of areas, and 3.63% of the areas were significantly correlated in
the upper and middle reaches of Nujiang River and the source areas
of the Lancang and Jinsha Rivers (Figure 5, Table 2).

The positive correlation between SOS and precipitation was
more common, which ranged from −0.86 to 0.82. Only 3.86% of
the areas were significantly correlated (mostly negative), mainly
in the source areas of the Nujiang River basin and Jinsha River
basin, and also in themidstream areas of the basins but were more
scattered. EOS, with correlation coefficients between −0.82 and
0.86, was positively correlated with precipitation (52.97% of the
area), and 7.47% of the areas were significantly correlated (mainly
positive). These areas were mainly located in the source areas of
the Nujiang River basin and the junction of the upper reaches of
the Lancang River and Jinsha River basins. Furthermore, there
was a negative correlation between LOS and precipitation, with
5.89% of the regions significantly correlated. It was scattered at
the source of the Nujiang River basin, the upper reaches of the
Lancang River basin and the Jinsha River basin, and the
narrowest part of the TPRR (Figure 6).

Effects of Freezing/Thawing Index on
Vegetation Phenology
The spatial distribution of the multiyear mean freezing/thawing
index showed that FI increased from the southeast to the
northwest with increasing elevation. The range of AFI was
higher than that of the GFI, whereas the thawing index
showed a diametrically opposite trend, and the FI/TI varied

FIGURE 3 | Spatial distribution of multi-annual mean vegetation phenology. (A) SOS; (B) EOS; and (C) LOS.
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greatly with elevation (Supplementary Figure S3). Besides,
freezing/thawing indices variation trends indicated that FI
showed a decreasing trend with significant north–south
differences, whereas both GTI and ATI showed an increasing
trend year by year, where ATI had a greater dependence on
elevation (Supplementary Figure S4).

SOS showed a negative correlation with the freezing/thawing
index (Figure 7;Table 3). Specifically, AFIwas negatively correlated
in more than 80% of the areas, which were mainly distributed in the
two basin areas of the Lancang River and Jinsha River, whereas
there is a positive correlation in the source area of the Nujiang River.
However, SOS and GFI were somewhat negatively correlated
(51.07% of the area) in the river source areas of the Jinsha River
basin, the junction of the upper reaches of the Lancang River and
Jinsha River basins, and a few areas in the valley zones of the three
rivers. The positive correlation was more pronounced in the river

source areas of the Nujiang and Lancang Rivers. In addition, the
negative correlations between SOS and the two major thawing
indices, ATI and GTI (51.21 and 59.09% of the area, respectively),
were mainly found in the upstream areas of the three major basins,
whereas positive correlations existed in the TPRR and the source
area of the Lancang River.

Furthermore, more than 60% of the areas also demonstrated a
negative correlation between EOS and the freezing index, in
which the negative correlation between EOS and AFI (61.02%)
was well reflected in the source areas of the Nujiang and Jinsha
rivers and the middle reaches of the Lancang and Jinsha rivers. In
73.35% of the areas, such as the source areas of the basins and the
typical regions of the TPRR, i.e., the middle reaches of the three
major basins, a negative correlation between EOS and GFI was
observed. Relative to the thawing index, EOS had a good positive
correlation with ATI and GTI (the area proportion was 73.96 and

FIGURE 4 | Inter-annual variation [SOS (A), EOS (B), and LOS (C)] and significant changes (D–F) of vegetation phenology during 2000–2019 in study area.
Significant trend corresponds to a p < 0.05.

TABLE 1 | Overall trend and proportion of different phenological trends from 2000 to 2019 in SFGR.

Significantly advanced/
Shortened

(%)

Insignificantly advanced/
Shortened

(%)

No
changes

(%)

Insignificantly delayed/
Lengthened

(%)

Significantly delayed/
Lengthened

(%)

SOS 1.55 33.92 25.45 36.19 2.89
EOS 0.72 14.68 28.89 47.47 8.24
LOS 1.03 29.41 15.35 50.44 3.77
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FIGURE 5 | Spatial distribution of correlation coefficients between phenology [(A) SOS; (B) EOS; and (C) LOS] and temperature in TPRR.

TABLE 2 | Area statistics of correlation analysis between phenology and climate factors from 2000 to 2019.

Climate factors Correlation coefficient level SOS (%) EOS (%) LOS (%)

Temperature <−0.3 7.33 3.16 6.45
−0.3 ~ -0.15 26.62 11.84 17.22
−0.15 ~ 0 16.31 12.75 15.31
0 ~ 0.15 14.49 19.98 18.45
0.15 ~ 0.3 21.20 39.00 32.09

>0.3 14.06 13.27 10.49

Precipitation <-0.3 9.26 9.42 12.12
−0.3 ~ -0.15 23.97 23.10 24.23
−0.15 ~ 0 16.00 14.50 15.72
0 ~ 0.15 16.69 14.63 14.85
0.15 ~ 0.3 25.35 22.97 21.71

>0.3 8.74 15.37 11.37
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69.41%, respectively), which was well reflected in the source area
of the Nujiang River basin and the middle reaches of Lancang
River and Jinsha River basin.

Finally, there were certain differences in the correlation
between LOS and the freezing index, i.e., LOS was positively
correlated with AFI, accounting for approximately 71.32% of the
area, which was mainly concentrated in the middle reaches of the
three major river basins. However, the positive correlation was
more obvious in the source area of the Nujiang River basin,
whereas it was negatively correlated with GFI, with a wider
distribution in the basin, and the proportion was
approximately 63.70%. The area of positive correlation
between LOS and thawing index accounted for approximately
65%, and the spatial distribution of correlation coefficients among

LOS, ATI, and GTI was relatively consistent, mainly in the core
area of the TPRR and the source area of the Nujiang River basin.

DISCUSSION

Spatial and Temporal Patterns of
Vegetation Phenology
The results indicated that vegetation phenology of alpine grasslands
in the SFGR during 2000–2019 showed a trend of advancement in
spring phenology, postponement of autumn phenology, and longer
growing season length. In the past 20 years, SOS was advanced by
approximately 0.16 days year−l, whereas EOS was delayed at a rate of
0.08 days year−l, leading to an extension of LOS (slope = 0.07 days

FIGURE 6 | Spatial distribution of correlation coefficients between phenology [(A) SOS; (B) EOS; and (C) LOS] and precipitation in TPRR.
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year−l). The multiyear mean values of the phenological parameters
showed significant spatial differences from the southeast to the
northwest as the elevation increased. The greening period in the
southwas earlier than that in the north, and thewithering periodwas
relatively late due to higher temperatures. This resulted in a longer
growing season length in the south as compared with the north.
Although there were differences in the change ranges of phenology,
the general trend and spatial distribution pattern were consistent
with the findings by Guan et al. (2019), which may be related to the
selection of data sources, time scale, and different methods of
phenology extraction (Che et al., 2014; Ganjurjav et al., 2020).

Relationship Between Vegetation
Phenology and Climatic Factors
Our results showed that with the regional climate warming and
drying, vegetation phenology showed a trend of advanced SOS
and delayed EOS. This shift in phenological trend led to a certain

extension of the vegetation growing season length. Temperature
and precipitation are the main factors influencing vegetation
phenology, but their effects are different from each other.
Specifically, the higher the average annual temperature, the
earlier the vegetation returns to green. On the other hand, the
later it enters the wilting period, the longer is the growing season.
There is a good positive correlation between the total annual
precipitation and SOS as well as EOS. The increase of
precipitation will affect the beginning and the end of the
vegetation growing season to a certain extent, leading to the
shortening of the growing season length (Table 1). Some studies
have shown that the interaction between climate warming and
increased precipitation will affect the SOS of alpine grasslands in
the QTP (Ganjurjav et al., 2020; Qiao et al., 2021). An increase in
preseason temperature will lead to an earlier SOS and a delay in
EOS, thus, indicating that the increase of temperature can
accelerate the thawing of soil and the awakening of vegetation,
leading to the advance of SOS, which is exactly consistent with

FIGURE 7 | Spatial distribution of correlation coefficients between phenology [(A) SOS; (B) EOS; and (C) LOS] and freezing/thawing Index in TPRR.
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our results (Ganjurjav et al., 2020; Qiao et al., 2021). However,
most studies have demonstrated that vegetation phenology
changes may be more strongly correlated with the preseason
accumulated temperature or the temperature of the growing
season, and the effect of preseason precipitation on vegetation
phenology is much greater than that of seasonal or annual
precipitation (Shen et al., 2011). In our study, we only
analyzed the effects of annual mean temperature and total
annual precipitation on phenology. These variables did not
reflect a strong response of the phenological parameters to
climate and need further analysis.

Impacts of Frozen Soil Changes on
Vegetation Phenology
In the past 20 years, the FI/TI of the study area has shown
significant geospatial differences due to altitude. There is a
certain correlation between the FI and the TI, which showed
an obvious decreasing trend from north to south. Specifically, a
higher FI caused SOS and EOS delays and a shortened
corresponding LOS, whereas the TI was the opposite.
Generally speaking, the increase of FI was not conducive to
vegetation growth, whereas the TI was different. In the alpine
grassland ecosystem, the freezing–thawing state of soil in the
frozen area will affect soil moisture and temperature, and the
increase of freezing–thawing index can further provide the
required hydrothermal conditions for vegetation growth and
phenological change (Gao et al., 2020b). Studies on the QTP
phenology suggested that degradation of frozen soil caused by
warming can negatively affect vegetation spring phenology due to
evaporation of soil water, which validates the findings of our
study (Jiang et al., 2018). However, Jiang et al. (2018) also noted a
positive correlation between SOS and thawing index, which is not
quite consistent with our findings, probably because some

interaction between changes in soil freezing/thawing state and
soil moisture in the permafrost region would have different effects
on the spring phenology of vegetation. The results of Wen et al.
(2021) also further suggested that frozen soil degradation due to
global warming will further affect the length of the vegetation
growing season, which is consistent with our findings. A
decreasing annual FI and an increasing TI in the frozen soil
region indirectly indicate that the region is on a warming trend.
This will directly cause the vegetation to enter the growing stage
earlier and delay the wilting and yellowing period, resulting in a
longer growing season length.

CONCLUSION

In this study, we used the NDVI dataset estimated by remote
sensing to retrieve the vegetation phenological parameters of
alpine grasslands and their divergent correlations with different
climatic factors in the SFGR of the TPRR during 2000–2019.
Due to regional warming and drying, the growing season length
had been extended due to the advance in spring phenology and
delay in autumn phenology. The effects of annual mean
temperature and annual total precipitation had
spatiotemporal heterogeneous effects on the three
phenological parameters. Obvious positive correlations
existed between the total annual precipitation with SOS and
EOS, and the increasing precipitation shortened the length of
the growing season to a certain extent. Furthermore, increased
AFI/GFI led to delayed SOS and advanced EOS. In contrast,
shorter the growing season length, the opposite was true for the
ATI/FTI. Because vegetation phenology of alpine grasslands
plays a critical role in the functioning processes of alpine
ecosystems and relevant ecosystem services, there is an
urgent need to figure out the dynamic balance of carbon
source and sink, coupled water and thermal transfer, the
interaction between vegetation and soil, and the biogeochemical
cycles at local, regional, and global scales. More efforts should be
focused on mechanism studies that include not just surficial
phenomena, in particular, interfaces of gas, liquid, and solid
multiphase flow in the frozen soil region under global climate
change and human disturbances (Xiao, 2019).
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