J. Mt. Sci. (2022) 19(5): 1307-1323

e-mail: jms@imde.ac.cn

http://jms.imde.ac.cn
https://doi.org/10.1007/s11629-021-7133-4

Original Article

Alpine vegetation responses to snow phenology in the Chinese Tianshan

mountainous region

ZHANG Bo*23

LI Xue-mei’23*
LI Chao4
NYIRANSENGIYUMVA Christine®23
QIN Qi-yong"23

*Correspongding author

https://orcid.org/0000-0002-2578-365X; e-mail: 18235118550@163.com
https://orcid.org/0000-0002-9630-2673; :\’;e—mailz lixuemei@lzjtu.edu.cn

https://orcid.org/0000-0002-7486-7884; e-mail: 0218732@stu.lzjtu.edu.cn

https://orcid.org/0000-0003-3096-7696; e-mail: qrystine1@gmail.com

https://orcid.org/0000-0001-7424-5084; e-mail: ginqiyong2021@163.com

1 Faculty of Geomatics, Lanzhou Jiaotong University, Lanzhou 730070, China

2 Gansu Provincial Engineering Laboratory for National Geographic State Monitoring, Lanzhou 730070, China

3 National-Local Joint Engineering Research Center of Technologies and Applications for National Geographic State

Monitoring, Lanzhou 730070, China

4 College of Urban and Environmental Science, Northwest University, Xian 710127, China

Citation: Zhang B, Li XM, Li C, et al. (2022) Alpine vegetation responses to snow phenology in the Chinese Tianshan
mountainous region. Journal of Mountain Science 19(5). https://doi.org/10.1007/s11629-021-7133-4

© Science Press, Institute of Mountain Hazards and Environment, CAS and Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract: Investigating the interrelation between
snow and vegetation is essential to explain the
response of alpine ecosystems to climate change.
Based on the MOD10A1 daily cloud-free snow product
and MODi3A1 NDVI (normalized difference
vegetation index) data, this study analysed the spatial
and temporal patterns of snow phenology including
snow onset date, snow end date, snow cover days, and
vegetation phenology including the start of growing
season, the end of growing season and the length of
growing season in the Chinese Tianshan Mountainous
Region (CTMR) from 2002 to 2018, and then
investigated the snow phenological effects on the
vegetation phenology among different ecogeographic
zones and diverse vegetation types. The results
indicated that snow onset date was earlier at higher
elevations and later at lower elevations, while snow
end date showed opposite spatial distribution
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characteristics. The end of growing season occurred
later on the northwest slope of the CTMR and the Yili
Valley. The earliest end of growing season was in the
middle part of the CTMR. A long growing season was
mainly distributed along the northern slope and the
Yili Valley, while a short growing season was
concentrated in the middle part of the CTMR. The
response of vegetation phenology to changes in snow
phenology varied among vegetation types and
ecogeographic zones. The effect of snow phenology on
vegetation phenology was more significant in IID5
(Yili Valley) than in the other ecogeographic zones. A
negative correlation was observed between the start of
growing season and snow end date in nearly 54.78%
of the study area, while a positive correlation was
observed between the start of growing season and the
snow end date in 66.85% of the study area. The
sensitivity of vegetation phenology to changes in snow
cover varied among different vegetation types. Snow
onset date had the greatest effect on the start of
growing season in the four vegetation cover types
(alpine meadows, alpine steppes, shrubs, and alpine
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sparse vegetation), whereas the snow cover days had
the least impact. Snow end date had the greatest
impact on the end of growing season in the alpine
steppes and shrub areas. The study results are helpful
for understanding the vegetation dynamics under
ongoing climate change, and can benefit vegetation
management and pasture development in the CTMR.

Keywords: Snow phenology; Vegetation phenology;
Climate change; Response mechanism; Grey
correlation analysis; Chinese Tianshan Mountainous
Region

1 Introduction

Alpine vegetation plays an indispensable role in
the water resources, seasonal carbon, and energy
cycle (Koérner 2005; Miao et al. 2015). Many aspects
of alpine vegetation can be affected by climate, such
as vegetation composition, productivity, multiplicity,
phenology and vegetation fraction (Ozanne et al.
2003; Zhang et al. 2010; Thomey et al. 2011;
Thompson et al. 2015; Wu et al. 2016; Liu et al. 2017).
As an essential climate driving factor, snow phenology
can directly or indirectly reflect the climate, hydrology
and ecological conditions of a region (Thackeray et al.
2016; Wang et al. 2016), and it has an important
effect on the global energy balance and the circulation
of water resource (Ahmed et al. 2020). Thus,
accounting for snow phenology is important for
meteorological  predictions, climate research,
hydrological processes, ecological civilization and
social production (Chen et al. 2015a; Chen et al.
2015b). In recent years, many experiments and
observations have shown that the phenological
change of vegetation phenology is closely related to
seasonal snow cover. (Thompson et al. 2015; Jin et al.
2017). The change of winter snow cover also
influenced vegetation growth and productivity (Sa et
al. 2021). The study on the response of alpine
vegetation to global warming helps to reveal the
impacts of snow cover change on alpine ecosystem
under global warming.

Changes in snow can alter energy flows and water
circulation patterns, which were essential for the
growth of vegetation (Buus et al. 2006). Snow not
only stores soil moisture, regulates alpine vegetation
growth, blocks sunlight needed for photosynthesis
and ensures plant growth and development but also
protects vegetation from the destruction caused by
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dry and cold climatic conditions. Moreover, it also
provides a certain amount of water vapour for
vegetation (Inouye et al. 2008; Ide et al. 2013; Desai
et al. 2015; Xie et al. 2017; Frick et al. 2019). Since the
soil thawing time and subsequent soil water content
are the main factors affecting the phenology of
vegetation in temperate and cold zones, snow
phenology may affect the seasonality of terrestrial
systems by changing the date of soil freezing and
thawing (Shen et al. 2011). A previous study
demonstrated that snow phenology is vital for
vegetation phenology in snowy and dry areas (Paudel
et al. 2013). Climate warming and snow meltwater
accelerated the vegetation growth after long and cold
winters (Dorji et al. 2013). Some scholars have
described the interrelation between vegetation
phenology and snow cover so far. Julitta et al. (2014)
suggested that the snowmelt date was negatively
correlated with the start date of the growing season.
Vitase et al. (2017) identified a strong relationship
between spring snowmelt time and vegetation
growing season initiation date in environments with
long snow cover, and they found that spring snowmelt
time was the best predictor of vegetation growing
season initiation. Over the past three decades, the
Qinghai-Tibet Plateau has experienced a significant
warming trend. The snow cover in the region has also
changed significantly, which may affect the trend of
the spring runoff and surface phenology (Wang et al.
2013). The research conducted by Wang et al. (2017)
elucidated the vegetation phenology response to
dynamics in snow phenology on the alpine ecosystem
in the Tibetan Plateau, which suggested that the
response of vegetation to snow varies for different
vegetation types. Wang concluded that the responses
of vegetation phenology to snow dynamics were
diverse under different climate conditions,
topographic conditions and alpine vegetation
communities (Wang et al. 2015).

The Chinese Tianshan mountainous region
(CTMR) is an alpine region with unique topographic
and climatic conditions, and it presents abundant
precipitation, snow-capped peaks year round, and
abundant snow resources. The topography of the
CTMR is complex, with some parts (the northern
slopes of the CTMR) showing a distinct vertical
structural distribution of vegetation. Over the past
three decades, the CTMR has experienced a
significant warming trend (Li et al. 2016), which has
led to significant changes in snow cover. The warming



resulted in earlier snowmelt dates, which may further
alter the flow and time of spring snowmelt runoff and
increase the risk of spring floods and summer
droughts (Chen et al. 2015). Alpine vegetation is
essential for ecosystem carbon cycling and water
cycling (Richardson et al. 2013), and it has diverse
roles, such as conserving water sources, regulating
climate and providing animal and microbial habitats
(Wang et al. 2013). The change in snow phenology is
caused by differences in the climate, hydrography and
ecological environment in this region, and it has a
controlling impact on the beginning and length of the
vegetation growing season. However, research on the
impact of snow cover on alpine vegetation phenology
at home and abroad is still scarce and unsystematic.
In particular, the response of alpine vegetation
phenology to dynamic changes in snow cover in the
CTMR has rarely been studied. Therefore, it is urgent
to conduct in-depth research on the response of
alpine vegetation phenology to snow dynamics in the
CTMR under the background of rapid climate
warming.

In this paper, the start of growing season (SOS),
the end of growing season (EOS) and the length of
growing season (LOS) were calculated as indicators of
vegetation growth dynamics. Moreover, snow cover
days (SCD), snow onset date (SOD) and snow end
date (SED) were extracted based on cloud-free snow
products. Then, we analysed the response of
vegetation phenology to changes in snow phenology
in different ecogeographic zones and with different
vegetation cover types. The objectives of this study
were to (1) investigate the spatiotemporal variation in
snow phenology and alpine vegetation phenology in
the CTMR under the background of rapid climate
warming and (2) reveal the response relationship
between alpine vegetation phenology and snow
phenology in the CTMR.

2 Study Area

The CTMR stretches across central Xinjiang and
has a total length of 1700 km and an average ridge
height of 4000 m asl, and it is the climatic watershed
of northern and southern Xinjiang (Hu et al. 2004; Li
et al. 2018). The region is dominated by a typical
temperate continental arid and semiarid climate,
which is characterized by temperature extremes in
summer and winter (Li et al. 2020). The CTMR is
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located in the inland midlatitude westerly zone. The
water vapour mainly comes from the west and
northwest, and the precipitation is greatly influenced
by the north and south jet streams. In winter, under
the control of high pressure, the weather is stable, and
the climate is cold. In spring, the north ramus jet
stream is active north of the CTMR, and precipitation
increases. In summer, the surface cyclones generated
by the disturbance of the southern ramus jet invade
from the southwest and form strong rain and snow
weather in the CTMR. In autumn, the CTMR is under
the control of rapidly increasing high pressure and
presents crisp weather (Zhang et al. 1987). Most of the
precipitation falls on the windward west and
northwest slopes, which are affected by cold northerly
and northwesterly air currents, and by westerly
humid air currents from the North Atlantic (Liu et al.
2017). The CTMR has the particular characteristics
because of its unique geographical conditions. The
CTMR has unique climatic conditions and presents a
typical alpine vegetation ecosystem that includes
desert (30.5%), alpine steppes (26.6%), alpine
meadows (18.3%), sparse alpine vegetation (8.7%),
forest (3.8%), shrub (0.7%), cushion vegetation
(0.9%), no vegetation (6.8%), arable land (3.4%),
permanent wetland (0.3%), and water (0.1%) (Fig.
1a). Since more than 54% of the alpine vegetated area
in the CTMR consists of alpine steppes, alpine
meadows, alpine sparse vegetation, and shrubs, we
mainly selected these four vegetation types. Based on
the objectives of this study, the mutual response
relationships between vegetation phenology and snow
phenology were assessed. This paper divided the
CTMR into four ecogeographic zones based on the
eco-geographical characteristics (Table 1, Fig. 1).

3 Data and Methods

3.1 Datasets

Snow data were obtained from the 2002-2018
daily cloud-free snow cover dataset for High Asia
provided by the National Glacial Permafrost and
Desert Data Centre (Qiu et al. 2020). The spatial
resolution was 500 m, and verification with field
observations indicated 85.79% agreement. The mean
absolute error between the snow cover days (SCD)
extracted from Moderate-Resolution Imaging
Spectroradiometer (MODIS) data and the measured
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Fig. 1 Description of the vegetation types and ecogeographical zones (a), elevation (b), annual mean temperature (c),
and annual total precipitation (d) in the Chinese Tianshan mountainous region (CTMR).

Table 1 Ecogeographical zones in the Chinese Tianshan mountainous region

Code  Temperature zone Humidity region
. Arid zone

11 Middle temperature zone Arid zone

II1 Warm temperature zone Arid zone

HII Plateau temperature zone Arid zone

SCD was 4.17 days (Tang et al. 2017), which ensures
that the snow product can be used to monitor snow
phenology.

MODIS normalized difference vegetation index
(NDVI) data were obtained from the MODi13A1
product provided by the Atmosphere Archive
Distribution System Distributed Active Archive
Center. The spatial resolution is 500 m. The temporal
resolution is 16 d. MOD13A1 was produced based on a
series of complex algorithms and rigorous quality
control (Justice et al. 1998). In this study, it was used
to calculate the vegetation phenology parameters
from 2002-2018 across the CTMR.

The meteorological data were based on the
monthly 1 km resolution mean temperature dataset
(Peng et al. 2017; Peng et al. 2018; Peng et al. 2019;
Peng et al. 2019; Ding et al. 2020) and monthly
precipitation dataset (Peng et al. 2017; Peng et al.
2018; Peng et al. 2019; Ding et al. 2020; Peng et al.
2020) provided by the National Qinghai-Tibet Plateau
Scientific Data Centre. Among them, the units of
monthly average temperature and precipitation data
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Code Eco-geographical zone

IID3 Junggar Basin

IID5 Yili Valley

IIID1 Tarim and Turpan Basin
HIID2 Kunlun Mountain North Wing

are 0.1°C and 0.1 mm, respectively.

Digital elevation model (DEM) data were
obtained from the Scientific Data Centre of Cold and
Arid Regions of the Chinese Academy of Sciences.
Vegetation type data (Chinese 1:1 million vegetation
type data) were from the Resource and
Environmental Science Data Centre of the Chinese
Academy of Sciences. In this study, according to the
three dimensions of plant -classification data,
topographic characteristics and vegetation cover types
in the study area were divided into four types, namely,
alpine meadows, alpine steppes, shrubs, and alpine
sparse vegetation.

3.2 Methods

3.2.1 Calculation of snow phenology

Based on the daily cloud-free snow cover
products, the snow phenology parameters were
calculated for each hydrological year (September 1 to
August 31 of the following year) on an image-by-
image basis according to the following algorithm



(Wang et al. 2009):
SCD=) H(D;-50) (1)
0

n is the total number of days in the hydrological
year (September 1st to August 31th of the following
year). The total number of snow days in the
hydrological year is defined as the SCD; D: is the
percentage of snow cover (%) in a pixel (0 < D; < 100);
and H is the Heaviside function, which is equal to o
(1) for negative (positive) arguments.

SED =D, +SCD,’ (2)

SED is the day of year (DOY) of the last day of
snow cover in a hydrological year. D: represents
January 21th (Julian calendar). SCD.’ indicates the
snow-covered days within the period from January
21th to August 31th (Li et al. 2020).

SOD =D, -SCD,’ (3)

SOD is the DOY when the first day of snow cover
occurs. D. represents January 20 (Julian calendar).
This is the time when the snow in CTMR reaches its
maximum. SCD-’ represents the number of snow days
from September 1st to January 20th of the following
year (Li et al. 2020).

3.2.2 Determination of vegetation phenology

The SOS, EOS and LOS were used to reflect the
phenological changes in vegetation. The SOS, which is
based on remote sensing technology, refers to the date
when most plants in the community begin to expand
leaves and grow normally. After this date, vegetation
enters the rapid growth stage. The EOS refers to the
date on which most of the plants in the community
cannot grow normally and the leaves begin to turn
yellow, after which the vegetation enters the stage of
death or dormancy (Fu et al. 2018). The LOS is equal
to the EOS minus the SOS, which is inconsistent with
the traditional growth season concept of “the number
of days a plant can grow in a year”. The remote
sensing estimation results were based on the
phenological status of vegetation in a community or
region, and they presented a certain difference from
traditional phenological results, although the
correlation was very high (Zhang et al. 2003).

To remove the noise derived from cloud
contamination in the time series, MOD13A1 images
were first smoothed using the Savitzky—Golay (S-G)
filtering method in TIMESAT software (Bian et al.
2009). Then, the dynamic threshold method was used
to extract the vegetation phenology parameters

J. Mt. Sci. (2022) 19(5): 1307-1323

(Jonsson et al. 2002; Guang et al. 2019). This method
is suitable for determining the vegetation phenology
in large-scale areas (Ma et al. 2015):

N = (NNDVIMX =Ny, )xC 4

NDVIjn,

where N, is the dynamic threshold; Ny, is the

maximum value of the NDVI (normalized difference
vegetation index); NNDV[m-n is the minimum value of the
rising (descending) stage of NDVI; and C is the
coefficient.

The threshold coefficients of the SOS and EOS
were set to 0.2 and 0.5, respectively. The two time
points corresponding to the lowest values on both
sides of the NDVI fitting curve peak were used to
determine the critical phenological period. These two
thresholds were verified in the field and have been
used by most researchers (Mou et al. 2012; Huang et
al. 2019; Fu et al. 2021).

3.2.3 Statistical analyses

The Pearson correlation coefficients between
snow phenology and vegetation phenology were
calculated to investigate the relationship between
vegetation growth and snow (Wang et al. 2018). In
addition, we performed a t-test to reflect the
significance level (P value) of the relationship. This
study examined the correlations in each pixel to
identify spatial patterns. We selected the pixels with
significant correlations (P<0.1) to further investigate
the relationships among different ecogeographical
zones.

3.2.4 Grey relation analysis

Grey relational analysis (GRA) can be used in
supplier selection decision-making for a large number
of uncertain factors and their relationships, and it
organically combines quantitative and qualitative
methods, thereby clarifying and simplifying the
original complicated problems. This method
eliminates the subjective arbitrariness of decision-
makers to a certain extent. To explain the response of
vegetation phenology to snow phenology, this study
used the GRA method to determine the grey relation
grade (GRG) between the vegetation phenology and
snow phenology parameters (Li et al. 2016; Chang et
al. 2018; He et al. 2018). GRA establishes the degree
of correlation between two corresponding sequences
based on the similarity of the geometry of the
comparison sequence and the reference sequence
curve. The degree of correlation depends on the
similarity of the two curves. In this study, snow
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phenology parameters were defined as the
comparison sequence Xi=Xi(k) (where i=1, 2, 3, 4,
k=1, 2... n). The vegetation phenology parameters
were defined as the reference sequence Xo. The data
were normalized to eliminate the effect of magnitude:

X, (k)= M (5

1

X', (k) :M (6)

o
X; and X, are the comparison sequence and the
reference sequence, respectively. oi and 0o are defined
as the standard deviations of the comparison
sequence and the reference sequence, respectively.
£ ()= Amin+aAmax )
’ A6;(t)+asmax

$x;(k) denotes the grey correlation coefficient.
AGi(t) represents the absolute value of the difference
between the X; and the X,. Amin and Amax represents
the minimum and maximum values of A&i(t),
respectively. a repensents the resolution coefficient.
The resolution was best when a < 0.5463 (Zhang et al.
2018); therefore, a was set to 0.5 in this study.

The mean values of the grey correlation
coefficients in the sequence were calculated to obtain
the GRG values as follows:

n

gi(k)
r. = —I(Z:1 (8)
' n
&i(k) represents the grey correlation coefficient. r;
represents the GRG of the X; and the X,.

4 Results

4.1 Distribution pattern of vegetation
phenology

The spatial distribution of vegetation phenology
and its standard deviation in the CTMR were
calculated based on MOD13A1 NDVI data (Fig. 2).
The spatial distribution of the mean SOS values varied
significantly (Fig. 2a). The SOS showed a gradual
delay from lower to higher elevations, which
presented strong spatial heterogeneity. An early SOS
occurred on the northern slope of the CTMR and the
Yili Valley area (mostly on 0-82 DOY), accounting for
16.06% of the CTMR. The SOS occurred later in the
middle part of the CTMR (mostly after 118 DOY),
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accounting for 37.78% of the CTMR. The latest SOS
occurred after 137 DOY. The EOS distribution was
opposite to that of the SOS (Fig. 2c). The EOS
generally occurred earlier at higher elevations and
later at lower elevations. The EOS was late on the
northwest slope of the CTMR and the Yili Valley
(mostly occurring at 321-334 DOQY), accounting for
30.18% of the study area. The EOS was the earliest in
the middle part of the CTMR (92-298 DOY),
accounting for 10.80% of the study area. The LOS
showed a similar spatial pattern to the EOS and
ranged from 24 d to 251 d (Fig. 2e). In this study,
vegetation with a growing season less than 233 d was
regarded as having a short LOS, and the opposite
pattern indicated a long LOS. A long LOS was mainly
distributed on the north slope, accounting for 69.50%
of the study area, and a short LOS was mostly located
in the middle part of the CTMR, accounting for
30.50% of the study area. The NDVI nax value of the
western Yili Valley was the highest. The NDVImax
value of the Bayanbulak steppe in the central part was
the second. On the whole, the distribution pattern of
NDVI max showed a high spatial heterogeneity (Fig.
2g). Because the western Yili Valley had a low
elevation (500-780 m), superior natural conditions,
abundant precipitation, a continental temperate
climate, mild humid and fertile land. The surrounding
mountain areas were dense, lush and grassy, so the
NDVInax value in this area was the highest. The
interannual variation was smaller on the northern
slope of the CTMR and the edge of the Yili Valley and
ranged from 0-13 d. The interannual variation in the
central ridgeline area was concentrated within 13-20
d. Strong variability was not observed in the spatial
distribution of the standard deviation between the
EOS and SOS, although a relatively smaller area
showed lower interannual EOS variations (Fig. 2b,
Fig. 2d)). The interannual variations in the LOS in
most of the CTMR were in the range of 16-30 d (Fig.
2f). The larger interannual variations were mainly
located in the Yili Valley of the CTMR, where the
standard deviation exceeded 49 d. From the spatial
distribution of NDVInax standard deviation (Fig. 2h),
the interannual fluctuation of NDVImx in CTMR was
relatively stable. The interannual fluctuation of NDVI max
in a large area ranged from o to 0.1, and only a few
parts of the western Yili Valley were high (0.1-0.2). No
significant differences in vegetation phenology were
observed among the different ecogeographical zones
(Fig. 3a). IID3 had the earliest SOS, the longest LOS,
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Fig. 3 Vegetation phenology (a) and standard deviation (SD) (b) in different ecogeographical zones.

and the latest EOS. From the standard deviation of
vegetation  phenology across the  different
ecogeographical zones, HIID2 exhibited an unstable
state (Fig. 3b).

4.2 Distribution pattern of snow phenology

Based on the daily cloud-free snow data, the

spatial distribution patterns of snow phenology and
their standard deviation distributions were obtained
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for 2002-2018 in the CTMR. Due to the heterogeneity
of climate, topography and other factors, the snow
distribution was not uniform and presented obvious
geographical differences. Fig. 4a shows that the SOD
occurred early in the central ridge region and late on
the southern slope. The SOD generally occurred
earlier at high elevations, with the earliest appearance
in the ridge region (244-272 DQY), where high
elevation and low temperature had favourable
conditions for snowfall formation. The SOD was
generally higher at lower elevations. The SOD in the
northern and eastern parts of the CTMR mainly
occurred from 344-364 DOY (December), while the
SOD in the southern and southeastern areas mainly
occurred from 364-21 (next year) DOY. Fig. 4¢ shows
that the SED occurred later at higher elevations and
earlier at lower elevations. The SED occurred earlier
than 121 DOY in the large mountainous region,
accounting for 75.77% of the total mountain area, and
later than 121 DOY in the perennial snow and glacier-
covered areas of the high-altitude mountains,
accounting for 24.23% of the total mountain area.
Along the mountain range, the SCD exhibited an
overall pattern of high in the west and low in the east,
high in the north and low in the south (Fig. 4e). High
values (SCD>269 d, approximately 9 months) were
mainly located in the permanent snow and glacier-
covered region of the high-altitude mountains,
accounting for 3.17% of the total mountain area, and
SCD values spanning 39-91 d were mainly distributed
around the permanent snow area, the Yili Valley and
the northern foothills of the CTMR. The SCD was less
than 39 d in the valley of the CTMR and most of the
middle- and low-elevation areas in the southern
foothills, accounting for 52.76% of the total mountain
area. This value was less than that of other areas and
contributed more to spring snowmelt runoff. The
interannual variations in the SOD were larger (28-49
d) along the middle ridge of the CTMR. The
interannual variations in the SOD in the Bayanbulak
steppes were 19-28 d, and the fluctuations in other
regions were less than 19 d (Fig. 4b). The standard
deviation of the SED (Fig. 4d) was similar to that of
the SCD (Fig. 4f). It can be concluded that the
interannual variations in the SED and SCD were large
in the high-elevation perennially snow-covered and
glacier-covered areas of the CTMR, with the SED
fluctuating above 19 d and SCD fluctuating above 36
d. The interannual variations in the SED were 5-11 d
in the Yili Valley area and below 5 d on the southern
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slope. The snow phenology of different
ecogeographical zones had obvious differences. IID5
had the latest SOD, the shortest SCD, and the earliest
SED. IIID1 had the earliest SOD, the longest SCD, and
the latest SED (Fig. 5a). No major differences in snow
phenology standard deviations were observed among
the different ecogeographical zones (Fig. 5b).

4.3 Impact of snow phenology on vegetation
phenology

4.3.1 SOS response to snow phenology

Fig. 6a shows that the SOD was positively
correlated with the SOS in nearly 47.36% of the study
area, of which 6.42% was significantly positively
correlated (P<0.1), mainly in the Yili Valley, the
Bayanbulak steppe area, and the southwest slope (Fig.
6b), which meant that the SOS would be advanced
with an earlier SOD. The correlation analysis also
showed that the SED and SOS were positively
correlated in nearly 36.34% of the study area (Fig. 6¢),
with 6.43% of the area showing a significant (P<0.1)
positive correlation (Fig. 6d) and most of the Yili
Valley and part of the Bayanbulak steppes (63.66%)
showing a negative correlation, thus implying that the
SOS in this area would advance with a delayed SED. A
total of 54.78% of the study areas showed a negative
correlation between the SCD and SOS (Fig. 6e), with
9.58% of the areas presenting a significant (P<0.1)
negative correlation (Fig. 6f), mainly in the Yili Valley,
Bayanbulak Steppes and the southwest slope. This
finding indicates that the SOS in the following year
would advance because of the longer SCD. Nearly
45.22% of the study area showed a positive
correlation between the SCD and SOS. A high SCD
may also contribute to the delayed SOS.

The SCD and SED were negatively correlated
with the SOS in all four ecogeographic zones (Table
2). The SCD had the strongest negative correlation
with the SOS of IID5 (middle temperate zone). The
SED had the strongest negative correlation with the
SOS of IID1 (warm temperate zone). The SOD was
positively correlated with the SOS of IID3 (mid-
temperate zone) and IIID1 and negatively correlated
with the SOS of IID5 and HIID2. This result indicated
that the SOS advanced with increases in the SCD and
delays in the SED in all four ecogeographic zones.
Advancement of the SOD may advance the SOS of
IID3 (mid-temperate zone) and IIID1. In addition, a
delay of the SOD may advance the SOS of IID5 (mid-
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temperate zone) and HIID2 (highland temperate
zone).

4.3.2 LOS response to snow phenology

Snow cover also affected the LOS. The spatial
distribution of the correlation between snow cover
and the LOS was also spatially heterogeneous, with
46.67% of the study area presenting a negative
correlation between the SOD and LOS (Fig. 7a),
among which 5.81% was significantly negatively
correlated (P<0.1), mainly in the Yili Valley,
southwest slope, northeast slope and southeast slope

(Fig. 7b). This finding indicates that a delay in the
SOD would contribute to a shortening of the LOS. In
other areas, the SOD was positively correlated with
the LOS. A total of 66.85% of the CTMR showed a
positive correlation between the SED and LOS (Fig.
7¢), among which 15.74% was significantly (P<o0.1)
positively correlated, mainly in the northwestern part
of the CTMR (the Yili Valley) and the southwestern
slope (Fig. 7d). This finding implies that an increase
in the SCD would contribute to an increase in the
LOS. A negative correlation was observed between the
SED and LOS in a small part of the central region and
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Table 2 Pearson correlation coefficients between the start of growing season (SOS) and the snow phenology
parameters of the four ecogeographical zones in the Chinese Tianshan mountainous region

. SCD
Ecogeographical zone R Count
1ID3 -0.25%* 12025
IID5 -0.44** 17878
I1ID1 -0.31%* 19472
HIID2 -0.15* 103

Notes: * P<0.1; ** P<0.05.

part of the southern slope (33.15%). The SCD and LOS
were positively correlated in nearly 44.10% of the
study area (Fig. 7e), with a total of 10.35% of the area
significantly (P<o0.1) positively correlated, mainly in
the Yili Valley and southwestern slopes of the CTMR
(Fig. 7f). This indicates that a large amount of snow
cover would contribute to an increase in the LOS.
However, only a small portion of the area (4.12%)
showed a significant negative correlation, and it was
distributed in the ridgeline region, meaning that an
increase in the SCD would contribute to a shortening
of the LOS.

The SCD and SED were positively correlated with
the LOS in all four ecogeographic zones (Table 3) and
showed the strongest positive correlation with the
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SOD SED

R Count R Count
0.15%* 14784 -0.39%* 14720
-0.26** 15162 -0.45%* 17754
0.20** 19398 -0.50%* 26933
-0.19%* 109 -0.41%* 146

LOS of IID5. The SOD was negatively correlated with
the SOS of IID3 and IIID1 but positively correlated
with the SOS of IID5 and HIID2. This finding
indicated that the LOS increased in all four
ecogeographic zones with increases in the SCD and
delays in the SED. A delay in the SOD can advance the
SOS of IID3 and IIID1 and delay the SOS of IID5 and
HIID2.

4.3.3 EOS response to snow phenology

The relation between snow phenology and the
EOS was spatially heterogeneous. A total of 69.55% of
the study area showed a negative correlation between
the SOD and EOS (Fig. 8a), among which 11.65% was
significantly negatively correlated (P<0.1), indicating
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Table 3 Pearson correlation coefficients between the length of growing season and the snow phenology parameters of
the four ecogeographical zones in the Chinese Tianshan mountainous region

. SCD
Ecogeographical zone R Count
1ID3 0.26%* 12947
IID5 0.40** 21995
IIID1 0.33%* 18089
HIID2 0.12* 100

Notes: * P<0.1; ** P<0.05

that an advanced SOD could delay the EOS in the
following year. This study also observed a significant
positive (P<0.1) relationship in a small area (7.39%)
of the southwestern slope (Fig. 8b), which meant that
an advanced SOD corresponded to an advanced EOS.
A total of 43.05% of the study area showed a negative
correlation between the SED and EOS (Fig. 8c),
among which 7.52% was significantly negatively
correlated (P<o0.1) in the Yili Valley. A small area
(11.03%) exhibited a significantly positive relationship
on the southwestern slope (Fig. 8d). An advanced
SED would delay the EOS in the Yili Valley but
advance the EOS on the southwest slope. A total of
66.99% of the study area showed a positive
correlation between the SCD and EOS (Fig. 8e),
among which 11.92% were significantly positively

SOD SED
R Count R Count
-0.16** 14631 0.42%* 16810
0.36™* 15717 0.53** 24337
-0.14%** 17734 0.47** 27822
0.29%* 109 0.42%* 131

correlated (P<0.1) in the Yili Valley. Nevertheless, a
small area (4.31%) exhibited a significantly negative
relationship on the southwestern slope (Fig. 8f). A
longer SCD would delay the EOS in the Yili Valley and
advance the EOS on the southwest slope.

As shown in Table 4, the SED was positively
correlated with the EOS of all four ecogeographic
zones. The SED was most closely correlated with the
EOS of IIID1. The SCD was positively correlated with
the EOS of I1ID3, IID5 and IIID1 and was negatively
correlated with the EOS of HIID2 and EOS. The SOD
was positively correlated with EOS of 1ID3, HIID2
and IID5 and negatively correlated with the EOS in
IIID1. This finding indicated that the EOS of all four
ecogeographic zones advanced with the advancement
of the SED. An increase in the SCD would delay the
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Fig. 8 Spatial patterns of the correlation coefficient between the EOS and snow phenology: (a) correlation coefficient
between SOD and EOS and (b) P value; (c) correlation coefficient between SED and EOS and (d) P value; (e)
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Table 4 Pearson correlation coefficients between the end of growing season and the snow phenology parameters of
the four ecogeographical zones in the Chinese Tianshan mountainous region

. SCD
Ecogeographical zone R Count
1ID3 0.33** 15400
IID5 0.41%* 23798
IIID1 0.34%** 21141
HIID2 -0.04 92

Notes: * P<0.1; ** P<0.05.

EOS of IID3, IID5 and IIID1 and advance the EOS of
HIID2. A delay in the SOD contributes to a delay of
the EOS of IID3, IID5 and HIID2 and an
advancement in the EOS in IIID1.

4.4 Response of vegetation phenology to snow
phenology

The responses of the vegetation phenology of four
typical alpine vegetation types to snow phenology in
the CTMR were examined separately based on the
grey correlation analysis method. The GRG values
reflect the degree of influence of different snow
phenology parameters on alpine vegetation phenology
parameters. Fig. 9a shows that for the four vegetation
types, the mean GRG of the SOD reached the

1318

SOD SED
R Count R Count
0.35%* 15994 0.36%* 18682
0.42%* 17896 0.35%* 26096
-0.14%* 21010 0.52%* 30894
0.07 119 0.25%* 132
maximum values (0.6955, 0.7103, 0.7668, and

0.6916), while the mean GRG of the SCD reached the
minimum values (0.6220, 0.6524, 0.6494, and
0.5770). The degree of influence of snow phenology
parameters on the SOS varied among the vegetation
types. The vegetation SOS was most strongly
influenced by the SOD, followed by the SED, with the
SCD having the weakest influence. Fig. gb shows that
the vegetation EOS was most strongly influenced by
the SED, followed by the SOD, with the SCD having
the weakest effect on the EOS in the alpine meadows
and sparse shrubs. In alpine meadows and alpine
sparse vegetation, the vegetation EOS was most
strongly influenced by the SOD, followed by the SED,
with the SCD having the weakest effect. The SOS in
the four alpine vegetation cover types was most
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Fig. 9 Grey relation grade (a) between the SOS and the snow phenology parameters) and (b) between the EOS and
the snow phenology parameters for the different vegetation types in the Chinese Tianshan mountainous region. SOD:
Snow onset date, SED: snow end date, SCD: snow cover days.
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Fig. 10 Grey relation grade (a) between the LOS and the snow phenology parameters and (b) between the NDVI max
and the snow phenology parameters for different vegetation types in the Chinese Tianshan mountainous region. SOD:
Snow onset date, SED: snow end date, SCD: snow cover days.

strongly affected by the SOD, followed by the SED,
with the SCD having the weakest effect. The effect of
the SOD on the EOS was greatest in alpine meadows
and sparse alpine vegetation. The evaluation of the
impact of snow phenology parameters on the EOS
showed that different vegetation cover types
presented various orders. The SED had the largest
impact on the EOS in alpine steppes and shrubs,
while the SCD had the smallest impact.

Fig. 10a shows the effect of the snow phenology
parameters on the LOS in different vegetation types.
For the alpine meadows and shrubs, the LOS was
most strongly affected by the SOD, followed by the
SED and SCD. For the alpine steppes, the LOS was
most strongly affected by the SED, followed by the
SOD and SCD. For the alpine sparse vegetation, the
order of effect was opposite to that of the alpine
steppes, with the LOS most strongly affected by the
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SCD, followed by the SOD and SED. Fig. 10b shows
the effects of the snow phenology parameters on the
NDVI max in different vegetation types. For the alpine
meadows and shrubs, the effect of snow phenology
parameters on NDVI max showed the same order, with
SED having the strongest effect, followed by the SOD
and SCD. For the alpine meadows and sparse alpine
vegetation, the SOD had the greatest effect, followed
by the SED and SCD.

5 Discussion

5.1 Influence of snow phenology on vegetation
phenology

The northern regions showed a higher SCD,
earlier SOD, and later SED than the southern regions.
Because the south slopes were sunny, they received
more solar radiation energy. Additionally, due to
being exposed to cold northerly and northwesterly air
inflows, the south-facing and northwestern slopes
receive far less precipitation than the northern slopes,
which are moistened by the North Atlantic air
circulation (Li et al. 2020). Relatively sufficient water
resources can promote the growth of vegetation,
resulting in a late EOS (Dilixiati et al. 2019);
therefore, the EOS occurred later in areas with
relatively good hydrothermal conditions (northwest
slope of the CTMR and the Yili Valley). We found that
the SCD was positively correlated with the SOS but
negatively correlated with the LOS in most parts of
the CTMR. These results agreed with previous studies
showing that a higher SCD in winter delays the SOS
and reduces the LOS (Jonas et al. 2008; Xie et al.
2017; Wang et al. 2018b). However, we found the
different effects of the SCD on the SOS and LOS in the
Yili Valley and the Bayanbulak, implying that a long-
term SCD would also advance the SOS and increase
the LOS in the following year. Overall, long-term
snow cover time leads to the higher snow depth,
which can increase the amount of water available to
plants in subsequent growing seasons (Peng et al.
2010). Snow is also an effective insulator, protecting
the soil from the harsh climatic conditions (low
temperatures and strong winds) of CTMR (Yu et al.
2013). As a result, soil temperatures in snow-covered
areas were generally higher than in snow-free areas
(Freppaz et al. 2008). It was also beneficial to the
SOS. Most of the SED in the CTMR occurred between
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the end of February and mid-April (Li et al. 2020),
and most vegetation started to grow after late March.
Therefore, a close relationship between snow
phenology and the SOS can be suggested. Earlier
snowmelt may expose the soil to freezing events and
reduce soil moisture, as shown in a long-term field
experiment in a woodland in the northeastern region
of the United States (Groffman et al. 2001). Despite
favourable temperature conditions, vegetation will
not be able to obtain sufficient moisture from snow if
the SED is too early, which explains the negative
correlation between the SED and SOS in warm areas
(Yili Valley). A similar situation was observed for the
LOS. The earlier SED delayed the SOS and thus
reduced the LOS in relatively dry areas.

5.2 Responses among different vegetation

types

The response of vegetation growth to snow cover
dynamics varies greatly among different vegetation
types in the high latitudes of the Northern
Hemisphere (Eugster et al. 2010). We found that the
effect of SED on LOS, EOS and NDVI max in alpine
steppes was more obvious than that of other
vegetation types. This may be because shorter plants
growing on grasslands are more likely to be
completely covered with snow than taller plant types.
Therefore, long-term snow cover can help grasslands
resist low temperatures effectively. In addition, alpine
steppes were mainly distributed in arid or semi-arid
areas. The snow cover may have an important impact
on soil moisture in this area. On the premise of
keeping soil temperature stable, snow cover can delay
the change of soil moisture and promote the increase
of soil moisture. This can promote the growth of
alpine steppes. The change of snow cover in winter
may also affect the nutrients needed for vegetation
growth and the length of vegetation growth cycle by
changing the hydrothermal conditions of the soil
(Wang et al. 2018b). The SOD had the greatest
influence on the SOS, EOS, LOS and NDVI nax of
alpine meadow vegetation. Alpine meadows were
mainly distributed in the middle of CTMR, where the
temperature was low, but the soil moisture was good.
The SOD can indirectly reflect the temperature and
precipitation of CTMR in autumn and winter. For
example, the early appearance of SOD will lead to
frostbite on the surface of vegetation, which will cause
serious damage to vegetation and affect the



development of vegetation in the follow year (Sa et al.
2021). The vegetation phenology of different
vegetation types in the CTMR can be attributed to the
different water-heat combinations in different
ecological environments and other factors. The
hydrothermal combination was restricted by latitude,
longitude, topography and human activities (Fu et al.
2021). In future studies, the snow cover dynamics and
vegetation growth dynamics should be
comprehensively monitored to clarify the mechanism
of snow phenology impacts on vegetation growth in
the CTMR.

6 Conclusion

In this study, the spatial and temporal patterns of
snow phenology and vegetation phenology in the
CTMR were analysed based on daily cloud-free snow
data and MOD13A1 data from 2002-2018. The effects
of snow phenology change on vegetation phenology
were studied using correlation analysis and GRA
analysis methods. The conclusions are outlined as
follows.

(1) The SOD was earlier at higher elevations and
later at lower elevations in the CTMR. The SED and
SOD exhibited opposite spatial distributions. Snow
was widely distributed in the CTMR. The high-value
area of SCD (>269 d) was mainly distributed in the
middle part of the CTMR and the ridgeline area, while
the low-value area (<39 d) was concentrated on the
southern slope and northeastern edge of the CTMR.
The SCD presented an overall pattern of high in the
west and low in the east, high in the north and low in
the south, roughly spreading over the mountain range
direction.

(2) The spatial distribution of the SOS in the
CTMR was characterized by a gradual delay from
lower to higher elevations with strong spatial
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