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Abstract: The Qinghai-Tibet Plateau (QTP) is ecologically fragile and is especially sensitive to climate
change. Previous studies have shown that the vegetation on the QTP is undergoing overall greening
with variations along altitudinal gradients. However, the mechanisms that cause the differences in
the spatiotemporal patterns of vegetation greening among different types of terrain and vegetation
have not received sufficient attention. Therefore, in this study, we used a Landsat NDVI time-
series for the period 1992-2020 and climate data to observe the effects of terrain and vegetation
types on the spatiotemporal patterns in vegetation greening on the QTP and to analyze the factors
driving this greening using the geographical detector and the velocity of the vertical movement of
vegetation greenness isolines. The results showed the following: (1) The vertical movement of the
vegetation greenness isolines was affected by the temperature and precipitation at all elevations. The
precipitation had a more substantial effect than the temperature below 3000 m. In contrast, above
3000 m, the temperature had a greater effect than the precipitation. (2) The velocity of the vertical
movement of the vegetation greenness isolines of woody plants was higher than that of herbaceous
plants. (3) The influence of slope on the vertical movement of vegetation greenness isolines was more
significant than that of the aspect. The results of this study provided details of the spatiotemporal
differences in vegetation greening between different types of terrain and vegetation at a 30-m scale as
well as of the underlying factors driving this greening. These results will help to support ecological
protection policies on the QTP.

Keywords: time-series Landsat images; climate change; altitudinal gradient; terrains; vegeta-
tion types

1. Introduction

With an altitude averaging higher than 4000 m, the QTP, famous as the world’s ‘third
pole’, is the highest plateau in the world [1,2]. The QTP is also known for its significant
thermal and mechanical influences on the regional and global climate [2]. Compared to
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other regions at the same latitude, vegetation growth on the QTP is more vulnerable and
sensitive to climate change due almost entirely to its topography [3,4]. In recent decades,
many studies have indicated that the QTP has been undergoing significant warming and
is becoming wetter [5-7]. These trends have been accompanied by overall vegetation
greening [6,8,9]. The long-term change in vegetation greenness on the QTP is driven by
climate change [8,10,11], particularly by the trend to warmer and wetter conditions [12].
The role of precipitation and temperature on QTP vegetation greenness shifts at 3000 m, and
mismatch between vegetation greenness and temperature isolines shifts along elevation
on the QTP has been reported by previous researchers [13,14]. However, these studies
either focused on analyzing the elevation-dependent relationship between temperature
and vegetation greenness or only analyzed vegetation greenness variations under climate
change taking the QTP as a whole. It is urgent that this knowledge gap is filled, which
will involve clarifying the variations in the spatiotemporal patterns of vegetation greening
across different types of terrain and vegetation and underlying mechanisms.

Vegetation forms a vital connection between the pedosphere, atmosphere, and hydro-
sphere, and is one of the main components of the terrestrial ecosystem [15]. Vegetation
greenness is a proxy for aboveground green biomass, the carbon and water cycles, energy
flows, and other terrestrial ecosystem processes. Changes in vegetation greenness on the
QTP significantly modify the biophysical properties of the land surface [13,16,17]. In previ-
ous studies, observations of the response of vegetation greenness on the QTP to climate
change have been made from the perspectives of the spatial patterns and temporal varia-
tions in this response. The majority of the east Indian Himalayan region has seen a more
greening trend than browning [18], with vegetation expansion [19,20]. The distribution of
vegetation in the mountainous parts of the QTP often displays a clear relation to elevation,
and clear changes with elevation have been found in the response of vegetation growth
and greenness to climate change [21].

It is important to clarify the elevation-dependent relations between climate change and
vegetation greenness in the mountainous parts of the QTP. Some studies have demonstrated
the effect of temperature and precipitation changes along altitudinal gradients [16,22-25].
For example, Wang, et al. [14] found that the response of vegetation greenness to climate
change varies with altitude and shifts at 2400 m. Some studies have inferred that a lag in
the response of vegetation activity to temperature change or by limits on the availability
of water or nutrients might cause the mismatch between climate warming and vegetation
greening along altitudes above 3000 m on the QTP [13]. Other studies have shown that
precipitation and temperature both have an effect on vegetation greening but with different
intensities at different altitudes: for example, the precipitation has a stronger influence than
temperature at lower elevations [14]. Similar results have been found from research on the
vertical movement of vegetation greenness isolines in different mountainous regions using
Landsat NDVI. These results showed that warming has different impacts on vegetation
greenness isolines at different altitudes: vegetation greenness isolines are tending to move
upward at higher altitudes and downward at lower altitudes [26].

Although elevation-dependent relationships between vegetation greenness change
and climate change have been documented in some studies, the characteristics of vegetation
greenness that are occurring in different types of terrain on the QTP and for different
vegetation types have received little attention. The land surface is an important regulator
of the energy budget and water availability, and the surface of the QTP is very complex.
As a result, the land surface can have a critical impact on the regulation of vegetation
dynamics [12,19]. For example, regions of vegetation change are mainly found where
the slope is less than 20° and the elevation is in the range of 3000-5000 m. In particular,
the response of the fraction of vegetation cover (FVC) to climate change is strongest at
elevations of 30004000 m [27], and the changes of vegetation phenology under climate
change differ as slope increases [28-30]. The vegetation type is also affected by the climate,
soil, and terrain [31], and the spatiotemporal trends in vegetation greening vary greatly
with vegetation type across the QTP [15,32]. For example, sufficient preseason precipitation
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may delay the emergence of evergreen forests in the southeastern part of the plateau while
advancing the emergence in areas of alpine steppe, sparse alpine vegetation, or sparse
alpine shrub in relatively arid areas [3]. In controlled experiments on the QTP, it has been
observed that, in areas of alpine meadow, an increase in precipitation has a greater effect
on vegetation greening than warming has [24,33]. Additionally, climate warming-induced
changes in carbon and nutrient cycling may be more pronounced in drier alpine meadows
than in wetter swamps [34]. Finally, interactions between different vegetation types can
slow the upward movement of tree lines induced by climate warming [35], and time lags
have also been observed between changes in climate variables and vegetation greenness in
areas of alpine steppe, alpine meadow, and subalpine plain meadow [15,19].

Previous studies have enriched our understanding of the spatial variability in greening
trends on the QTP. However, these studies were limited in some respects. First, the
spatial resolution of the data used in these studies was poor; for example, GIMMS NDVI,
MODIS NDVJ, and gridded climate data have a spatial resolution of 8 km, 250 m, and 0.1°,
respectively. These data are not appropriate for analyzing elevation-dependent vegetation
phenomena because vegetated and non-vegetated areas can be mixed in coarse NDVI
data [36]. Moreover, because in situ climate observations on the QTP are sparse, there may
be gaps in the information needed to determine the details of the elevation-dependent
variability of climate factors [6]. Additionally, earlier studies usually focused more on the
impact of climate change on the greening trend and seldom examined the role of terrain
and vegetation types. It is still important to clarify the mechanisms of vegetation greening
across different terrain and vegetation types on the QTP. Vegetation indices (such as the
NDVI) are surrogates for vegetation greenness and are widely used to monitor vegetation
dynamics at regional and continental scales [37]. Therefore, in this study, the paper used a
Landsat NDVI time-series for the period 1992-2020 and high spatial resolution climate data
to investigate vegetation greening trends between different terrain and vegetation types on
the QTP. The results of this study will help to ensure the ecological security of the QTP.

2. Materials and Methods
2.1. Study Region

The QTP region extents from 26.5°N to 39.5°N, 78.3°E to 103.1°E, with an average
elevation higher than 4000 m (as shown in Figure 1). The average annual temperature
varies from —15 to 10 °C, and the average annual precipitation varies from 392 to 764 mm.
The main vegetation types in the QTP are alpine steppe (dominated by cushion plants),
alpine meadow (dominated by perennial tussock grasses), and alpine shrub [25,32]. The
focus of this research was on regions of vegetation. Therefore, pixels that had mean NDVIgg
values of less than 0.1 for the period 1992-2020 were considered to be non-vegetation areas
and were excluded from further analysis [13,16,26]. Pixels with observations made in each
of the years 1992, 1994, 2000-2002, 2004-2011, and 2013-2020 were included in the analysis.
The areas of vegetation thus generated were then taken as being the study area that is
mainly located at the overlap area of neighboring Landsat orbits. The calculation below is
located at this study area.
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Figure 1. Digital elevation models and vegetation zone of the QTP; the vegetation zone data was
extracted from Chinese vegetation zone data (downloaded from the Resource and Environment Science
and Data Center, https:/ /www.resdc.cn/data.aspx?DATAID=133, accessed on 18 October 2021).

2.2. Preprocessing of Landsat Time-Series

The Landsat mission has provided an uninterrupted series of high-resolution remote
sensing data for more than 40 years since the launch of the first satellite in the series in 1972.
The first valid observations of the QTP were made in 1986; however, prior to the launch of
Landsat 7 in 1999, the number of valid Landsat observations of the QTP was small. Because
of the malfunction of the Landsat 7 scan-line corrector in May 2003 and the transmission
failure suffered by the Landsat 5 Thematic Mapper (TM) in November 2011, the number of
valid observations made in 2003 and 2012 was also small. Based on the number of available
Landsat observations, we finally selected the years 1992, 1994, 2000-2002, 2004-2011, and
2013-2020—a total of 21 years—for analysis.

There are some inconsistencies between the Landsat TM, ETM+, and OLI records of
the QTP. In order to make the data acquired by the different sensors comparable, we first
adjusted the reflectance values of the Landsat 5 TM and Landsat 7 ETM+ data to match
those of the Landsat 8 OLI data by using a linear transformation function [38]. In each
dataset, we then masked areas of cloud, cloud shade, and snow by using a pixel-quality
band generated by the CFMask algorithm [39]. In addition, because Landsat 5 scenes often
contain abnormalities along the edges, which result in missing data and outlier NDVI
values, we used a 450-m inward buffer to mask these abnormal pixels [40,41]. Following
this processing, we calculated the NDVI values for each Landsat dataset by using the
surface reflectances in the near-infrared and red bands; the counts of valid Landsat NDVI
pixels are shown in Figure 2. From these, we calculated monthly NDVI values using the
maximum value composite (MVC) method to remove the effects of atmospheric conditions,
residual clouds, and aerosol scattering [42]. Based on the hypothesis that, over a brief
period of time, the NDVI will change linearly [43], for months where data were missing
due to cloud contamination, the gap was filled by linear interpolation between values of the
adjacent months that had not been identified as cloudy [44,45]. Finally, the annual growing
season NDVI (NDVIgs) was defined as the mean of the filtered maximum NDVI values
across the five months May to September. All of this preprocessing of the Landsat data was
performed on the Google Earth Engine (GEE) platform.
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Figure 2. Counts of valid Landsat NDVI after cloud, cloud shade, and snow masking and inward
buffering during 1987-2020.

2.3. Climate Data

The climate dataset was provided by the National Earth System Science Data Center
of the National Science and Technology Infrastructure of China (http://www.geodata.cn,
accessed on 16 October 2021). The dataset included monthly precipitation and mean
temperature data with a 1-km spatial resolution. The dataset was spatially downscaled
from the 30’ Climatic Research Unit (CRU) time-series with WorldClim climatology dataset
using the delta method and evaluated using observations made at 496 weather stations
across China. This made the data suitable for climate change research in China by producing
a dataset that had a higher quality and finer spatial resolution than the CRU data [46]. The
annual growing season temperature (Tgs) and annual growing season precipitation (Pgs)
were then defined as the mean of the monthly mean temperatures and the sum of monthly
precipitation for the five months May to September. Finally, the Pgs and Tgg values were
resampled to the resolution of the NDVI data using the bilinear interpolation method to
standardize with Landsat NDVI.

2.4. Elevation and Vegetation Type Data

The elevation data were provided by the Advanced Spaceborne Thermal Emission
and Reflected Radiometer Global Digital Elevation Model Version 2 (ASTER GDEM V2,
https:/ /earthexplorer.usgs.gov, accessed on 16 October 2021) and had a spatial resolution of
30 m. Information about the vegetation types on the QTP was extracted from the 1:1,000,000
Vegetation Atlas of China provided by the Resource and Environment Science and Data
Center (https:/ /www.resdc.cn/data.aspx?DATAID=122, accessed on 18 October 2021). The
vegetation type data were resampled to the resolution of the NDVI data using the nearest-
neighbor interpolation method.

2.5. Elevation Dependence of the Movement of Vegetation Greenness Isolines

In order to observe the elevation-dependent patterns in the movement of vegetation
greenness isolines, we used the NDVI as a surrogate for the vegetation greenness to analyze
the elevation-dependent relationship between (1) the NDVI of a pixel at a specific elevation
or the average NDVI of all pixels within a specific elevation interval and (2) the altitude.
At a regional level, the QTP was divided into 56,100-m elevation bins from the 200-m bin
(150-250 m) to the 5700-m bin (5650-5750 m). We calculated the velocity of the vertical
movement of the vegetation greenness isolines (V_NDVIgg(h), units: m/year) for each
elevation bin using Equation (1):

T_NDVIgg(h)

V-NDVlgs(h) = =501 2 )

)
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where T_NDVIgg(h) (units: year’l) is the temporal rate of change of NDVIgs, which
is equal to the slope of the linear regression of the annual NDVIgg against the year.
A_NDVIgg(h) (units: m™1) is the gradient (with elevation) of NDVIgg at the bin with
elevation h; a positive A_NDVIgg(h) indicates that the value of NDVIgg is higher at
higher elevations, a negative value indicates that NDVIgg is higher at lower elevations.
A_NDVIgs(h) can be calculated using Equation (2):

_ NDVIgg[(h —100) : h] — NDVIgg|h : (h + 100)]
A-NDVIgs(h) = G‘E[(h —100) : h] —E[h: (is+ 100)] @

where E[(h—100):h] is the mean elevation of all valid pixels in the bins with elevations
h—100 and h, and NDVIgg[(h—100):h] is the mean value of NDVIgs for all valid pixels in
the bins with elevations h—100 and h. E[h:(h+100)] and NDVIgg[h:(h+100)] are similarly
defined.

At the pixel level, the velocity of the vegetation greenness isolines was determined
using Equation (1), but based on individual pixels rather than bin averages. The temporal
rate of change of NDVIgg for a given pixel was defined as the slope of the linear regression
of the annual NDVIgg against the year. The method used for calculating the gradient was
different from that used in the regional-level analysis. Within a 3 x 3 moving window, the
gradient at the central pixel was defined as the ratio of the difference in NDVIgg to the dif-
ference in elevation along the line of steepest slope among the horizontal, vertical, and two
diagonal directions [13,47]. Whether V_NDVIgg was positive or negative was determined
by the signs of T_NDVIgs and A_NDVIgs: a negative V_NDVIgg indicated upward move-
ment of the greenness isolines. There were two different ‘upward’ possibilities: ‘upward1l’
(T_NDVIgs > 0 and A_NDVIgs < 0) and “‘upward2’ (T_NDVIgs < 0 and A_NDVIgg > 0). A
positive V_NDVIgg indicated downward movement of the greenness isolines and corre-
sponded to the two cases ‘downwardl’ (T_NDVIgg < 0 and A_NDVIgg < 0) and ‘down-
ward2’ (T_NDVIgs < 0, A_NDVIgs > 0) [14,21].

2.6. Factors Driving the Elevation-Dependent Movement of Vegetation Greenness Isolines

To analyze the factors driving the spatial heterogeneity of the vegetation greenness,
we used the geographic detector (GD) [48,49] to quantitatively compare the effects of the
elevation, slope, aspect, temperature, precipitation, and vegetation type on the multiyear
average value of NDVIgs. The fundamental hypothesis behind the GD is that if an in-
dependent variable has an important influence on a dependent variable, then the spatial
distribution of the independent and dependent variables should be similar. The value
of the GD is in the range [0, 1]; the higher the value, the stronger the influence of the
independent variable on the dependent variable [48]. In this study, independent variable
are slope, aspect, elevation, vegetation type, and multiyear averages of Tgs and Pgg; the
dependent variable is the multiyear average of the growing season NDVI (NDVIgg). The
GD is defined as Equation (3):

L
Yh—1Nn Uﬁ

GD=1- >
No

®)
where, in this study, h =1, ..., L is the stratum (category) of NDVIgs for the independent
variable x, N}, and N are the numbers of samples in the stratum h and total samples in all
categories, respectively, and 01,2 and o2 were the variances of NDVIgg in the stratum & and
in all categories, respectively. The metric variables such as the elevation, slope, temperature,
and precipitation were discretized using 100-m, 5°, 1 °C, and 100-mm intervals, respectively.

To analyze the impact of Pgs and Tggs on the vegetation greenness in the temporal
dimension, for each pixel, we obtained the coefficients of Pgs and Tgg for the period
1992-2020 based on least-squares regression using Equation (4) [21]. To determine which
factors were driving the temporal change in NDVIgs, the pixels were classified into four
categories (Table 1) based on the sign of the trend in NDVIgg and the signs of the coefficients
o and P in Equation (4). The four different categories were: (a) the trend in NDVIgg is
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primarily driven by the trend in Tgg, (b) the trend in NDVI¢g is primarily driven by the
trend in Pgg, (c) the trend in NDVIgg is mainly determined by the trend in both Pgg and
Tgs, and (d) the trend in NDVIgg is possibly driven by other factors [21]. Equation (4) is
written as:

NDVIgs = a X Tgs + B X Pgs + ¢ 4)

Table 1. Pixels belonging to four different driving factors categories.

Temporal Trend of Coefficient () of Coefficient (B) of
Categories Growing Season NDVI Growing Season Growing Season
(NDVIgs) Temperature (Tgs) Precipitation (Pgg)

(a) primarily driven by temporal trend of + + -
temperature (Tgs) — — +
(b) primarily driven by temporal trend of + — +
precipitation (Pggs) + —
(c) primarily driven by temporal trend of + + +
temperature and precipitation (Pgs & Tgg) — — —
(d) primarily driven by other factors i : :

3. Results
3.1. Changes in Spatiotemporal Patterns in Vegetation Greenness on the QTP
3.1.1. Temporal Trends in Vegetation Greenness, Tgs, and Pgg on the QTP

According to the temporal trends in Pgg shown in Figure 3a, about 90% of the QTP
study area became wetter over the study period. The rate of change of Pcg is concentrated
in the range 0—4 mm/year, with pixels where the rate of change is 2-3 mm/year accounting
for 40% of all pixels. In most areas between 30°N and 35°N, the rate of change of Pgg is
greater than 3 mm/year, which means that the climate became considerably wetter. In
the southwest of the QTP, east of 90°E and north of 35°N, there are two small areas where
the rate of change of Pgg is between —1 and 0 mm/year, which means that there was a
drying trend. According to the temporal trends in Tgg shown in Figure 3b, more than
90% of the QTP study area became warmer, with the rate of change concentrated in the
range 0-0.06 °C/year and pixels corresponding to a rate of 0.02-0.04 °C/year accounting
for nearly 50% of the total. In most areas between 30°N and 35°N, the temporal trends of
Tgs is in the range 0.02-0.04 °C/year, which means that the warming speed was relatively
fast. Most areas north of 35°N and between 90°E and 95°E have a rate of change of
Tgs between —0.02 and 0 °C/year, which means that they became colder over the study
period. According to the temporal trends in NDVIgg shown in Figure 3b, 90% of the
QTP study area became greener. The rate of change of NDVIgg in most areas east of
100°E is greater than 4.5 x 102 year~!; in most other parts of the study area, it is between
0 and 3 x 1073 year!. From Figure 3, it can be seen that there is a region that became
significantly warmer and wetter located between 30°N and 35°N. About 94% of the pixels
in the QTP study area experienced greening, and there is a region of significant greening
located east of 100°E. However, this does not match the region between 30°N and 35°N
that is becoming noticeably warmer and wetter.
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Figure 3. Temporal trends (defined as the slope of the linear regression of the annual variables
against the year) in (a) growing season precipitation (Pgg), (b) growing season temperature (Tgs),
and (c) growing season NDVI (NDVIgg). The insets show the percentage of pixels in each interval of
the mapped variable.

3.1.2. Spatiotemporal Variations in the Change in Vegetation Greenness on the QTP

Figure 4a shows that the temporal trends in NDVIgs, Pcs, and Tgg vary with elevation.
The rate of change of NDVIgs fluctuates significantly between 0.004 and 0.0055 year !
within 200 and 3500 m. The rate of change of NDVIgs decreases steadily from 0.0055 year !
at 3500 m to 0.002 year ! at 4800 m and remains at 0.002 year ! between 4800 and 5300 m.
It then decreases again to 0.001 year ! at 5700 m. The rate of change of Pgs declines as
the elevation increases. More specifically, the rate of change of Pgg fluctuates within the
range 1.0-5.5 mm/year between 200 and 1200 m, decreases gradually from 5.0 mm/year
at 1200 m to 1.5 mm/year at 2800 m, increases slightly from 1.5 mm/year at 2800 m to
3.0 mm/year at 3500 m, and then continually decreases from 3.0 mm/year at 3500 m to
0.0 mm/year at 5700 m. The rate of change of Tcs fluctuates greatly within the range
0.01-0.27 °C/year between 200 and 1200 m and remains at 0.02 °C/year between 1200 and
2600 m. Above 3000 m, the rate of change of Tgs tends to increase slightly and increases
significantly from 0.02 °C/year at 5000 m to 0.04 °C/year at 5700 m. The rates of change of
NDVlIgg, Pgs, and Tgg all fall near 2800 m.
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Figure 4. (a) Temporal trends in the growing season NDVI (NDVIgg) (T_NDVIgs; green line; values
on left-hand y-axis (X 1073/ year)), growing season precipitation (Pgs) (T_Pgs; blue line; values on
right-hand y-axis (mm/year)), and growing season temperature (Tgs) (T_Tgg; red line; values on
right-hand y-axis (°C/year) plotted against the elevation. The unfilled symbols indicate where the
number of valid pixels in the interval was less than 1000. (b) The vertical velocity of the growing
season NDVI (V_NDVIgg; green line; values on left-hand y-axis), growing season precipitation
(V_Pgs; blue line; values on right-hand y-axis), and growing season temperature (V_Tgsg; red line;
values on right-hand y-axis) plotted against the elevation. The unfilled points indicate where the
number of effective pixels in the interval was less than 1000. A positive velocity of the vertical
movement of the NDVIgs, Pgs, and Tgg isolines (V_NDVIgg, V_Pgs and V_Tgg, units: m/year)
indicated upward movement of the isolines. The direction of the vertical movement of the NDVIgg,
Pgs, and Tgg isolines is indicated by the short green, medium blue, and long red bars, respectively:
above zero indicates upward and below zero indicates downward.

As shown in Figure 4b, at lower altitudes (200-3500 m), the vegetation greenness
isolines alternate between moving up and moving down along elevation intervals. At
higher altitudes (3500-5700 m), the motion is mainly upward. The patterns of vertical
movement of the Pgg and Tgg isolines between 200 and 2600 m are similar and almost
opposite to those of the NDVI¢g isolines. Between 2600 and 3800 m, the patterns of vertical
movement of the NDVIgg and Pgg isolines are similar and almost opposite to those of
the Tgg isolines, indicating that the vertical movement of the NDVIsg isolines might be
influenced by the movement of the Pgs isolines. Above 3800 m, the vertical velocity of the
NDVIgg isolines is stable with a somewhat similar trend to that of the Tgg isolines; this
similarity becomes stronger above 5000 m. The vertical velocity of the vegetation greenness
isolines is generally about 20 m/year; the exceptions are near 500 m, 900 m, 1700 m, 3100 m,
and 5200 m, where the absolute velocity is greater than 100 m/year, and between 2300 and
2500 m, where the absolute velocity is greater than 50 m/year.

3.2. Factors Driving Spatiotemporal Changes in Greenness on the QTP

To quantitatively analyze the effects of the slope, aspect, elevation, vegetation type, and
multiyear averages of Tgs and Pgg on the spatial heterogeneity in vegetation greenness,
respectively, the geographical detector (GD) for the multiyear average of the growing
season NDVI (NDVIgg) was obtained using intervals of 100 m, 5°, 1 °C, and 100 mm for the
elevation, slope, average Tgg, and average Pgg, respectively, using eight different aspect
azimuth angles and six vegetation types. The GD for Pgg, vegetation type, elevation, slope,
aspect, and Tgg are 0.57, 0.48, 0.42, 0.21, 0.14, and 0.13. The results show that the multiyear
average of Pgg has the highest GD and that Pgg can explain 57% of the spatial heterogeneity
in the vegetation greenness. The results also show that the vegetation type and elevation
can explain 48% and 42% of the heterogeneity, respectively. The values of the GD for the
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slope, aspect, and multiyear average of Tgg are low, indicating that these factors have
relatively little influence on the spatial distribution of NDVIgg on the QTP.

According to Figure 5a, within every elevation bin, the proportion of pixels where
the vertical movement of the vegetation greenness isolines is primarily affected by both
the temperature and precipitation is high—over 60% in each case. However, the degree to
which the temperature and precipitation affect the movement differs with the elevation.
Between 3000 and 5700 m, the proportion of pixels primarily affected by the temperature
is higher than that primarily affected by the precipitation. Conversely, between 200 and
3000 m, the proportion of pixels primarily affected by the precipitation is higher than
that mainly affected by the temperature. The proportion of pixels affected by both the
temperature and precipitation falls from 85% at 200 m to 25% at 1000 m, whereas the
proportion of pixels primarily affected by the precipitation increases from about 10% at
200 m to nearly 40% at 1000 m. The proportion of pixels mainly affected by other factors
increases from 10% at 200 m to nearly 35% at 1000 m. Above 1000 m, the proportion of pixels
where the primary influence on the vertical movement of the greenness isolines is due to
both temperature and precipitation increases sharply to about 80%, whereas the proportion
of pixels mainly affected by other factors decreases rapidly and remains at between 0%
and 5% at these elevations. The proportion of pixels affected by the temperature only
increases from 10% at 3100 m to 25% at 4500 m, rapidly decreases from 25% at 4500 m to
10% at 5000 m, and then sharply increases again from 10% at 5000 m to 50% at 5700 m;
it exceeds the proportion of pixels that are mainly affected by both the temperature and
precipitation at 5500 m. Close to the 1000-m and 2800-m elevation bins, the proportions of
pixels primarily affected by the temperature and by other factors both increase significantly,
whereas there is no obvious change in the proportion of pixels mainly affected by the
temperature only.
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Figure 5. (a) The proportion of pixels belonging to four different cases of driving factors at each
100-m elevation bin: the red line indicates the proportion of pixels primarily affected by the growing
season temperature (Tgg), the blue line indicates the proportion primarily affected by the growing
season precipitation (Pgs), the green line indicates the proportion primarily affected by both Tgg
and Pgg, and the purple line indicates the proportion primarily affected by other factors. The dotted
line indicates where the number of pixels in the elevation bin was less than 1000. (b) The spatial
distributions of the pixels belonging to the four different cases.

According to Figure 5b, 75.24% of the pixels in the QTP study region are primarily
affected by both the temperature and precipitation; 13.24% are primarily affected by the
temperature—these are found mainly in the eastern (102°E-103°E, 31°N-32°N), east-central
(95°E-100°E, 33°N-35°N), and southwestern (83°E-86°E, 28°N-30°N) parts of the study
area, where the vegetation types mainly include alpine shrub meadow, alpine meadow,
and temperate steppe, and 9.36% of the pixels in the region are mainly affected by the
precipitation—these are located mainly in the north-central (90°E-95°E, 34°N—40°N) and
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southwestern (86°E-90°E, 28° N-29°N) parts of the study area, where the vegetation types
mainly include temperate shrub, alpine steppe, and temperate steppe. In 2.16% of the study
area, the main effect on the vertical movement of the vegetation greenness isolines is due
to other factors, and there are no obvious patterns in the spatial distribution of these pixels.

3.3. The Influence of the Terrain on the Vertical Movement of Vegetation Greenness

According to Figure 6a, the temporal trend in NDVIgg is not significantly affected
by aspect. The average for all temporal rate of change in NDVIgg is between 0.0030 and
0.0035 year !, the average value for all negative temporal rate of change in NDVIgg is
between —0.0010 and 0.0015 year~! for all aspects, and the average value for all positive
temporal rate of change in NDVIgg is about 0.0035 year .
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Figure 6. (a) Temporal rate of change in growing season NDVI (NDVIgg) and (b) vertical velocity of
vegetation greenness isolines for eight different aspect azimuth angles (the orange columns indicate
the mean values for all pixels, the green columns the mean values for all positive pixels, and the
purple columns the mean values for all negative pixels). (c) The percentage of pixels corresponding
to each of the four driving-factor cases and (d) the percentage of pixels belonging to the different
upward and downward categories for the eight different aspect azimuth angles.

According to Figure 6b, the vertical velocity of the vegetation greenness isolines is
the highest at an aspect of 315°: the average value for all positive vertical velocity of the
vegetation greenness isolines is 18 m/year, and the average value for all negative vertical
velocity of the vegetation greenness isolines is —17 m/year. The difference in velocity
between positive and negative pixels is the lowest at an aspect of 180°: the mean value for
all positive pixels is 12 m/year, and the mean value for all negative pixels is —11 m/year.
Overall, the vertical velocity of the vegetation greenness isolines is small and negative for
all eight values of the aspect azimuth at about —1 m/year.

According to Figure 6¢, the factors driving the vertical movement of the vegetation
greenness isolines differ significantly at the eight different aspect azimuths. For all eight
different azimuth angles, among the four different groups of driving factors, the proportion
of pixels mainly affected by both the temperature and precipitation is the highest at 75-76%,
whereas the proportion of pixels primarily affected by other factors is the lowest and
accounts for only 2-3%. The proportion of pixels primarily affected by either only the
temperature or the precipitation is between 7% and 16%. The proportion of pixels primarily
affected by the temperature is larger than that primarily affected by the precipitation at all
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of the different aspect azimuths except 90°; the difference between these two proportions is
maximum at an aspect of 270°, where the difference is about 9%.
According to Figure 6d, the direction of motion of the vegetation greenness isolines is

‘upward1’ for about 51% of pixels and ‘downward?2’ for about 44% of pixels; the proportions

of ‘upward2’ and ‘downward1’ pixels are much lower, both accounting for about 2-3%
of pixels. There is no significant overall difference between the proportions of pixels
corresponding to upward and downward movement of vegetation greenness isolines: the
difference is 9% at aspects of 45° and 225° and 5% at an aspect of 315°.

Then, we continue to discuss the slope’s impacts on the spatiotemporal changes in
vegetation greenness on the QTP. According to Figure 7a, the mean temporal rates of change
of NDVIgs for all pixels (0.003-0.0045 year~!) and all positive pixels (0.0032-0.0049 year~!)
increase as the slope increases; the mean temporal rate of change of NDVIg for all negative
pixels increases from —0.0015 year ! at a slope of 0° to —0.0010 year ! at slope of 35°; it
then gradually decreases to —0.0020 year~! for steeper slopes.
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Figure 7. (a) Temporal rate of change of growing season NDVI (NDVIgg) and (b) vertical velocity
of vegetation greenness isolines within each 5° slope bin (Same comment as Figure 4). (the orange
columns indicate the mean values for all pixels, the green columns the mean values for all positive
pixels, and the purple columns the mean values for all negative pixels). (c) The percentage of pixels
corresponding to each of the four driving-factor cases and (d) the percentage of pixels belonging to
the different upward and downward categories within each 5° slope bin.

According to Figure 7b, for all pixels, the mean value of the vertical velocity of the
vegetation greenness isolines is about —2 m/year; the absolute mean value of the vertical
velocity for both positive and negative pixels increases gradually from £5 m/year to
+65 m/year with increasing slope, from a slope of 0° to a slope of 60°, indicating that the
patterns of vertical motion of the vegetation greenness isolines become more complex as
the slope increases.

According to Figure 7c, for each 5° slope bin, there are significant differences in the
factors driving the vertical movement of the vegetation greenness isolines. For all slope
bins, the proportion of pixels mainly affected by both the temperature and precipitation is
greater than the proportions in the other categories and is around 73-77%. In all slope bins,
the percentage of pixels primarily affected by other factors is the lowest among the four
driving-factor categories and accounts for only 2-3% of pixels. The proportion of pixels
primarily affected by the temperature gradually decreases from 14% to 10% as the slope
increases from a slope of 0° to a slope of 60°. The proportion of pixels primarily affected
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by the precipitation decreases slightly from 10% at a slope of 0° to 9% at a slope of 25°
and then increases from 9% to 15% as the slope increases from 25° to 60°. For slopes in the
range 0°-40°, the proportion of pixels primarily affected by the temperature is larger than
the proportion primarily affected by the precipitation; however, the opposite is true for
slopes in the range of 40°-60°.

According to Figure 7d, in most cases, the direction of the vertical movement of
the vegetation greenness isolines is in the upwardl (47-55%) or downward2 (41-47%)
categories; the proportions of upward2 and downward1 pixels are both relatively small at
around 2-3%. As the slope increases, the proportion of upward]1 pixels increases rapidly
from 47% at a slope of 0° to 55% at a slope of 35°; it then slowly falls to 52% at a slope
of 60°. The proportion of downward?2 pixels decreases rapidly from 47% at a slope of 0°
to 41% at a slope of 35°; it then rises slowly to 44% at a slope of 60°. The proportion of
upward]1 pixels is higher than that of downward?2 pixels in all the slope bins; the greatest
difference (14%) occurs at a slope of 35°.

3.4. Variation in the Vertical Movement of Vegetation Greenness Isolines with Vegetation Types

The steepness of the slope has an obvious effect on the distribution of the vegetation
types (Figure 8). Alpine steppe, alpine meadow, alpine sparse vegetation, and temperate
steppe (vegetation types II, III, IV, and V, all consisting of mainly herbaceous plants) are
mainly found in flat regions with slopes in the range of 10°~15°. Alpine forest and alpine
shrub (vegetation types I and VI, all consisting of mainly woody plants) are mainly found
in steeper regions with slopes in the range of 20°-30°.
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Figure 8. The proportion of pixels in each slope interval for six different vegetation types. The codes
used for the vegetation types are the same as those in Figure 1.

The temporal rate of change of NDVIgg and the vertical velocity of the vegetation
greenness isolines differ significantly for different vegetation types. For all vegetation
types, NDVIgs shows an increasing trend, with rates of 0.002-0.005 year’l. The rate of
increase of NDVIgg and the vertical velocity of the vegetation greenness isolines is highest
for alpine forest (vegetation type I); the ranges of these values are also large. The mean
temporal rates of change of NDVIgs for positive and negative alpine forest are 0.005 and
—0.003 year~!, respectively; the mean velocities of the positive and negative pixels are 40
and —40 m/year, respectively, indicating that the greenness of this vegetation type may
be affected by many factors. The temporal rate of change of NDVIgg and the velocity of
the vertical movement of the vegetation greenness isolines for alpine meadow and alpine
shrub (vegetation types III and VI) are lower, and the ranges of values small. The mean
temporal rate of change of NDVIgg for all positive and negative pixels is in the range of
0.002-0.003 and —0.0005-—0.001 year~!, respectively, and the mean velocity for all positive
and negative pixels is in the range of 5-10 and —5-—10 m/year, respectively (Figure 9a,b).
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Figure 9. (a) Variation in the temporal trend of growing season NDVI (NDVIgs) with vegetation
type. (b) Vertical velocity of the vegetation greenness isolines for different categories of pixel (the
orange bars indicate the mean values for all pixels, the green columns the mean values for all positive
pixels, and the purple columns the mean values for all negative pixels). (c) The percentage of
pixels corresponding to each of the four driving-factor cases and (d) the proportion of upward and
downward pixels for each vegetation type. The codes used for the vegetation types are the same as
those in Figure 1.

The factor driving the vertical movement of the vegetation greenness isolines differs
significantly according to the vegetation type, Figure 9c. For all vegetation types, the
proportion of pixels primarily affected by both the temperature and precipitation is the
highest among the four driving-factor categories and is in the range of 62-82%; pixels
primarily affected by other factors constitute the lowest proportion (0-3%) for all vegetation
types. The proportion of pixels mainly affected by temperature is higher than that mainly
affected by precipitation in the case of alpine meadow, alpine sparse vegetation, and alpine
shrub (vegetation types III, IV, and VI) This indicates that the greenness of these three
types of vegetation is sensitive to temperature; this is especially true of alpine sparse
vegetation (vegetation type IV), with 24% of pixels being mainly affected by temperature.
The proportion of pixels mainly affected by precipitation is higher than that mainly affected
by temperature for alpine steppe, temperate steppe, and alpine shrub (vegetation types II,
V, and VI), which indicates that the greenness of these three types of vegetation is sensitive
to precipitation.

According to Figure 9d, the direction of the vertical movement of the vegetation
greenness isolines for alpine shrub (vegetation type VI) is mainly in the categories upward1
(54% of pixels) and downward?2 (44%), with a maximum difference of 10% between the
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two. The proportions of upward2 and downward1 pixels corresponding to this vegetation
type are small (about 4% each). For alpine steppe (vegetation type 1I), the proportions
of upwardl and downward2 pixels are both about 47%. For alpine sparse vegetation
(vegetation type IV), the proportions of upwardl and downward? pixels are 51% and 40%,
respectively—a difference of 11%—and the proportions of upward2 and downward1 pixels
are the lowest among all vegetation types at about 2% each. The highest absolute values
of the vertical velocity of the vegetation greenness isolines are for alpine steppe, alpine
sparse vegetation, and temperate steppe (vegetation types II, IV, and V), which indicates
that these three categories of herbaceous alpine plants have a greater ability to adapt to
climate change on the QTP.

4. Discussion
4.1. Characteristics and Causes of the Vertical Movement of Vegetation Greenness Isolines

The results described above show that the proportion of pixels in the QTP study area
where the velocity of the vertical movement of the vegetation greenness isolines is affected
by both temperature and precipitation exceeded 60% in all elevation bins (Figure 5a), which
indicates that the change in vegetation greenness is influenced by the temperature and pre-
cipitation together rather than a single climate factor [8,10,11,14]. The size of the effect of the
temperature and precipitation varied with the elevation. When the amount of precipitation
met the maximum limit of the vegetation’s demand for water, the temperature had a greater
effect than the precipitation; when the temperature reached the maximum limit that the
vegetation can tolerate, the precipitation had a greater effect than the temperature [23,50].

The results also show that the influence of the precipitation on the vertical movement
of the vegetation greenness isolines in the QTP study area is greater than that of the
temperature at lower altitudes (200-3000 m), whereas the influence of the temperature is
greater at higher altitudes (3000-5700 m). In previous research, it was also observed that
the vertical movement of vegetation greenness isolines on the QTP was mainly affected by
precipitation below 2400 m and by temperature above 2400 m [14]. The authors of these
earlier studies considered that this difference was due to the large difference in the spatial
resolution between NDVI and climate data. The vegetation type changes from alpine
steppe-meadow at 43904500 m to alpine meadow at 4600-5210 m [51]. In our results,
we found that, between 4500 and 5000 m, the proportion of pixels where the temperature
plays the most important role in the vegetation greenness change dropped rapidly from
25% to 10%; the proportion of pixels where the vegetation greenness change is affected
by both the temperature and precipitation increased rapidly from 60% to 80% (Figure 5a).
The rate of change of Tgs remained at 0.02 °C/year throughout this interval, and NDVIgg
and Pgg had similar decreasing trends (Figure 4a). Under these conditions, although the
altitude is high, the vegetation greenness change is still affected by both the temperature
and precipitation and not mainly by the temperature alone [23,51]. In addition, it is possible
that terrain-induced temperature inversions in the period before the growing season [52]
and the increasing non-growing season albedo [53] at elevations of 4500-5500 m are also
factors that contribute to the rapid drop in the proportion of pixels mainly affected by
temperature between 4500 and 5500 m.

Above 5000 m, the temporal rate of change of Tgg increased with elevation (Figure 4a);
this is consistent with the conclusion of previous research that the QTP is undergoing
faster warming at high altitudes [54-56]. Meanwhile, the proportion of pixels where the
vegetation greenness change is mainly affected by the temperature increased rapidly from
10% at 5000 m to 50% at 5700 m and exceeded that of pixels where the change is affected by
both the temperature and precipitation (Figure 5a). These two results demonstrate that the
vegetation greenness change is mainly controlled by the temperature above 5000 m [13].
On the QTP, the zone of maximum precipitation is around 5000 m [52], and the temporal
rate of change of Pgg fell with increasing altitude above 5000 m (Figure 4a). Most regions
at 5000 m above sea level are located near the lower limit of permafrost [52], and alpine
tree lines on the QTP do not reach 5000 m [57]. Above this level, the main vegetation types
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on the QTP are alpine meadow and alpine cushion, and these are sensitive to temperature
change [58,59]. A significant decrease in the temporal trend of NDVIgg (Figure 4a) and
aboveground biomass [60,61] was also found as the elevation above 5000 m increased.
A significant acceleration in warming and a stable temporal trend in Pgg were observed
at high elevations within the permafrost region. These were the primary reasons for the
observed rapid increase in the proportion of pixels where the vegetation greenness change
is mainly affected by temperature above 5000 m on the QTP.

4.2. Differences in the Vertical Movement of Vegetation Greenness Isolines between Different Types
of Terrain and Vegetation

The vertical movement of vegetation greenness isolines was found to differ according
to the gradient; differences in the spatiotemporal variations in vegetation greenness on
the QTP were also found for different types of terrain and vegetation. The conclusion
that the slope affects the vertical movement of vegetation greenness isolines more than
the aspect does is consistent with the findings of An et al. [13] and Lu et al. [26], who also
observed that there was no significant difference in the velocity of the vertical movement
of vegetation greenness isolines on the QTP at different aspects. There was also a study
revealing that vegetation greening trends at lower elevations occurred on steeper slopes,
whilst at higher elevations, flatter areas exhibited stronger trends [19]. The value of the
geographical detector (GD) for the slope was 0.21—greater than the value of 0.14 found for
the aspect. No significant differences were found between the temporal rate of change of
NDVIgs and the vertical velocity of the vegetation greenness isolines for different aspects.
However, significant differences were found for different slope angles (Figures 6 and 7),
which supports the idea that the slope has a greater impact than the aspect. We found that
the proportion of upward1 pixels increased with increasing slope, reaching a maximum at a
slope of 35°. The relative influences of Pgg and Tgg on the vertical movement of vegetation
greenness isolines changed at a slope of 35°. Lu et al. [26] observed that the velocity of the
vertical movement of vegetation greenness isolines on the QTP increased with increasing
slope and reached a maximum at a slope of 30°. This is similar to our conclusion—the
slight difference may be caused by differences in the time span and in the spatial resolution
of the data used in the two analyses.

How is it possible, then, that the vertical movement of the vegetation greenness
isolines on the QTP is greatly affected by the slope but only slightly affected by the aspect?
The terrain is a significant regulator of the availability of water, energy, and radiation at fine
scales [12], and thus affects the distribution of vegetation types [31]. For example, on the
QTP, areas of alpine shrub are mainly located in the southeast of the region at elevations
of 38004800 m and on sunlit slopes; alpine meadow is mainly found in the east of the
region at elevations of 4000-5000 m and on shaded slopes. Alpine grassland, which is
adapted to a cold, dry climate is mainly found on the Chang Tang Plateau, the eastern
part of the Kunlun Mountain plain, and around the headwaters of the Yangtze River at
heights of 4200-5300 m [24,59]. Terrain features such as the slope and aspect determine the
soil types that are present by influencing the rock-weathering process; they also affect the
soil thickness by influencing the amount of soil erosion. As a result, specific vegetation
types are associated with specific types of terrain. For example, within the QTP study area,
herbaceous vegetation types such as alpine meadow, alpine grassland, and alpine sparse
vegetation are mainly found in relatively flat areas with slopes of between 10° and 15°;
woody plant types such as subalpine woodlands and shrubs are mainly found in steeper
areas with slopes of between 20° and 30° (Figure 8). These observations confirm that the
influence of the slope on the vertical movement of vegetation greenness isolines in the QTP
study area is greater than that of the aspect and that the observed differences in the vertical
movement of the vegetation greenness isolines associated with different types of terrain
are, in fact, due to the different types of vegetation that occur there. The question then is,
what differences are there in the patterns of vertical movement of vegetation greenness
isolines on the QTP between different vegetation types?
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We found that it is the availability of water and heat as well as differences in the
sensitivity of different vegetation types to climate change that produced the differences in
the vertical movement of vegetation greenness isolines for different vegetation types [23,50].
For example, in the northern part of the alpine forest in the east of the QTP study area,
which is becoming colder and wetter, the change in vegetation greenness (102°E-103°E,
31°N-32°N) was mainly affected by Tgs, whereas alpine grassland in the center of the
northern part of the study area (90°E-95°E, 34°N—-40°N) were mainly affected by Pgg (see
Figures 3 and 5b). The east-central part of the QTP study area (95°E-100°E, 33°N-35°N)
is becoming warmer and wetter; here, it was found that the change in the greenness of
the alpine shrub and alpine meadow were mainly affected by Tgs. Another region that is
becoming warmer and wetter is the southwest of the study area (86°E-90°E, 28°N-29°N),
where the results showed that the temperate grassland was mainly affected by Pgs. The
factors driving the vertical movement of vegetation greenness isolines differ significantly
between different vegetation types (see Figure 9¢c). The proportion of pixels mainly affected
by Tgs was higher than that mainly affected by Pgg in areas of alpine shrub, alpine meadow,
and alpine sparse vegetation, indicating that changes in vegetation greenness for those
species are more sensitive to temperature. The proportion of pixels mainly affected by Pgg
was higher than that mainly affected by Tgs for alpine shrub and alpine steppe, indicating
that changes in vegetation greenness for those species are more sensitive to precipitation.
It has also been documented in earlier studies [12,13,20,33,35,62] that the changes in the
greenness of alpine steppe and alpine shrub are more sensitive to precipitation, whereas
for alpine forest and alpine meadow they are more sensitive to temperature. The main
reasons for this are that alpine steppe and alpine shrub are greener and better adaptable
to the environment. Alpine steppe is mainly found in flat areas above 4500 m, where the
temperature is higher than in areas of alpine meadow. As a result, the alpine steppe is more
sensitive to precipitation, whereas the alpine meadow is more sensitive to temperature as
heat is less accessible to it.

4.3. Limitations of the Study and Future Prospects

There are clearly still some limitations to the analysis that was performed in this study.
Firstly, because of the limited quality of the remote sensing data that were available, the
study area was spatially discontinuous. Before the launch of Landsat 7 in 1999, the number
of valid Landsat observations of the QTP was limited. As the cloud and shadow pixels
were also masked, there were many missing pixels in the time-series of Landsat data, and
these were randomly distributed in space. We used MODIS data to extract vegetated
regions as a reference [13,14,26] and determined the proportion of valid Landsat pixels’
area in the reference vegetation region for the period 1987 to 2020. In order to ensure the
reliability of the analysis and maximize the utilization of the time-series of Landsat data,
annual NDVIgg values were calculated for the years 1992, 1994, 2000-2002, 2004-2011, and
2013-2020, for which the proportion of valid pixels was greater than 70% (Figure 10). In
addition, the proportions of pixels in the study area corresponding to different terrain and
vegetation types and altitudes were similar to those in the reference region (Figure 11).
Therefore, although the study area in this paper was discontinuous, the pixels were evenly
distributed across different terrain and vegetation types and altitudes, which means that
the subsequent analysis was reliable.

Secondly, in the analysis of the factors that drive the temporal variations in the veg-
etation greenness isolines, the number of variables used was limited. We analyzed the
effects of Tgg, Pgs, and other factors on the temporal variations in the vegetation greenness.
However, some studies [32,34,35,63] have shown that radiation, length of daylight, land-use
change, topography, and interactions between species—which were categorized as other
factors in this study—also have a significant impact on vegetation greenness change in
addition to the temperature and precipitation. What is more, whether changes in river-
flows caused by snowmelt under climate warming could affect vegetation greenness is also
worth researching [64].
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corresponding to different aspects (a), slopes (b), altitudes (c), and vegetation types (d). The codes
used for the vegetation types in (d) are the same as those in Figure 1.

Thirdly, the geographical detector has already been applied to consider the linear and
nonlinear interactions between variables in the analyses of the factors driving the spatial
heterogeneity in vegetation greenness on the QTP [26]. The analysis of the temporal het-
erogeneity that was performed in this study was based on binary linear regression, which
could only analyze the linear interactions between variables. However, previous research
has indicated that the effects of temperature and precipitation on vegetation greenness
change on the QTP are nonlinear and complex [14,32,65]. Furthermore, the authors of
these studies considered that the development of advanced data-processing methods to
acquire a spatiotemporally seamless series of Landsat data to support sustainable develop-
ment goals [66], and integrating the climate, terrain, radiation, vegetation type, and other
variables to analyze the linear and nonlinear interactions between them, was required to
improve the analysis of vegetation greenness changes on the QTP.

5. Conclusions

In this study, we used a time-series of 30-m Landsat NDVI data and 1-km climate
data from 1992 to 2020 to observe long-term changes in the spatiotemporal patterns of
vegetation greenness and variations in the response of vegetation greenness to climate

change for different types of terrain and vegetation. The main conclusions of this study are
as follows.
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(1) Over 90% of the QTP study area, the vegetation greenness has been increasing. The
regions with the fastest rate of vegetation greenness increase do not match the regions
that are clearly becoming warmer and wetter.

(2) The vertical movement of vegetation greenness isolines is affected by both the temper-
ature and precipitation between 200 and 5700 m. Precipitation plays a more important
role at lower altitudes (200-3000 m), whereas, at higher altitudes (3000-5700 m),
temperature plays a more important role.

(3)  The terrain has notable impacts on the spatiotemporal changes in vegetation greenness
on the QTP, with the effect of the slope being greater than that of the aspect.

(4) In the QTP study area, herbaceous vegetation types are mainly found in relatively
flat areas, whereas woody plants are mainly found in relatively steep areas. The
change in the greenness of subalpine broadleaf deciduous scrub, alpine meadow,
and alpine sparse vegetation is more sensitive to temperature, while for subalpine
needleleaf evergreen scrub and alpine grassland it is more sensitive to precipitation.
The vertical velocity of the vegetation greenness isolines is higher for woody plants
than for herbaceous plants, which means that the former are more adaptable to climate
change.

These results enrich the understanding of differences in vegetation greening and the
underlying factors for different types of terrain and vegetation at a spatial scale of 30 m
and will help provide support to ecological protection on the QTP.
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