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ARTICLE INFO ABSTRACT
Keywords: The study of vegetation phenology changes is important because it is a sensitive indicator of
Phenology climate change, affecting the exchange of carbon, energy and water fluxes between the land and

Tibetan plateau
Geographical detector
Climatic factors

Non climatic factors

the atmosphere. Previous studies have focused on the effects of climatic factors among envi-
ronmental factors on vegetation phenology, thus the effects of non-climatic factors among
environmental factors have not been well quantified. This study endeavors to scrutinize the
spatiotemporal inconsistency in the start-of-season (SOS) and the end-of-season (EOS) on the
Tibetan Plateau (TP) and to quantify the effects of environmental factors on phenology. To this
end, the Moderate-resolution Imaging Spectroradiomater (MODIS) Normalized Difference Vege-
tation Index (NDVI) data from 2001 to 2018 and four common used methods were employed to
extract SOS and EOS, and the site data was used to select the most appropriate phenology results.
The Geodetector model was used to assess and measure the explanatory power of different
environmental factors. The research results indicate that temperature exerts a more substantial
impact on phenology than precipitation on TP. non-climatic factors such as longitude, latitude,
and elevation are more influential in determining the distribution of phenological trends than
climatic factors. Among these non-climatic factors, latitude has the most prominent effect on the
trends of SOS. Furthermore, non-climatic factors exhibit a stronger effect on SOS, whereas EOS is
more susceptible to climatic factors and less influenced by non-climatic factors. These discoveries
bear great significance in comprehending the intricate outcomes of regional changes on vegeta-
tion phenology and enhancing phenology models.

1. Introduction

Vegetation phenology is essentially a study of the relationship between plant growth and development and environmental factors,
which can visually reflect changes in the natural environment and indicate the adaptation of plants to environmental changes [1-3].
Since the 20th century, global warming has had a profound impact on vegetation phenology in various regions [3,4], and the
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advantage of being easily observable has made phenology a sensitive indicator of climate change [5,6]. Therefore, a comprehensive
and accurate conception of the influence of climatic and non-climatic factors on phenological change trends is essential to deepen the
understanding of the feedback mechanisms of vegetation to climate and future ecosystem dynamics.

The overall process of a growing season from sowing, germination, maturation, and defoliation of plants is described by phenology
[7]. The accuracy of remote sensing methods for extracting phenological parameters is influenced by two key points, one for smoothing
of time series data and the other for the determination of phenological indicators [8]. Numerous methods have been applied to extract
phenological indicators from remote sensing products, mainly including the threshold method [9,10], delayed moving average method
[11], the maximum slope of change method [12], logistic curve fitting method [13], dynamic threshold method [14-16], and the
seasonal trend decomposition by LOESS (STL) [17], etc. To make the phenology results more reasonable, this paper adopts the
tempo-differentially selected growth rate model (TDSGM) for the extraction of phenology indicators [18].

The climate impacts on vegetation phenology have received increasing attention as global warming has intensified. In extreme
drought years, the start-of-season (SOS) was advanced and the end-of-season (EOS) was delayed in most regions compared to normal
years [19]. Researchers found that SOS in the northern hemisphere was earlier and EOS was later, while temperature was thought to be
the main cause of vegetation phenology changes [1,20]. According to previous studies, higher spring temperatures could lead to an
earlier onset of phenological events [21], and global warming had a significant impact on spring phenology [22]. It was also shown
that in temperate or cold regions, especially in areas with less precipitation in winter, cumulative precipitation in late winter and early
spring had a higher effect on SOS than temperature [23]. In particular, the effect of precipitation on vegetation phenology was more
significant in arid or semi-arid regions [24]. However, non-climatic factors might also have influenced vegetation phenology. Spring
phenology always showed a clear latitudinal pattern due to the variation of temperature with latitude [25]. And studies on vegetation
phenology in the Source Region of the Yellow River found that EOS was closely related to elevation [26].

In addition, most of the recent investigations on the relationship between phenology and influence factors used partial correlation
analysis [27,28], least squares regression [29,30] and multiple regression analysis [22,31]. However, these methods have limitations
in studying the effects of non-climatic and climatic factors on phenology at the same research scale. In this study, we examined the
effects of climatic and non-climatic factors on vegetation phenology changes. For climatic factors, we selected temperature and
precipitation data from all four seasons. For non-climatic factors, we considered elevation, longitude, latitude, soil type, slope, and
aspect. We employed the geographical detector model for our analysis. Geodetector is a statistical method to detect spatial differ-
entiation, as well as to reveal the driving forces behind it. The advantage is that the relative importance between the drivers of
phenological variability can be quantified, while eliminating the need to follow the assumption of linearity and multiple covariances
between drivers of traditional methods [32,33]. The model has been successfully applied to determine the influence of climatic factors
and anthropogenic factors on vegetation change [32-36]. In this study, the contributions of both climatic and non-climatic factors to
vegetation phenology were analyzed. The spatial variability of the primary factors influencing phenological changes was explored.
Additionally, a detailed analysis was conducted on phenological change trends across different spatial zones defined by these influ-
encing factors.

As the “Third Pole of the Earth” and “Water Tower of Asia”, the TP is the origin of major rivers in China [37]. In recent times, it has
undergone drastic climate change that is markedly higher than the global average during the same period, leading to a significant
escalation of ecological risks confronting the plateau [25]. The phenological variations in the vegetation of the plateau have piqued the
interest of numerous scholars. Nevertheless, current research on vegetation phenology has predominantly focused on the direct impact
of climatic factors such as temperature and precipitation on vegetation phenology [1,20]. Differences in the spatial position of
vegetation engender discrepancies in the surrounding environmental conditions, which indirectly influence vegetation phenology.
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Fig. 1. Elevation and vegetation types of the TP.
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However, the effect of these non-climatic factors on vegetation phenology trends remains ambiguous in prior research, and few have
compared the direct and indirect impact of climatic and non-climatic factors on vegetation phenology trends. Our objectives
encompass three aspects: (1) to scrutinize the temporal and spatial designs of vegetation phenology indicators on the Tibetan Plateau
(TP), (2) to quantitatively analyze the influence of climatic and non-climatic factors on the distribution of vegetation phenology trends
and investigate the sensitivity of various phenology indicators to climatic and non-climatic factors, and (3) to explore the impact of
climate factors on different vegetation phenology during different seasons, and determine the range of mean values of multi-year
climate factors that promote vegetation SOS advancement and EOS delay, as well as the range and type of non-climate factors.

2. Materials and methods
2.1. Study area

The TP (80-105° E, 27-37° N) is located in southwest China. The region has an average elevation exceeding 4000 m above sea
level. Stretching approximately 2800 km from east to west, it varies in width from 300 to 1500 km from north to south (Fig. 1a).
Moreover, the TP, as the third pole of the Earth, is at the biological limit of hydrothermal conditions, and the plateau ecosystem is
extremely fragile [38], which is extremely sensitive to the perturbation of climate change [39,40]. The hydrothermal environment of
the TP exhibits the characteristics of cold and arid in the northwest, warm and humid in the southeast, cold at high altitudes and hot
and humid at low altitudes. It makes the vegetation type of the TP show a horizontal-vertical geographical differentiation pattern
(Fig. 1b). Cultivated plants whose phenological characteristics are easily disturbed by the human intervention were not considered in
this study. Pixels with annual mean NDVI values (2001-2018) < 0.1 were also removed to prevent interference from non-vegetation
signals [41].

2.2. Data source and preprocessing

2.2.1. NDVI data

The annual vegetation phenology data on the TP was determined from the Moderate-resolution Imaging Spectroradiometer
(MODIS) normalized difference vegetation index (NDVI) dataset. In the study of vegetation phenology on the TP. MOD09A1 dataset
product was obtained through the NASA Land Processes Distributed Active Archive Center (NLPDAAC, http://LPDAAC.usgs.gov).
MODO09A1 NDVI data were used for this study [42]. The MODIS Reprojection Tool (MRT) was used for mosaic and reprojection
analysis to generate 1 km spatial resolution data. Finally, the data were extracted using the boundary of the study area.

2.2.2. Climate data

The climate dataset for this study was derived from the spatially interpolated dataset of 1 km per 8 days fine gridded meteorological
data nationwide from 2000 to 2018 published by National Ecosystem Science Data Center, National Science & Technology Infra-
structure of China (http://www.nesdc.org.cn).

2.2.3. Ground-based phenological observations

Ground-based observations were obtained from 16 phenological stations of the Qinghai Meteorological Information Center
(Table 1). The phenology data were recorded by manual observation, including station name, identification number, longitude,
latitude, elevation, SOS and EOS. Strict protocols for phenological observations were established during the observation process [18].

Table 1

Phenological sites.
Station Identification number Latitude (N) Longitude (E) Elevation (m)
Xinghai 52943 35°35' 99°59 3324
Tongde 52957 35°16' 100°39 3290
Zeku 52968 35°02' 101°28' 3663
Tuotuohe 56004 34°13' 92°26' 4534
Zhiduo 56016 33°51' 95°36' 4184
Zaduo 56018 32°54' 95°18' 4068
Qumalai 56021 34°08' 95°47' 4176
Maduo 56033 34°55' 98°13' 4273
Qingshuihe 56034 33°48' 97°08’ 4417
Magin 56043 34°28' 100°15' 3720
Gande 56045 33°58' 99°54' 4051
Dari 56046 33°45' 99°39 3968
Henan 56065 34°44' 101°36’ 3501
Jiuzhi 56067 33°26' 101°29 3630
Nanggian 56125 32°12' 96°29 3645
Banma 56151 32°56' 100°45' 3530
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2.2.4. Soil type and vegetation type

The soil texture dataset for the Qinghai-Tibet Plateau (2010) was extracted from the World Soil Database. This dataset was in a grid
format and used the WGS84 projection. The primary soil classification system adopted was FAO-90, with the main soil types in this
study being CMi, LPe, LPm, LPi, and LVh. Meanwhile, the vegetation type dataset was sourced from the 1:1 million China vegetation
map. The primary vegetation types under study were meadow, steppe, shrubland, alpine vegetation, broadleaf forest, and coniferous
forest. Both datasets were obtained from the National Tibetan Plateau Data Center (http://data.tpdc.ac.cn). Lastly, data corresponding
to the study area was extracted using its boundaries.

2.3. Tempo-differentially selected growth rate model (TDSGM) and accuracy verification

2.3.1. The principle of TDSGM

The plant growth rate includes absolute growth rate (AGR) and relative growth rate (RGR) [43]. AGR refers to the absolute increase
in plant weight, volume and height per unit of time. RGR is the percentage of increment per unit of time compared to the original
amount [44]. According to the vegetation growth principle, the relative growth rate (RGR) of vegetation, was described as

RGRx(1,—17)

@=q1 %€ (€}
where q; represents the dry mass of vegetation at time t;, g, represents the dry mass of vegetation at time t,, and e is the base of the
natural logarithm (2.718).

The RGR is the relative growth rate of vegetation dry weight growth from time t; to time t,. The NDVI can be used to represent the
vegetation growth state [18]. Applying Eq. (1) to NDVI, we get

Ing, —Ing,

RGR= =InNDVI,;; —InNDVI, (t=1,2,3,...,364) )

hL—n

where NDVI, and NDVI,. ; denote the NDVI values on day t and day t+1, respectively, and t represents the specific number of days. The
time corresponding to the maximum value of RGR represents the SOS.

By extending the original model [45], the relationship between RGR and AGR was found, and the absolute vegetation growth rate
was

NDVI,

AGR=NDVI * In ————
NDVI,_,

(t=1,2,3,...,364) 3)

where NDVI,.; and NDVI; are the NDVI values at day t-1 and day t, respectively. The time corresponding to the AGR maximum rep-
resents the EOS.
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Fig. 2. Comparison of satellite-derived phenology data with ground-based phenology data: (a—d) SOS; (e-h) EOS.
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2.3.2. Phenology metrics extraction and accuracy verification

Compared with three mainstream algorithms, namely the dynamic threshold method (DTM), ratio threshold method (RTM) and
moving average method (MAM), this study adopted the TDSGM that extracts the vegetation phenology on the TP [18]. (1) The dy-
namic threshold method is an obvious improvement on the threshold method. It replaces the fixed threshold with a dynamic one, thus
eliminating the influence of different soil background values and vegetation types. Although the dynamic threshold method fully takes
into account the characteristics of vegetation index curves, its threshold selection varies depending on vegetation type and regional
extent, and the dynamic threshold setting still needs to be set manually based on experience, which is easily influenced by subjective
factors [9,14]. (2) The method of maximum slope of change determines the time of SOS and EOS in the vegetation growth process
based on the first-order inverse of the vegetation index time series curve (slope of the curve). When the slope reaches its maximum in a
year, it is defined as the SOS, and when the slope decreases to its minimum, it is defined as the EOS. This method is suitable for the
extraction of vegetation phenology which is stable and less influenced by external conditions, but the accuracy of the inversion de-
creases when external conditions influence the vegetation phenology [12]. (3) The moving average method uses the intersection of the
original NDVI curve and its moving average curve to determine the vegetation phenological period. The moving average method is
more stable and reliable for the calculation of NDVI time series data with only one growing season in a year, but it is less effective for
the identification of areas with multiple growing seasons or obvious response to rainfall in a year, because the selection of time interval
may prevent the monitoring of the first greening period, and the moving average method is more sensitive to the setting of moving
window [11]. The phenological dates were converted into Julian days, the cumulative number of days of the year (DOY).

The SOS and EOS extracted by the four methods were validated with observations from the geopotential stations, and the results
showed that the accuracy of SOS and EOS extracted by the TDSGM on the TP was better than that of the dynamic threshold method, the
ratio threshold method, and the moving average method (Fig. 2a-h). Moreover, the mean values of SOS and EOS obtained using
remotely sensed data are higher than those from the site.

2.4. Trend analysis

We analyzed the spatial and temporal variation trends of phenological metrics at each pixel from 2000 to 2018 by unary linear
regression. The rates of change of the time series are as follows

n

n*Z(i*T,-)—iiiTi

i=1 i=1 i

(C))

slope =

where the slope is the rate of change of SOS and EOS, T; is the SOS or EOS of the i-th year, i is the sequence number, and n is the total
number of years studied.

2.5. GeoDetector model

We obtained the explanatory power of climatic and non-climatic factors on the variation of phenology by the GeoDetector model,
where climatic and non-climatic factors are independent variables, and the rate of change of the phenology is the dependent variable.
Temperature and precipitation in four seasons were selected as climatic factors, and longitude, latitude, elevation, slope, aspect and
soil type were selected as non-climatic factors (Table 2). Numerous studies found that climatic factors such as temperature and pre-
cipitation have a lagging and cumulative effect on vegetation growth [46]. Therefore, in this study, the main seasons considered when
studying SOS and climate factors were the previous year’s summer, the previous year’s autumn, the previous year’s winter, and the
current year’s spring. The main seasons considered when studying EOS and climate factors were the current year’s spring, the current

Table 2
The environmental factors applied in this study, including climatic and non-climatic factors.
Classification Name ID Unit
Climatic factors Average spring temperature Tem_Spring °C
Average summer temperature Tem_Summer °C
Average autumn temperature Tem_Autumn °C
Average winter temperature Tem_Winter °C
Accumulated spring precipitation Pre_Spring mm
Accumulated summer precipitation Pre_Summer mm
Accumulated autumn precipitation Pre_Autumn mm
Accumulated winter precipitation Pre_Winter mm
Non-climatic factors Longitude Longitude °
Latitude Latitude °
Elevation Elevation m
Slope Slope °
Aspect Aspect -
Soil type Soil -




X. Huang et al. Heliyon 9 (2023) 21069

year’s summer, the current year’s autumn, and the previous year’s winter. The four seasons of the Qinghai Tibet Plateau are divided
into spring (March-May), summer (June-August), autumn (September-November) and winter (December-February of the next year)
[471.

The higher Q values of explanatory variables (independent variables) in GeoDetector model indicate that the spatial distribution
pattern of the variable tends to be more similar to the spatial pattern of the response variable (dependent variable) [34-36]. The
independent variables in this study include climatic and non-climatic factors, and the dependent variables include the trends of SOS
and EOS. The Q values of the explanatory variables are calculated as follows

L
> Ny,
o=1-"__ - _Ssw (h=1,2,3,...,L)
No SST )

L
SSW = " No;,SST = No*

h=1

where h is the classification of the independent variable; L is the maximum number of classifications; N, and N are the number of units
within h and the whole region, respectively, and % and o7 are the variance of h and the whole region, respectively. SSW and SST are
within the sum of squares and the total sum of squares for the whole region, separately.

As shown in Fig. 3, the original data of the independent and dependent variables are raster data, while the data types of the in-
dependent variables are categorized into categorical and continuous variables. The optimal discretization framework is used to select
the optimal discretization solution, which discretizes the continuous variables and converts them into the corresponding categorical
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Fig. 3. The process of the GeoDetector model.
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variables. The dependent variables are converted into point data by sampling. A point contains the trend of SOS and EOS, and the
dependent variable is divided into L strata. By overlaying the independent and dependent variable strata, we can calculate the variance
of the rate of change of SOS or EOS in each subregion (of) and the variance of the study area (6?) to obtain Q. Q varies in the range
[0,1], and the closer the value of Q is to 1, the more energy the independent variable has to explain the dependent variable, and vice
versa, the weaker it is. For the GeoDetector model, the spatial scale of the data and interval division method potentially influence the Q
values. The effectiveness of classifications in the GeoDetector can be evaluated using the Q statistic, with a higher Q value indicating
superior partitioning outcomes [33,34,36]. Different spatial scales and divisions were used for the calculation of Q. The mean value of
Q was chosen to determine the spatial scale and interval division method used in this paper.

3. Results
3.1. Spatial pattern of phenological indicators

From 2001 to 2018, the interannual SOS and EOS obtained on the TP by the TDSGM both showed a spatial variation pattern from
the eastern low elevation region to the western high elevation region. For SOS, the differences in spatial distribution were even more
pronounced. Compared to the western part of the study area, the eastern part, which had a lower mean elevation, exhibited signifi-
cantly lower mean SOS values. Compared to SOS, the difference in spatial distribution was less pronounced for EOS. We found that EOS
in the western part of the study area maintained a higher mean value overall. The earlier SOS and the later EOS were located in the
eastern and western regions, respectively, ranging from 85 to 135 and 275 to 295 in Julian Day (Fig. 4a-d). We counted the mean
elevation and mean SOS and EOS of different vegetation types and found that broadleaf and coniferous forests growing at lower el-
evations tended to experience earlier SOS, later EOS than vegetation types at higher elevations, and grassland vegetation had both later
SOS and EOS, while shrubland and meadows showed later SOS, earlier EOS.

3.2. Spatiotemporal trends of SOS and EOS
According to the vegetation phenology trend (Fig. 5a-d), during the time period of 2001-2018, the SOS for vegetation on the TP
exhibited a trend of advancement for the entire region at a rate of —0.36 d/10 y. However, there was some spatial variation, with the

central part of the study area displaying the greatest variation. Additionally, the EOS demonstrated a weak delayed trend with an
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alteration rate of approximately 0.07 d/10 y for the TP as a whole. This finding is consistent with previous studies [48,49]. In the
regions where SOS was advanced, EOS also showed an advanced trend, among which in the marginal regions, EOS mainly showed a
delayed situation. At the same time, the vegetation phenology trends of different vegetation types in the study area also had large
variations. The general SOS of meadows remained largely unchanged, whereas the EOS exhibited a progressive trend. In contrast, both
SOS and EOS of the steppe demonstrated a lagged trend. Additionally, the alpine vegetation displayed a postponed SOS trend and an
advanced EOS trend. Among the forests, the broadleaf forests showed the largest EOS and SOS change rates (—0.15 d/year and 0.11
d/year), while the coniferous forests showed lower SOS and EOS change rates. This finding is consistent with Yun’s results [41].

3.3. Analysis of influence factors based on GeoDetector model

The results (Fig. 6) showed that: (1) The effects of temperature and precipitation on SOS are essentially similar, with Q mean values
of 0.012 and 0.013 (Fig. 6a), respectively, indicating very proximate Q values for both factors. For EOS, the Q mean value for tem-
perature is 0.0384, while for precipitation it’s 0.0135 (Fig. 6b). In this context, the influence of temperature is notably more pro-
nounced than precipitation. However, there are significant differences in hydrothermal requirements among various vegetation types.
During their growth phase, broadleaf forests are more susceptible to the influences of temperature (with a Q mean value of 0.063) and
precipitation (with a Q mean value of 0.104). Conversely, for shrubs, the effects of precipitation and temperature on SOS are
comparatively muted (Q mean values of 0.007 and 0.025) (Fig. 6¢c—e). In the later stages of vegetation growth, broadleaf forests are
more sensitive to the effects of precipitation and temperature (Q mean values of 0.028 and 0.081, respectively). In contrast, coniferous
forests exhibit a reduced sensitivity to changes in precipitation (Q mean value of 0.008), while alpine vegetation is less affected by
temperature fluctuations (Q mean value of 0.007) (Fig. 6f-h) (2) Compared to climatic factors such as temperature and precipitation,
non-climatic variables like longitude (Q value of SOS/EOS = 0.046,/0.042), latitude (Q value of SOS/EOS = 0.076,/0.024), and altitude
(Q value of SOS/EOS = 0.031/0.030) exhibit similar or even greater influence on the distribution patterns of phenological changes.
However, the effects of non-climatic variables like slope (Q value of SOS/EOS = 0.009/0.001) and aspect (Q value of SOS/EOS =
0.0002/0.0002) on vegetation can be considered negligible (Fig. 6¢c and f). (3) The sensitivity of SOS and EOS to climatic and non-
climatic factors varies greatly, with SOS being more sensitive to changes in latitude, while the variation trend of EOS closely
matches the spatial distribution of temperature.

Overall, non-climatic factors have a greater impact on SOS trends compared to climatic factors. However, the influence of non-
climatic factors on SOS trends primarily stems from longitude, latitude, and elevation. The impact of slope, aspect, and soil factors
is not only considerably smaller than that of longitude, latitude, and elevation, but also less than that of climatic factors. The main
climatic factor affecting the change of SOS is the precipitation in spring and summer, and the temperature in winter also has a sig-
nificant impact on SOS. Different vegetation types require different hydrothermal conditions. The primary climatic factor influencing
the trends of SOS in alpine vegetation, broadleaf forests, and steppes is precipitation. In broadleaf forests, the contribution of spring
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precipitation (Q = 0.08) is significantly greater than that of other climatic factors. Conversely, in alpine vegetation, autumn precip-
itation plays a more dominant role (Q = 0.05). In meadows and coniferous forests, the effects of temperature and precipitation on SOS
show no significant differences. Winter temperature generally influences the SOS trend more than other temperatures. For scrubs,
winter temperature has a greater effect on SOS than does precipitation. For meadows, coniferous forests, scrubs, and alpine vegetation,
temperature’s contribution to SOS variation is notably higher in winter compared to other seasons.

In contrast to SOS, climatic factors have a greater influence on EOS than non-climatic factors. Overall, the temperature is the main
climatic factor driving the variability of EOS. However, EOS is still more sensitive to changes in longitude, latitude, and elevation.
Compared to temperature, the EOS of meadow and alpine vegetation is more susceptible to the impact of precipitation, while the EOS
of other vegetation is more susceptible to the impact of temperature. We further explored the effects of non-climatic factors such as soil
type, elevation, longitude, latitude, slope and aspect on phenological changes. The contribution of longitude to EOS is usually higher,
while SOS is more sensitive to the changes of latitude. In addition to latitude and longitude, elevation is also a non-climatic factor that
cannot be ignored. In this study, we found that elevation has a significant impact on the SOS of alpine vegetation and the EOS of
broadleaf forests.
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3.4. Phenological change trend from multiple perspectives

Based on the geodetector results, factors with higher impact were selected for further analysis. The phenological trend distribution
in different intervals of factors was obtained (Fig. 7).

Using the geodetector, the factors were ranked according to their effect on SOS change trend in the following order:

Latitude > Longitude > Elevation > Winter temperature > Summer precipitation > Autumn temperature > Spring precipitation >
Winter precipitation > Autumn precipitation > Spring temperature > Slope > Summer temperature > Soil type > Aspect.

Among the above analysis, SOS change trends are highly influenced by latitude, longitude, elevation, winter temperature and
summer precipitation, and climate factors in different seasons have similar effects on the distribution of SOS change trends. Therefore,
we mainly explore SOS change trends within different value intervals of latitude, longitude, elevation, winter temperature and summer
precipitation.

The results showed that there are significant differences in the trends of phenological changes between the various value ranges of
the influence factors. On the TP, the SOS trend was delayed at the low-latitude regions (Latitude<32.7 °N), and the highest SOS delay
(0.35 days yr-1) was observed at the 29.9-31.8 °N latitudes (Fig. 7a). In the high-latitude regions (Latitude>32.7 °N), the SOS trend
was advanced, and the highest degree of SOS advancement (—0.37 days yr ') was observed at the 34.5-35.8 °N latitudes. The trend of
SOS changes showed significant differences in different subregions of longitude (Fig. 7b). On the west side of the study area (Longitude
<95.1°E), the SOS trend was greater than 0 days yr !, and the highest SOS delay rate (0.37 days yr 1) was found at the 90.5-92.8°E
longitude. On the eastern side of the study area (Longitude>95.1°E), the SOS trend was less than 0 days yr !, and the highest SOS
advance rate (—0.41 days yr~!) was found at the 97.2-99.5°E longitude. The SOS was advanced when the elevation was lower than
4790 m (Fig. 7c). The elevations range from 4200 m to 4390 m, the advance trend was the highest (—0.31 days yr1). The SOS was
delayed when the elevation was greater than 4790 m. As the elevation increased, SOS became more delayed. In regions with lower
winter temperatures (below —9.75 °C), SOS was advanced, and the colder the winter temperature, the more days SOS was advanced; in
regions with higher winter temperatures (above —9.75 °C), SOS showed a tendency to be delayed, and the higher the winter

Trend of SOS (d/yr) [ Trend of EOS (dfyr)
358 3981 (g) | 102—10s | (b) . 5100-5950 | (C)
345 358 99.5—102 [ 4930-5100 —
97.2—99.5 4790-4930
33.6—34.5
| 95.1—97.2 = 4670-479
G 3 ‘)5.1 7. | £ 4670-479%0 =
< 32733 2928951 o 2 4540-4670
E318-327 =i 290.5—92.8 7 4390-4540
RS 3879905 = 4200-4390
31318 85879 3900-4200
29.9—31 81185 3490-3900
27.1—29.9 745 811 [ 95-3490 [
08 06 04 02 00 02 04 0.4 02 00 02 04 04 03 02 0.1 00 01 02 03 04
‘Irend of SOS (diyr) ‘Irend of SOS (diyr) ‘Lrend of SOS (dfyr)
421175 (d) 520859 | (e) | t03-10 () E—
-6.04—4.27 | 479—520 101-103
4604 s & 55001 |l
B o ol = g 395437 | 20
S %7 = 2 354395 B 2952979 =
= 9.70—a837+ = G 2 [
S — 5 312354 £92.4-95.
5-11.1—975- =] e £924-952 I
% - 89.7-92.4 ]
A124—111 229271
-137—124 ) 187—229 e 87-89.7 )]
-20.8—13.7 274187 74.5-87 1
04 03 02 -0 00 01 02 03 -02 00 00 01 02 03 02 -0 00 0l 02 03
“Ivend of SOS (diyr) . ‘Irend of SOS (diyr) Irend of LOS (diyr)
so24 (@ p— 20s50] Wm wsos] ) g
3.54—5.08 ] oo ol 358375 [
1 4620-4910 SO
. 2354 2| it = 344-358 (|
£ 04572 [ | £ .
e = 3970-4330 \ 32344 [
Z-1.08 0457 ] g ;
=l 3 3640-3970 | = 32.1-332 1]
5 263 SOy ] = 3250-3640 i S 0
4.17—2.631 ) oS 30.8-32,
2780-3250 == -
571—417 = 2002780 SR I
Ll 2 — 95-2200 I, 27296 (E——

—0.15-0.10-0.050.00 0.03 0.10 0.15 0.20 0.25 0.30

Trend of FOS (dfyr)

—0.1

0.2 0:_’1
Trend of FOS (dfyn)

0.0 0.1

04 03 06

-0.10

0.00 0.05
Trend of FOS (diyr)

—0.03 0.10

Fig. 7. Variations of SOS/EOS change rates under their dominant factors with different level (green represents the trend of SOS, red represents the
trend of EOS). For abbreviations, see Table 2. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)



X. Huang et al. Heliyon 9 (2023) 21069

temperature, the more days were delayed (Fig. 7d). The SOS was delayed in areas with less (below 229 mm) and more (above 437 mm)
summer precipitation, and in areas with moderate precipitation (229-437 mm), SOS was advanced (Fig. 7e).

Using the geodetector, the factors were ranked according to their effect on EOS change trend in the following order:

Longitude > Autumn temperature > Summer temperature > Spring temperature > Winter temperature > Elevation > Latitude >
Autumn precipitation > Spring precipitation > Winter precipitation > Soil type > Summer precipitation > Slope > Aspect.

Among the above analysis, the influence of temperature in different seasons on the trend of EOS was relatively higher and the effect
of precipitation on EOS change trend was lower. Since the climatic factors in different seasons had similar effects on the distribution of
phenology, this paper mainly analyzed the influence of longitude, autumn temperature, elevation and latitude on the trend of EOS.

On the TP, from the perspective of longitude, EOS was advanced in the central region (89.7-97.7 °E) and delayed on the eastern
(Longitude >97.9 °E) and western (Longitude <89.7 °E) sides, but the delay in EOS was greater on the eastern side than on the western
side (Fig. 7f). The temperature in the four seasons had a similar effect on the distribution of EOS trends, which gradually changed from
earlier to later as the temperature increased. The results of the autumn temperature range indicated that the EOS was gradually
advanced in the lower temperature interval (below 0.46 °C) and delayed in the higher temperature interval (above 0.46 °C) (Fig. 7g).
In the region with elevation lower than 4330 m, the EOS change trend was greater than 0 days yr ! and showed a more obvious
elevation law, i.e., the EOS change trend decreased gradually with the increase of elevation. However, the change pattern was not
obvious in the higher altitude area (above 4300 m) (Fig. 7h). In contrast to SOS, the EOS trend distribution across latitudinal zones
lacked a consistent pattern. This phenomenon was also consistent with the conclusion that EOS trends distribution was less influenced
by latitude (Fig. 7i).

4. Discussion
4.1. Spatio-temporal patterns of SOS and EOS

Comparing the phenological parameters extracted by the different methods with the field data, we observed that the SOS and EOS
obtained by the remote sensing methods were generally earlier than the field data. In addition, there were significant differences in
phenological parameters obtained by different methods. Yu et al. [50] reported SOS and EOS values of 110-170 and 250-310 DOY,
respectively, using the asymmetric Gaussian function. Ding et al. [51] found SOS and EOS for the TP to be 120-170 and 250-300 DOY
using a combined method. Another study [52] using a 20 % and 80 % threshold reported SOS and EOS for TP meadows as 130-170 and
250-280 DOY, respectively. The alpine grassland’s average SOS and EOS from 2001 to 2018 were 140-160 and 255-275 DOY [53].
This study used TDSGM to extract the vegetation phenology indicators, and the results were generally consistent with those obtained
by previous researchers and were verified by comparison of site dates [54-57]. This suggests that the use of phenological extraction
methods in this study is reasonable on the TP.

There was significant evidence suggesting that SOS had occurred earlier and EOS had been delayed [54-57]. However, this study
revealed that vegetation phenology trends on the TP between 2001 and 2018 were much smaller than previously believed [51,53].
Moreover, the changes in EOS trends were more nuanced in comparison to SOS, with mean rates of —0.36 days per year and 0.07 days
per year for both SOS and EOS, respectively (Fig. 5). These results were also confirmed by the latest research [42,57,58]. Meanwhile,
the research found that SOS and EOS on the TP had strong spatial distribution characteristics, i.e., vegetation phenology showed a
trend of gradual postponement from south to north. The trends of SOS and EOS exhibited vertical zonation, along with distinct lat-
itudinal and longitudinal zonal patterns. Previous research indicated that climate predominantly influences vegetation distribution
through heat and moisture conditions. Specifically, heat provides the essential energy for vegetation growth, while precipitation plays
a fundamental role in phenology [59]. Climatic factors have a driving effect on the change of vegetation phenology. In the study area,
temperature and precipitation decrease with increasing latitude, and precipitation increases with increasing longitude. The changes in
longitude have a significant impact on the rainy season in the northwest and southern regions of the TP. These findings indicated that
the trend of SOS changed from being delayed to advancing as latitude and longitude increased, while it changed from advancing to
delayed with increasing elevation. The trend of EOS was more complicated, with the change of latitude, longitude, and elevation, the
trend of EOS showed a U-shaped change. With the increase of longitude, latitude, and elevation, the trend of EOS changed from
delayed to advanced, and then from advanced to delayed. In general, the SOS variation was smoother in the lower latitudes of the TP,
but the EOS variation was smoother in the higher latitudes. The interannual variation of EOS is relatively minor across the entire TP,
but it is more pronounced in specific local areas.

4.2. Response of vegetation phenology to climatic and non-climatic factors

Since the sensitivity of vegetation phenology to climate change may vary by vegetation type, it is necessary to consider the in-
fluence of climate factors on the phenology of different vegetation types [22,60,61]. The changes in SOS were attributed to the
preceding year’s winter temperature and summer precipitation. In regions with lower winter temperatures, vegetation exhibited an
advanced SOS trend, whereas in areas with higher winter temperatures, a delayed SOS trend was observed. (Fig. 7). With increasing
summer precipitation, SOS initially advanced and then subsequently delayed. The seasons in which climatic factors had the most
significant impact on SOS varied depending on vegetation types. Similar studies showed that vegetation SOS in most of the Northern
Hemisphere is closely related to pre-season temperatures [62]. The SOS was more sensitive to the winter temperature of the previous
year on the TP. The SOS in areas with lower winter temperatures show a tendency to be delayed. This is due to lower local temperatures
and freezing temperatures that can damage plant cell architecture. To avoid and minimize stress caused by cold temperatures, plants
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must slow or delay developmental processes and limit physiological processes such as germination, growth, and leaf expansion. The
primary form of precipitation in early spring on the TP is snowfall. The water needed for plant growth comes primarily from melting
snow and ice. Freezing temperatures freeze water in the soil, making it difficult for plant roots to obtain water. As a result, compared to
warm regions, SOS in cold regions is later. However, the global temperature rise has led to significant changes in the climate of TP
[54-57]. Specifically, temperature variations in colder regions now have a more potent and favorable influence on the growth of
indigenous vegetation. Consequently, an upward trend of SOS has emerged in the cold regions of this region.

The temperature is the main climatic factor affecting EOS, which is gradually delayed as the temperature rises (Fig. 7). Compared
with temperature, rainfall has a smaller effect on EOS. The effect of precipitation on vegetation EOS is higher in spring and autumn
than in other seasons. Areas with lower precipitation in spring and fall have a tendency for EOS to be delayed. Areas with higher
precipitation have a tendency for EOS to advance. The period of precipitation affecting EOS is mainly concentrated in the spring and
autumn of the year. Except for meadows and alpine vegetation, EOS is more susceptible to precipitation. On the TP, the EOS variation
of most vegetation is mainly influenced by temperature. The EOS of the steppe is more dependent on summer temperature and the
coniferous forest is more influenced by autumn temperature, while the broadleaf forest and scrub are more influenced by spring and
autumn temperatures. Meanwhile, the increase in temperature delayed EOS in most parts of the TP, EOS is more sensitive to changes in
temperature in summer and autumn. Moreover, plant leaves wilt earlier in the eastern and central parts of the TP despite the increase
in temperature in autumn.

In addition, the influence of non-climatic factors on the changes of vegetation phenology is also a point of interest. On the TP,
differences in longitude, latitude, and elevation among the non-climatic factors greatly influence the distribution of SOS trends. These
three non-climatic factors have a higher influence on SOS than climatic factors, while other non-climatic factors have a lower influence
on SOS. For the distribution of EOS trends, slope, aspect, and soil type are less influential. The influence of longitude is greater, higher
than that of climate factors, while the influence of latitude and altitude is higher, but lower than that of climate factors. There may be
two reasons why longitude, latitude, and altitude have a higher impact on vegetation phenology changes. On one hand, it was shown
that latitude and altitude had a significant influence on temperature variation [64]. On the other hand, precipitation exhibited a clear
trend of decreasing gradually from east to west, while elevation also increased gradually in the same direction [65]. Studies showed
that changes in temperature and precipitation significantly affected vegetation phenology. On the TP, where the hydrothermal con-
dition is at biologically limiting levels and the ecosystem is extremely fragile, a smaller change in water and heat conditions may lead
to a larger fluctuation in phenology [66, 67]. Such a mixture of influences may result in the distribution of vegetation phenology trends
in the region being influenced not only by climatic factors but also by longitude, latitude, and elevation.

4.3. Limitations and uncertainties

Some of the data and methods used in this study may lead to uncertainty in the results. Firstly, the climate dataset was provided by
National Ecosystem Science Data Center. The climate data in this dataset, obtained from meteorological stations in and around the TP
were interpolated into raster data by ANUSPLIN software [68]. However, the interpolation results, may have resulted in some un-
certainties. Secondly, in order to maintain consistency with the spatial resolution of climate data, the DEM data was resampled to 500
m, which may weaken the impact of slope and aspect on vegetation phenological trends. Temperature and precipitation have been the
main climatic factors used to study vegetation phenology in related studies. However, a range of climatic factors such as snowfall, soil
moisture, sunshine duration and various extreme weather conditions may also have a significant impact on vegetation phenology. For
example, snowfall and soil moisture directly influence the availability of water to plants, while sunshine duration affects the efficiency
of photosynthesis. Apart from climatic factors, the impact of human activities (e.g., grazing, reclamation, etc.) on vegetation phenology
is noteworthy. Therefore, future research should provide a comprehensive and quantitative analysis of the effects of various envi-
ronmental factors on vegetation phenology. To ensure a more encompassing selection of environmental factors impacting vegetation
phenology, future studies will leverage ‘bibliometric analysis’ as a reference, guaranteeing the inclusion of the most critical and
influential factors.

5. Conclusion

This study analyzed the effects of climate and non-climate factors on vegetation phenology on the TP during 2001-2018. We
applied the GeoDetector model to quantitatively analyze the impact of distinct environmental factors on the phenology trend of
vegetation. The results revealed that SOS and EOS respond differently to climatic and non-climatic factors. Specifically, SOS variation
is influenced more by latitude, longitude, and elevation, while EOS is predominantly affected by seasonal temperatures. The signif-
icance of temperature and precipitation for plants varies across different phases of the growing season. Among non-climatic factors,
latitude, longitude, and altitude exert significant effects on vegetation phenology, whereas the influences of slope and aspect on plant
growth are relatively subtle. Understanding how environmental differences affect vegetation phenological changes can help build
more inclusive vegetation phenological models, which are crucial for predicting vegetation growth in complex environments.
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