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Abstract: The Tibetan Plateau, the highest plateau in the world, has experienced strong climate
warming during the last few decades. The greater increase of temperature at higher elevations may
have strong impacts on the vertical movement of vegetation activities on the plateau. Although
satellite-based observations have explored this issue, these observations were normally provided by
the coarse satellite data with a spatial resolution of more than hundreds of meters (e.g., GIMMS and
MODIS), which could lead to serious mixed-pixel effects in the analyses. In this study, we employed
the medium-spatial-resolution Landsat NDVI data (30 m) during 1990-2019 and investigated the
relationship between temperature and the elevation-dependent vegetation changes in six moun-
tainous regions on the Tibetan Plateau. Particularly, we focused on the elevational movement of the
vegetation greenness isoline to clarify whether the vegetation greenness isoline moves upward during
the past three decades because of climate warming. Results show that vegetation greening occurred in
all six mountainous regions during the last three decades. Increasing temperatures caused the upward
movement of greenness isoline at the middle and high elevations (>4000 m) but led to the downward
movement at lower elevations for the six mountainous regions except for Nyaingentanglha. Further-
more, the temperature sensitivity of greenness isoline movement changes from the positive value to
negative value by decreasing elevations, suggesting that vegetation growth on the plateau is strongly
regulated by other factors such as water availability. As a result, the greenness isoline showed
upward movement with the increase of temperature for about 59% pixels. Moreover, the greenness
isoline movement increased with the slope angles over the six mountainous regions, suggesting the
influence of terrain effects on the vegetation activities. Our analyses improve understandings of the
diverse response of elevation-dependent vegetation activities on the Tibetan Plateau.

Keywords: elevational movement; Landsat NDVI; Tibetan Plateau; vegetation greening

1. Introduction

Climate warming has been observed around the globe, and the increase of air temper-
ature has been greater at high elevations than that at low elevations during the last few
decades [1]. Temperature has been recognized as a principal factor determining species’
distribution [2], community compositions [3], and vegetation greenness [4]. Under the
background of global warming, the phenomenon of vegetation greening has been found
in Europe [5,6], China [7], and India [8], whereas vegetation browning has been observed
in northern North America [9] and Southeast Asia [10]. Because vegetation greenness
is a proxy to describe aboveground green biomass, the changes of vegetation greenness
reflect variations in vegetation green biomass that could further affect the carbon and water
cycle in the terrestrial ecosystems and the energy balance between the biosphere and atmo-
sphere [11,12]. It is important to understand the diverse responses of vegetation greenness
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to climate warming. Such investigations are more important in mountain areas because
elevation-dependent warming may lead to elevation-dependent vegetation changes and
further affect the shifts in species ranges and the composition of plant communities [2,3].

The Tibetan Plateau, with an average elevation higher than 4000 m, is located in the
southwest of China. During the recent decades, the Tibetan Plateau has experienced a
rapid increase of temperature at a rate of 0.39 °C per decade, which is more than two times
the rate of temperature increase at the entire globe [13]. Some studies have focused on the
changes in vegetation activity in response to climate warming on the Tibetan Plateau based
on either process-based model simulations, satellite data, or field observations [14-18].
Piao et al. [14] found that net primary production (NPP) increased at an amplitude of
1.9 Tg C (1 Tg = 10'2 g) per year during the last 50 years on the Tibetan Plateau because of
climate changes. Shen et al. [15] suggested the general trend of vegetation greening on the
Tibetan Plateau in response to warming. An et al. [16] investigated the elevation-dependent
vegetation greening and the increasing rate of temperature and found that their uphill
movements have a substantial mismatch. Based on tree line observations on the eastern
Tibetan Plateau, Liang et al. [18] found that warm-induced upward movement of the tree
line was slowed and even halted due to species interactions.

Elevation-dependent climate warming on the Tibetan Plateau may cause various veg-
etation changes at different elevations. Understanding the elevation-dependent vegetation
changes can improve our ability to predict vegetation activities in this alpine ecosystem
and its feedback on regional climate under the projected warming. Given the elevation-
dependent vegetation changes, an important issue is whether warming-induced vegetation
greening occurred at different elevations on the Tibetan Plateau, whether there is more
obvious vegetation greening at higher elevations because of greater warming in the higher
elevation areas, and what are the affecting factors. Some previous studies conducted rele-
vant analyses regarding long-term change trends of vegetation greenness over the Tibetan
Plateau by using various satellite data. Cong et al. [17] used the normalized difference veg-
etation index (NDVI) product generated from the GIMMS (global inventory modeling and
mapping studies). Green vegetation has a low reflectance value at the red band and a high
reflectance value at the near-infrared band. NDVI is a good indicator of vegetation greenness
by normalizing the reflectance values at the red band and the near-infrared band [19,20]. They
found a nonlinear response of the grassland greenness on the Tibetan Plateau to climate warm-
ing and attributed this relationship to the interaction between temperature and precipitation.
An et al. [16] investigated the changes of vegetation greenness across different elevations
on the Tibetan Plateau by using the NDVI data generated by a moderate resolution imaging
spectroradiometer (MODIS). They found that the speed of the uphill movement of the
temperature isoline exceeded that of the NDVI isoline. Although these investigations ad-
vanced our knowledge on the elevation-dependent vegetation activities, there are still obvious
limitations in these investigations. First, the spatial resolution of the satellite data used in these
investigations is too coarse. The GIMMS NDVI data have a spatial resolution of 8 km, and the
MODIS NDVI data have the highest spatial resolution of 250 m. These data are not so reliable
to analyze the elevation-dependent vegetation activities because a coarse pixel may cover an
elevational change as large as hundreds of meters. Second, the Tibetan Plateau has an area
of 2.5 million km? with latitudes spanning more than 12 degrees. These previous studies
normally performed the analyses by treating the Tibetan Plateau as a whole (e.g., [16]).
Such analyses may be problematic because the climate conditions at the same elevation
but in different areas may be substantially different. Taking all these pixels together may
lead to confounding results. Therefore, it is more reliable to perform the analyses for each
individual mountain by using the satellite data with higher spatial resolution.

In this study, we report the relationship between temperature and the elevation-
dependent vegetation activities over six mountainous regions on the Tibetan Plateau during
the past three decades. Particularly, we focused on the elevational movements of the NDVI
isoline and its temperature sensitivity. We further analyzed the terrain effects on the
elevation-dependent vegetation activities. To achieve this goal, we collected and processed
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the NDVI data during the growing season in 1990-2019, which were provided by the
Landsat satellites and have a spatial resolution of about 30 m. We expect that our analyses
provide the new medium-spatial-resolution evidence to describe the vegetation activities
at different elevations on the Tibetan Plateau.

2. Materials and Methods
2.1. Study Area

The Tibetan Plateau has an average elevation higher than 4000 m. This study mainly
focused on six mountainous regions on the Tibetan Plateau, including the Qilian, Eastern
Kunlun, Bayan Har, Nyaingentanglha, Eastern Himalayan, and Hengduan mountainous
regions (Figure 1). We selected the eastern parts of the Kunlun and Himalayan mountainous
regions because the vegetation is very sparse in the western Tibetan Plateau. The main
vegetation types in the mountainous regions are the alpine steppe and alpine meadow,
except for some areas of the Hengduan mountainous region covered by alpine forest
(1:1,000,000 Vegetation Atlas of China). The alpine steppe is dominated by cushion plants
and short and dense tussock grasses, such as Stipa. Alpine meadow is dominated by
perennial tussock grasses, which mainly include Kobresia and Carex of Cyperaceae (e.g.,
Kobresia pygmaea and K. tibetica). The six mountains are distributed from the southwestern
to the northeastern plateau, which can represent vegetation activities under different
conditions of temperature and precipitation. For example, the time shift of vegetation
green-up date was found to be spatially diverse across the plateau. Vegetation green-up
date in the southwestern plateau was delayed during the past two decades due to the
water constraint but was continuously advanced in the northeastern plateau (e.g., [21,22]).
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Figure 1. Top: the geographical location of the Tibetan Plateau; bottom: the spatial distribution of
the six mountainous regions investigated in this study (i.e., the Qilian, Eastern Kunlun, Bayan Har,
Nyaingentanglha, Eastern Himalayan, and Hengduan mountainous regions).
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2.2. Datasets

We collected all available Landsat surface reflectance images during the vegetation
growing season (i.e., July—August) from 1990 to 2019. These images were collected from
the platform of Google Earth Engine (GEE) [23] and included the Landsat TM images, the
Landsat 7 ETM+ images, and the Landsat 8 OLI images. It is acceptable to use the images
from different sensors because of the small difference in spectra for TM/ETM+ /OLI [24].
Due to a failure of the scan-line corrector, the Landsat 7 ETM+ images acquired after May
2003 have missing strips [25]. These images were excluded from our analyses.

We calculated the NDVI values for each image by using the surface reflectance at the
red band and the near-infrared band. Each Landsat image includes the cloud mask, in
which the cloud-contaminated pixels were identified by using the CFmask method [26,27].
These cloud-contaminated pixels were processed as follows: there were normally at least
four observations for each pixel during July-August in a given year. We first removed the
observations that were flagged as cloud contamination and then selected the maximum
NDVI value from the remaining observations. However, there still may have been some
pixels that were temporally continuously contaminated by clouds [28,29]. We thus used
the modified neighborhood similar pixel interpolator (MNSPI), a typical cloud removal
method, to fill the missing pixels [30]. As a result, we generated one cloud-free Landsat
NDVI image during the growing season in each year for each mountainous region.

The gridded climate data were collected from the China Meteorological Data Service
Center (http://data.tpdc.ac.cn/en/data/8028b944-daaa-4511-8769-965612652c49/). The
climate data include air temperature and precipitation at a spatial resolution of 0.1° x 0.1°
for every 3 h [31,32]. Air temperatures were produced by merging station meteorological
observations and the corresponding Princeton forcing data [33]. Precipitation data were
produced from station meteorological observations, Tropical Rainfall Measuring Mission
satellite precipitation analysis data (3B42; [34]), and Asian Precipitation—Highly Resolved
Observational Data Integration Towards Evaluation of Water Resources (APHRODITE)
precipitation data [35]. We further downscaled the climate data to match the satellite
observations by the bilinear interpolation. We collected the digital elevation model (DEM)
data from the United States Geological Survey (http://earthxplorer.us.gov/). The DEM
data were produced by using the Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) data and have a spatial resolution of 30 m. To investigate the terrain
effects on the elevational movement of vegetation activities, we estimated the slope and
aspect for each pixel. Slope measures the steepness of the surface for a given pixel, and
aspect measures the direction in which slope is the steepest.

2.3. Methods

Our analyses were focused on the vegetated pixels. Therefore, those pixels with a
multiyear (1990-2019) average NDVI value during the growing season lower than 0.1 were
excluded from further analyses [22]. Figure 2 shows the elevational distribution of the num-
ber of vegetated pixels in each mountainous region. The mountains in the southwestern
Tibetan (i.e., Nyaingentanglha and Eastern Himalayan) have more vegetated pixels at
higher elevations (higher than 4500 m), whereas the vegetated pixels in the northeastern
and southeastern Tibetan (i.e., Qilian and Hengduan) were mainly below 4500 m.

According to the elevation distribution of vegetated pixels, we divided the elevations
into each 100 m bin between 3000 to 5500 m. For example, all vegetated pixels ranging from
2950 to 3050 m were used for the 3000 m bin. To reduce the uncertainty, we excluded the
bin with the number of vegetated pixels smaller than 10,000 pixels from further analyses.
Therefore, the elevational gradient of NDVI (NDV Ir) at the elevation bin & was calculated
as the ratio of the NDVI difference in the neighboring bins to the elevation difference,
given by

NDVI(h) — NDVI(h+1)

" Elevation(h) — Elevation(h + 1)

NDVIgg(h) = 1


http://data.tpdc.ac.cn/en/data/8028b944-daaa-4511-8769-965612652c49/
http://earthxplorer.us.gov/
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NDV I measures the change of NDVI per meter. The minus sign used in Equation (1)
reconciles the concept of elevational movement of greenness isoline. A positive (negative)
NDV Igg represents decreasing (increasing) NDVI with elevations (see Figure 3, illus-
trated later). We further calculated the temporal trend of NDVI for each elevation bin
(NDVIrc(h)) by using the slope of the regression of NDVI in each separate bin against
years. NDVIrc(h) measures the change of NDVI per year. We further followed An
et al. [16] to estimate the speed of vertical movement of NDVI isoline for the elevation bin
h (NDVI,(h)) as
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Figure 2. The number of vegetated pixels in each elevation bin for the six mountainous regions.
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Thus, NDV I, (h) is measured in meters per year. A positive NDV I;;,(h) indicates
the upward movement of NDVI isoline, and a negative value suggests the downward
movement. Figure 3 shows a sketch to illustrate the concept of elevational movement of
NDVIs,(h). The elevational movement of NDV I, (h) is determined by two variables, i.e.,
the temporal trend of NDVI and the elevational gradient of NDVI. There are four cases
corresponding to different change patterns of the two variables (Figure 3). We take case
1 as an example to explain the concept. Because of a decreasing NDVI with elevations,
in this case, we assume that NDVI values at a low elevation and a high elevation are 0.5
and 0.3, respectively. A positive temporal trend of NDVI from the time t; to t; indicates
an increase in NDVI values; thus, the NDVI isolines of 0.5 and 0.3 at the time t; could be
found at higher elevations relative to their positions at the time t;, suggesting an upward
movement of greenness isoline (see the dotted line in case 1). Similar illustrations can be
applicable for other cases (i.e., cases 2—4 in Figure 3). Conceptually, NDVI isoline represents
the connection of all pixels with an identical NDVI value, which is similar to the concept
of topographical isoline. However, it is difficult to plot this line; thus, we did not focus
on the position of this line but investigated the movement of NDVI isoline according
to Equation (2). To investigate the sensitivity of NDV I, (h) to temperature, we further
calculated the movement of NDVI isoline per degree (referred to as NDV I5,_T(h)), which

was expressed as:
_ NDVlIgemp(h)

NDVI, _T(h) = NDVIec(h) 3)

where NDV Iz, (h) was estimated from the multiple linear regression, in which the
dependent variable is NDVI and the independent variables were average temperature
and cumulative precipitation during the growing season. NDV It (h) is the slope of the
temperature item in the regression.

In addition to the analyses based on elevation bins, we also performed similar analyses
at the individual pixel level to investigate the spatial patterns. To estimate NDV Ig for
a given pixel, we used the 3 x 3 local windows centering at this pixel and searched the
steepest slope direction among the four directions (i.e., the horizontal, vertical, and two
diagonal directions). The slope along a direction was calculated only when the elevation
changes monotonically in this direction. Here, the pixels with the steepest slope smaller
than 2.5° were excluded from further analyses, as suggested by An et al. [16]. Therefore,
the speed of the vertical movement of NDVI isoline for a given pixel i (NDV I;,(i)) was
estimated according to Equation (2), and the sensitivity of NDV I, (i) to temperature was
estimated from Equation (3).

In summary, our analyses aim to answer the following questions: First, does vegetation
greening or browning occur at different elevations during the past three decades? This can
be revealed by NDV Irc(h). A positive NDV Ip¢(h) indicates greening, whereas a negative
value indicates browning; Second, whether the different rates of greenness changes at
different elevations lead to the upward or downward movement of greenness isoline,
which can be revealed by NDV I, (i) (i.e., Equation (2)); Third, whether the temperature
is the dominant factor controlling greenness changes? How does temperature affect the
elevational movement of greenness isoline? This issue can be revealed by NDV I, _T(h)
(i.e., Equation (3)).

3. Results
3.1. Elevational Dependence of Vegetation Activities in Elevation Bins

We first investigated the vegetation activities across different elevation bins. We found
different change patterns in the six mountainous regions (Figure 4). The averaged multiyear
NDVI along the elevation bins exhibited the bell shape with the maximum value around
4000 m for the Bayan Har and Eastern Kunlun. In the Qilian mountainous region, the
maximum NDVI value also occurred in the middle elevational areas of the mountain (3600 m)
and then substantially decreased with increasing elevations. On the contrary, the average
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NDVI in the southwestern Tibetan (i.e., the Nyainqentanglha and Eastern Himalayan)
showed a generally decreasing trend along the elevation bins between 3000 and 5500 m.

0.8

0.7 ——Baryan Har

0.6 -
——Qilian
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\ Eastern Kunlun
0.4

0.3 Nyaingentanglha

Landsat NDVI
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——Eastern Himalayan
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——Hengduan
0

3000 3500 4000 4500 5000 5500
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Figure 4. The change patterns of the averaged multiyear normalized difference vegetation index
(NDVI) along the elevation bins in the six mountainous regions.

We further investigated the temporal trend of NDVI (1990-2019) for each elevation bin
(NDV Irc(h)) in the six mountainous regions (Figure 5). In general, the NDV Ir¢(h) values
were positive in all elevation bins except the higher elevations (>5000 m) in the Eastern
Himalayan and the Eastern Kunlun mountainous region, suggesting that vegetation was
widely greening on the Tibetan Plateau during the last three decades. With respect to the
greening trend at different elevations, we found that the greening trend was more obvious
at lower elevations and was generally decreasing with the increasing elevations (Figure 5).
For example, the rate of a temporal increase in NDVI reached the maximum value of 0.005
per year at lower elevations (<4000 m) of the Nyaingentanglha mountainous region, but
the rate decreased to 0.002 per year in the elevation of 5000 m.
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Figure 5. The temporal trend (1990-2019) of NDVI during the growing season for each elevation bin in the six mountainous
regions. Noted: the values of the y-axis differ for different panels.
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3.2. The Elevational Movement of NDVI Isoline and Its Sensitivity to Temperature

Figure 6 shows the speed of vertical movement of NDVI isoline in each elevation
bin (NDV I;5,(h)) for different mountainous regions. We found a fluctuated but positive
NDV I, (h) in the elevation bins above 4000 m for all mountainous regions except Nyain-
gentanglha (Figure 6). For example, NDV I;;,(h) was about 5 m/year above the elevation
of 4000 m for the Eastern Himalaya. This suggests a general trend of upward movement of
vegetation greenness isoline at middle and high elevations during the last three decades,
which may be due to the continuous increase in temperature on the Tibetan Plateau [36,37].
However, NDV I;;, (h) became negative values in the low elevation areas between 3000 and
4000 m for most of these mountainous regions.
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Figure 6. The speed of vertical movement of NDVI isoline for the elevation bins (NDV I, (1), estimated from Equation (2))

in different mountainous regions.

We further investigated the sensitivity of vertical movement of NDVI isoline to tem-
perature (i.e., NDVI;5,_T(h)), as shown in Figure 7. We found that the NDV I;5,_T (h) values
were mostly positive in higher elevational areas, suggesting the increase of vegetation
greenness with air temperature increases. However, the negative NDVI;5,_T(h) were
observed at lower elevations in all mountainous regions, particularly in the Hengduan
mountain where NDV I;;,_T(h) decreased monotonically from 4500 to 3000 m. The nega-
tive NDV I;5,_T(h) values in lower elevational areas suggested that the vegetation isoline
did not move upward even if the temperature continuously increases on the Tibetan
Plateau. These observations imply that in addition to temperature, vegetation growth in
these mountainous regions may be controlled by other factors, which will be explained in
the discussion section.
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mountainous regions.

3.3. The Spatial Patterns of Vegetation Activities

Figure 8 shows the spatial distribution of the elevational movement of NDVI isoline
in the six mountainous regions. We found that the elevational movement of NDVI isoline
at the pixel level (referred to as ND VI, (i)) not only differed in different mountainous
regions but was spatially diverse in an individual mountainous region. The amplitude of
elevational movement (i.e., positive and negative values indicate upward and downward
movements, respectively) was generally large in the Hengduan and Eastern Kunlun moun-
tainous regions. For example, more than 60% pixels in the Hengduan mountainous region
exhibited the amplitude of elevational movement larger than 10 m/year, whereas it is about
30% pixels in the Bayan Har mountainous region (see the histogram in the panel). With
respect to the spatial distribution of NDV I 5, (i), larger NDV I;5, (i) values in the Hengduan
mountainous region were distributed in the areas neighboring the rivers (Figure 8). In the
Qilian mountainous region, larger NDV I;, (i) values were mainly distributed in the central
mountain. In the Nyainqgentanglha, larger NDV I;, (i) values occurred in the northern area

of the mountain region.

NDVT isoline movement
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Figure 8. The spatial distribution of the elevational movement of NDVI isoline in the six mountainous
regions. In each mountainous region, the histogram was inserted showing the proportion of pixels in

each interval of the legend.
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We also mapped the spatial distribution of the sensitivity of NDV I;;, (i) to temperature,
as shown in Figure 9. The temperature sensitivity of NDVI;;,(i) were highly spatially
heterogeneous. In general, lower temperature sensitivity values were found in the center
of the plateau, such as the Eastern Kunlun and Qilian. By counting all pixels in the six
mountainous regions together, the NDVI isoline showed upward vs. downward movement
with the increase of temperature for approximately 59% vs. 41% pixels (Figure 9).

£

-3 PP
= Temperature sensitivity o
g N i Qilian
3 8

Eastern
Kunlun

Eastern
Himalayan
04

1 L iyt e S e NS RV N\ dokiuiis
RS“O"O"H 90“0"0"?1 95“0"0"[ l(l()“l'l'(l"F.

Figure 9. The spatial distribution of the sensitivity of the elevational movement of NDVI isoline to
air temperature in the six mountainous regions. In each mountainous region, the histogram was
inserted showing the proportion of pixels in each interval of the legend.

3.4. Terrain Effects on the Elevational Movements of NDVI Isoline

We explored the speed of elevational movement of NDVI isoline under different
slope and aspect angles in the six mountainous regions (Figure 10A,B). The results show
that the speed of elevational movements of NDVI isoline increased with slopes. This
increasing trend was more obvious when the slope angles beyond 30°. This observation
in the individual mountainous region was generally consistent with the results when
analyzing the entire plateau [16]. We did not find obvious change patterns of the speed of
elevational movements of NDVI isoline against the aspect angles (Figure 10B), although
some large values of NDVI isoline vertical movement were observed at several individual
angles (e.g., 270° aspect in the Qilian mountainous region).

Figure 11 further shows the terrain effects on the sensitivity of NDVI isoline vertical
movements to temperature in the six mountainous regions. The temperature sensitivity
of NDVI isoline movements increased with the increase of slope angles. No obvious
correlation tendencies were found between the temperature sensitivity of NDVI isoline
movements and the aspect angles.
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Figure 10. The amplitude of elevational movement of NDVI isoline under different (A) slopes and (B) aspects in the six
mountainous regions. Slopes and aspects were sampled at the interval of 5° and 45°, respectively.
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Figure 11. The influence of (A) slope angle and (B) aspect angle on the amplitude of temperature sensitivity in the six
mountainous regions. Slopes and aspects were sampled at the interval of 5° and 45°, respectively.

4. Discussion

The observations derived from the Landsat data indicated that the upward movement
of the greenness isoline occurred in the middle and high elevation areas, but the downward
movement of the greenness isoline was found at low elevations (Figure 6). However,
the turning elevation changing from upward movement to downward movement (i.e.,
positive value to negative value) differed among the six mountainous regions. The vertical
movement of greenness isoline was associated with the variables of the temporal shift of
greenness and the elevational gradient of greenness (see Equation (2)). Our results showed
the general temporal trend of vegetation greening during the past three decades for the
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mountainous regions on the Tibetan Plateau except for some areas higher than 5000 m (e.g.,
the Eastern Kunlun) (see Figure 5), which confirmed the findings in Shen et al. [15]. There
is generally the trend of decreasing NDVI with increasing elevations in high elevation
areas (see Figure 4). As a result, the calculated elevational gradient of greenness is positive
at middle and high elevations (see Equation (1) and Figure 3). The positive value of the
temporal shift of greenness and the positive value of the elevational gradient of greenness
account for the upward movement of greenness isoline in middle and high elevation areas.

Temperature is considered to be the dominant factor controlling the elevational move-
ment of vegetation growth on the Tibetan Plateau [15,38]. Our results confirmed that during
the last three decades, the increasing temperature was related to the upward movement of
greenness isoline in middle and high elevational areas, but also the downward movement
at lower elevations (see Figure 7). The warming-induced vegetation greening suggests
an increase in aboveground biomass, which could be regulated by other factors that may
account for the negative temperature sensitivity of greenness isoline movement. First,
the enhancement effect of warming on greenness was controlled by the limited precipi-
tation on the Tibetan Plateau [17]. Second, climate warming may enhance land surface
evaporation and further decrease the availability of soil water [21,22]; For example, Shen
et al. [22] suggested the delayed vegetation green-up date in the southwestern Plateau
due to stronger evaporation caused by higher temperature. Third, climate waring caused
the degradation of permafrost; thus, soil water decreased due to a deeper active layer.
Fourth, climate warming affects the vertical distribution of species and further causes
variations in plant community composition. The interactions between different species
may control the vertical movement of greenness isoline [39]. Such evidence on the Tibetan
Plateau has been observed in field experiments. For example, Liang et al. [18] found that
warm-induced upward movement of tree lines was slowed by the interactions between
species. In addition to the factors mentioned above, other factors, including nutrition
(nitrogen) limitation, CO, fertilization, and grazing activities, may also affect vegetation
greenness changes in local areas.

Logically, terrain may affect the vertical movement of vegetation greenness given
the effect of terrain on serval factors related to vegetation growth. For example, slopes
affect soil thickness. Soil is generally thinner in steeper areas because of surface runoff
caused by gravity and erosion force. In flat areas, the erosion rate of loose material on
the surface is slow, which makes the parent material gradually develop into the deep soil.
Our results confirmed that the speed of the greenness isoline movement increased with
the slope angles in the six mountainous regions (Figure 10). The more intensive greenness
movement in the steeper areas may be due to the smaller NDVI elevation gradient because,
in the steeper areas, the pixels in the elevation bin are more spatially neighboring. We
did not observe a relationship between greenness isoline movement and the aspect angles
(Figure 10). In contrast, An et al. [16] indicated obvious greenness vertical movements at
two individual aspect angles (i.e., 90°and 315°).

The present work has been developed over An et al. [16]. There are two limitations to
the previous study. First, the analyses from An et al. [16] used the coarse satellite NDVI data,
which is incompatible with the spatial resolution of the digital elevation model data (250 m
vs. 30 m). This may lead to uncertainties in analyzing the elevation-dependent vegetation
activities. Second, their analyses employed all pixels in the same elevation bin across the
Plateau. The Tibetan Plateau spans more than 12 degrees in latitudes with diverse climate
conditions. Treating the Tibetan Plateau as a whole can lead to confounding results. For
example, the change patterns of NDVI along elevations determine the elevational gradient
of NDVI, which is directly related to the elevational movement of NDVI isoline (Figure 3).
Our investigations based on individual mountains suggested the diverse NDVI elevational
change patterns, such as the bell shape in the northeastern plateau (Bayan Har, Eastern
Kunlun, and Qilian) and the continuously decreasing trend in the southwestern plateau (the
Nyaingentanglha and Eastern Himalayan) (Figure 4). As a result, there was more obvious
upward movement of NDVI isoline at middle and high elevations in the northeastern
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plateau compared with that in the southwestern plateau (Figure 6). Unfortunately, the
diverse NDVI elevational change patterns were completely ignored by An et al. [16]; thus,
they did not observe the upward movement of NDVI isoline at middle and high elevations
on the Tibetan Plateau (see Figures 2b and 3e in their study). Considering the limitations
in the data and analyzing method from An et al. [16], our results may be more reliable to
demonstrate the diverse elevation-dependent vegetation changes across the Tibetan Plateau.
We expect to conduct the long-term field control experiment (e.g., artificial warming along
elevations), which can further validate the satellite observations in this study.

We recognized some limitations in our analyses. First, vegetation greenness changes
were observed by satellite data at the pixel level (30 m). Obviously, a pixel may include
different types of plants, and the observed greening may occur only for some species. It is
very meaningful to explore the underlying mechanisms of greening. For example, greening
may be caused by temporal variations in plant community composition. However, it is
still challenging to identify species composition from Landsat data. More hyperspectral
satellite data and field-based investigations may be useful for this issue in the future.
Second, the Landsat images acquired at different local times may have the bidirectional
reflectance distribution function (BRDF) effect, which leads to the inconsistency of the data
acquired in different years. To reduce the BRDF effect, we used the Landsat data only
acquired during July—August within each year. Third, cloud contamination is another
obstacle to use Landsat data for our analyses. Although we adopted the maximum value
composition technology, there are still missing values in the image due to continuous
cloud contamination. We employed a typical gap-filling method MNSPI to fill the missing
values. However, there is still a difference between the filled and true values. We may
need to develop more advanced gap-filling methods, such as a method employing both
the spatial and temporal information in the filling [40]. Fourth, the climate data have a
relatively coarse spatial resolution. The data were spatially interpolated to a finer scale,
which may take some uncertainties in our analyses. More meteorological observations and
more advanced methods are needed to produce accurate climate datasets.

5. Conclusions

We reported the relationship between temperature and the elevation-dependent vege-
tation activities for six mountainous regions on the Tibetan Plateau by using the medium-
spatial-resolution Landsat NDVI data (30 m) from 1990 to 2019. We found a general trend
of vegetation greening during the past three decades in all the six mountainous regions,
and there was a greater greening trend in the lower elevation bins between 4000 and
5000 m. The upward movement of greenness isoline caused by increasing temperature
was observed at middle and high elevations. On the contrary, we found the downward
movement of greenness isoline at lower elevations, which may be explained by the positive
value of the temporal shift of greenness and the negative value of the elevational gradient of
greenness. Due to water availability and other factors, the temperature sensitivity of NDVI
isoline shows negative values at lower elevations. As a result, the NDVI isoline showed up-
ward vs. downward movement with the increase of temperature for approximately 59% vs.
41% of all pixels. Moreover, we investigated the terrain effects on the vegetation activities
and found that the speed of vertical movement of vegetation greenness was regulated by
the slope angles, but not the aspect angles. The new medium-spatial-resolution evidence
improves our ability to understand the diverse response of elevation-dependent vegetation
activities to climate warming on the Tibetan Plateau.
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