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Abstract: The Yarlung Zangbo River basin is an important alley to transport moisture from the
Indian Ocean to the inner Tibetan Plateau. With a wide range of elevations from 147 m to
over 7000 m above sea level (a.s.l.), ecosystems respond differently to climate change at various
elevations. However, the pattern of elevation-dependent vegetation change and how it responds to
recent warming have been rarely reported. Here, we investigated the pattern of vegetation greening
at different elevations in this river basin using SPOT normalized difference vegetation index
(NDVI) data during 1999-2013, and examined its relationship with elevation-dependent changes
in temperature and precipitation. The annual NDVI has increased by 8.83% from 1999 to 2013.
In particular, the NDVIincreased more apparently at lower elevations, but remained relatively stable
or even decreased at high elevations. It seems that rising temperature has driven the basin-wide
vegetation greening, but the greening rate is in contrast to the pattern of elevation-dependent
warming (EDW) with more significant temperature increase at higher elevations. It appears that
decreasing precipitation does not reverse the overall increasing trend in NDVI, but relatively limited
precipitation (<500 mm) may constrain the NDVI increases, causing apparently stable or even
decreased NDVI at higher elevations (>4000 m).

Keywords: vegetation greening; elevation gradient; Tibetan Plateau; climate change; precipitation
decrease; normalized difference vegetation index (NDVI); Tropical Rainfall Measuring Mission
(TRMM) derived precipitation

1. Introduction

Climate change is one of the main, but uncertain, factors that have significant impact
on terrestrial ecosystems, inducing vegetation and biodiversity changes, especially in fragile
environments [1-5]. Since 1901, global mean surface temperature has increased by 0.89 °C according
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) [6].

Remote Sens. 2015, 7, 16672-16687; d0i:10.3390/rs71215844 www.mdpi.com/journal /remotesensing



Remote Sens. 2015, 7, 16672-16687

This warming trend is complex with large spatial heterogeneity, varying from significant temperature
increase at some regions to no change or even cooling at certain regions [7-9]. Evidence also
suggests that high-mountain environments are experiencing more rapid warming than lowlands, and
this phenomenon is usually referred to as elevation-dependent warming (EDW) [10,11]. EDW can
accelerate the rate of changes in mountain ecosystems, cryospheric systems, hydrological regimes,
and biodiversity [12,13].

Vegetation plays an important role in regulating terrestrial ecosystem [14], and vegetation
greenness is commonly used to assess the productivity of natural or agricultural lands [15]. Studies
have attributed rising temperature to increasing vegetation productivity over the past decades,
especially for ecosystems at mid-, high latitudes, and high altitudes where temperature is the major
limiting factor [16-20]. If rising temperature acts as a major driver of vegetation greening in a
mountainous environment, a pattern of elevation-dependent vegetation greening (EDVG) would also
be expected in response to the EDW. However, climate change in different elevations is not only
characterized as rising temperature, but also associated with shifting precipitation regimes [21,22].
For example, some studies have indicated that, compared to temperature, precipitation is more critical
for the vegetation growth in arid/semiarid areas [23,24]. Due to the variability of temperature,
precipitation, and other potential factors, such as permafrost and snow cover, the mechanism is
still elusive on how the pattern of EDVG is associated with changes in climatic factors at various
elevations [11,22].

The Tibetan (Qinghai-Xizang) Plateau, known as the “Third Pole” of the Earth and the “Water
Tower of Asia”, is the highest plateau in the world and has been regarded as one of the ideal regions
to study climate change [9,25,26]. Studies have suggested that the warming rate rise as elevation
increases [10], causing higher climate sensitivity and phenological changes in higher elevations,
but dominant climatic factors differ considerably across the Tibetan Plateau [2,11,27]. For example,
rising temperature is the main factor causing grassland greening on the northern plateau, while
wetting is the main factor on the southern regions [28]. Other reports show that the high elevations
are getting less snow and rainfall [29], and droughts have threatened the vegetation growth on the
southern plateau [30]. For example, the migration of tree line in the Himalayas of the Southern Tibetan
Plateau is largely controlled by precipitation, rather than temperature as found in the Alps [31]. Thus,
it is of critical importance to understand the pattern of vegetation greening in different regions and
elevations of the Tibetan Plateau, and its mechanism in response to the EDW and precipitation.

In this paper, we investigate the pattern of EDVG in the Yarlung Zangbo River (YZR) basin,
an important alley to transport moisture from the Indian Ocean to the inner Tibetan Plateau [32],
during the past 15 years (1999-2013) and examine how EDW and precipitation affect this pattern.
Using NDVI (normalized difference vegetation index) as an indicator of vegetation greenness [33-35],
we aim to address three research questions: (1) does NDVI’'s temporal increasing/decreasing trend
depend on elevation? (2) do elevation-dependent temperature and precipitation changes exist in
the YZR basin? and (3) would EDVG be explained by EDW effectively? If not, what are the roles
of precipitation or other factors on vegetation greening? This study provides useful information
to assess the impact of climate change on high elevations and promote a better understanding of
ecological protection and restoration on the Tibetan Plateau.

2. Materials and Methods

2.1. Study Area

The YZR, stretching across the southern edge of the Tibetan Plateau from west to east, China,
is about 2057 km long with a drainage area of 2.4 x 10° km?. It originates from the Chemayungdung
Glacier in the Southcentral Tibet, and is one of the highest rivers in the world with a long narrow
west-east drainage basin confined by the Himalayas, Gangdise Shan, Nyaingentanglha Shan, and
Tanggula Shan (Figure 1a,b). The YZR flows through the dry and flat region before cutting through
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the Himalayas near Mt. Namcha Barwa (about 7755 m) in the southeast Tibetan Plateau. Then,
it turns to the south and passes through the Great Canyon of the Yarlung Zangbo (the deepest valley
in the world) [36]. The YZR is called Brahmaputra River after flowing into India. The YZR within the
Tibetan Plateau has five tributaries: Dogxung Zangbo River, Nyang Qu River, Lhasa River and Nyang
River in the midstream, and Parlung Tsangpo River in the downstream. The Lhasa River basin, which
provides major water supplies to the YZR, is the largest sub-basin in the YZR basin (Figure 1c).
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Figure 1. The geographical location of the Yarlung Zangbo River basin in the Tibetan Plateau,
China (a,b); and its topographic characteristics represented using the 1 km resolution SRTM DEM (c).
As no meteorological station exists in the upstream of the YZR basin, we use the nearest Gérzé station
to represent the meteorological conditions of Zhongba County.

The YZR basin has a wide range of elevations from 147 m to over 7000 m above sea level (a.s.1.),
and the average elevation is 4600 m. The YZR basin can be divided into three sub-areas (upstream,
midstream, and downstream) and the climatic conditions differ greatly in different sub-areas [37].
The upstream region is defined as the area between Chemayungdung Glacier and Lizi, and is located
within a cold and dry temperate steppe climate zone with a multi-year average precipitation of
<300 mm. The midstream region is defined as the area between Lizi and Paizhen, and has a
temperate forest-grassland climate with a multi-year average precipitation of 300-600 mm, while the
downstream region is defined as the area between Paizhen and Pasighat, and belongs to a warm and
humid subtropical climate zone with a multi-year average precipitation reaching 4000 mm [32]. Both
temperature and precipitation exhibited an increasing trend from the headwater region downstream
to the low reaches of the basin. The vegetation types present an obvious vertical zoning across
the YZR basin [38]. In the upstream regions, the dominant vegetation types are alpine steppe,
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alpine meadow, alpine shrub, and alpine swamp meadow. Similar vegetation types of mountain
shrubby-grassland and alpine forests (primary and plantation) occur in the midstream regions [39].
The dominant vegetation types are coniferous forest and broadleaf forest in downstream regions.

The YZR basin contains abundant vegetation patterns and complex climatic conditions at
various elevations, and has become a hotspot for studying eco-environment change and vulnerability
in response to climate change [39,40].

2.2. Data Sources

We used the NDVI dataset derived from the vegetation instrument of the Systeme Pour
I'Observation de la Terre (SPOT-VGT) 4 and 5 satellites (http://www.vgt.vito.be/) to explore
inter-annual changes and spatial patterns of vegetation greening during 1999-2013. The spatial
resolution of the SPOT NDVI raster is 1 km, and the temporal resolution is about 10 days, which
results in 36 NDVI series in a one-year period [41]. The rasters had been pre-processed by
the Flemish Institute for Technological Research (VITO) using a consistent processing algorithm
including geometric, radiometric, and atmospheric corrections [42]. The maximum value composite
(MVC) for each 10-day interval was derived to minimize the non-vegetation effects on SPOT satellite
images [43].

The Shuttle Radar Topography Mission (SRIM) digital elevation model (DEM)
(http:/ /srtm.csi.cgiar.org/) was used to analyze the topographic characteristics of the YZR basin.
The SRTM DEM provides a 90 m resolution for the world and a 30 m resolution for the US.
The re-sampled SRTM DEMs with resolutions of 250 m, 500 m, and 1 km are also available. To be
consistent with the spatial resolution of the SPOT NDVI data, we downloaded the 1 km resolution
SRTM DEM to investigate the relationship between NDVI and elevation gradient.

We collected observed meteorological data (including monthly mean temperature, monthly
precipitation) for 1999-2013 from 15 meteorological stations (Figure 1c) across the YZR basin
in the China Meteorological Data Sharing Service Network (http://data.cma.gov.cn/). All the
meteorological data have been preprocessed based on the hourly observed data, and have a quality
control with the accuracy reaching 99.9%.

The meteorological stations were limited in our study area. @ We actually used all
14 meteorological stations within the YZR basin and included one nearest station outside the
upstream of the YZR basin for the analysis. These stations were sparsely distributed and mainly
located in the mid- and lower streams. To address the concern that these data may be not sufficient to
represent the climatic conditions of the whole basin, we examined the Tropical Rainfall Measuring
Mission (TRMM) Multi-satellite Precipitation Analysis 3B43 (monthly 0.25 x 0.25 degree merged
TRMM precipitation data during 1999-2013) [44], which downloaded from Goddard Earth Sciences
Data and Information Services Center (http:/ /mirador.gsfc.nasa.gov/), to analyze the spatiotemporal
pattern of precipitation. We also cited publications associated with the pattern of EDW in the YZR,
such as Liu ef al. (2009) [45] and Qin et al. (2009) [10].

Glacier data were collected from the recent released Second Glacier Inventory of China [46].
Major lake data was obtained from Li et al. (2014) [26].

2.3. Data Preparation

To ensure SPOT-VGT NDVI data quality, we excluded the areas of glaciers and major lakes to
reduce the noise in NDVI caused by the water bodies. The annual NDVI raster was derived by
averaging the 36 NDVI series of each year, and the NDVI data within the YZR basin was extracted
from 1999 to 2013. We also calculated the multi-year average NDVI raster through averaging the
fifteen annual NDVI rasters during 1999-2013. Based on the NDVI value of each cell in the YZR basin,
a spatially averaged value of annual NDVI [19] for each year was derived to analyze the inter-annual
change in NDVIL.
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The annual mean temperature for each year was calculated through averaging 12 monthly
temperatures at each meteorological station, and the annual precipitation for each year was calculated
through summing 12 monthly precipitations. We calculated multi-year average temperature and
multi-year average precipitation at each meteorological station, respectively, by averaging the fifteen
annual mean temperatures or annual precipitations during 1999-2013.

Since the TRMM 3B43 precipitation product is an hourly average precipitation data (mm/hour),
we first calculated the monthly precipitation (mm/month) of each pixel through multiplying
the hourly precipitation with the total hours in one month, and then summed the 12 monthly
precipitation values for each pixel into an annual precipitation (mm/year) for each year.
TRMM-derived and station-observed annual precipitation on the Tibetan Plateau are highly
correlated (R?> = 0.79) [26]. We extracted 225 (15 x 15) pixel values of TRMM-derived annual
precipitation at all 15 meteorological stations during the past 15 years, and built a regression model
between these two datasets. Then, we used this regression model to calibrate the TRMM-derived
annual precipitation to obtain a more realistic precipitation pattern.

The areas occupied by glacier and lake were removed to refine the derived NDVI for vegetation
greening analysis.

2.4. Trend Analysis

We applied a linear regression to detecting the greening rate (changing rate in annual NDVI),
the warming rate (changing rate of annual mean temperature), and changing rate of annual
precipitation in the YZR basin during 1999-2013. The regression model is as follows:

y=at+b 1)

where y is the annual NDVI, temperature, or precipitation, respectively; t is the year (from 1999
to 2013); a is the slope, indicating the greening rate, the warming rate, or the changing rate of
precipitation, respectively; b is the intercept of the regression.

We also evaluated the significance of the trends using the non-parametric Mann-Kendall test
(M—K test) [47]. We first defined M—K test statistic S as follows:

5= Z ?;112?:%151'8” (Xi = Xj) 2

where, sign() is the sign function; X; and X; are the annual values in year i and j (i > j), respectively,
from 1999 to 2013; n equals to 15, the total number of years. When X; — X]- is less than, equal to,
or greater than zero, sign (X; — X;) will be —1, 0, or 1 correspondingly. A Z-value is calculated using
the following equations:

Z=(S-1)//n(n—-1)(2n+5)/18 S>0
7 -0 5=0 3)
Z=(S+1)/4/n(n—1)(2n+5)/18 S <0

Z-value > 0 indicates an increasing trend, whereas Z-value < 0 indicates a decreasing trend.
The absolute Z-value of >1.28, >1.64 or >2.32 represents the statistical significance at the confidence
level of 90%, 95%, or 99%, respectively.

2.5. Exploring NDVI and Climatic Variables

We plotted the value of multi-year average NDVI, greening rate, TRMM-derived precipitation
and precipitation trend against elevation bins, respectively. One elevation bin is defined as an
elevation range from 250 m below to 250 m above the bin elevation; for example, elevation bin of
500 m is for an elevation range from 250 m to 750 m. We also plotted the greening rate against
multi-year average NDVI bins. One multi-year average NDVI bin is defined as a multi-year average
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NDVI range from 0.05 below to 0.05 above the bin multi-year average NDVI. These box-and-whisker
plots help to examine the patterns among NDVI, elevation, and different climatic factors.

3. Results

3.1. Pattern of NDVI Change in the YZR Basin

For the whole YZR basin, the annual NDVI shows a fluctuating but significantly increasing trend
with a greening rate of 0.0018 y~! at the 99% confidence level (Z = 3.37) (Figure 2). The annual NDVI
has increased by 8.83% from 1999 to 2013. The highest annual NDVI value is 0.201 in 2013, which is
0.015 higher than the multi-year average NDVI (0.186) in 1999-2013, followed by those in 2011 and
2009 (0.199 and 0.197, respectively). The lowest annual NDVI is 0.170 in 2000 (0.031 lower than the
multi-year average in 1999-2013), followed by that in 2002 (0.172).
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Figure 2. Changes of annual NDVI in the YZR basin from 1999 to 2013.

As shown in Figure 3a, multi-year average NDVI values gradually increase from the upstream
region where alpine grassland is sparse and patchy, to the midstream region where shrub-grassland
and alpine forest are widely distributed, and to the downstream region where coniferous forest
and broadleaf forest are the dominant vegetation types. Multi-year average NDVI values of >0.4
account for 8.6% of the YZR basin, and most of them appear in the downstream. The spatial
pattern of greening rates across the YZR basin (Figure 3b) is similar to that of the multi-year average
NDVI as shown in Figure 3a. From 1999 to 2013, the greening rate exhibits an increasing trend in
94.1% of the YZR basin, of which 51.8% passed the 95% confidence level (Z > 1.64) (Figure 3c).
The most pronounced increase exceeding 0.007 y~! appears as narrow belts along wide valleys in
the midstream, where large areas of artificial forests were planted in the past 20 years, or as large
patches in the lower reaches. In contrast, decreasing NDVI only occurs in <6.0% of the basin and
appears as small and fragment patches, primarily located in the upstream region, some locations
close to Damxung in the upper reaches of the Lhasa River, regions along main roads or around big
cities in the midstream, and some low-reach locations with higher elevations (Figure 3b,c).

We examined multi-year average NDVI values in different elevation bins and found that the
NDVI values decreases as elevation increase, with the highest value in the elevation bin of 500 m
(Figure 4a). The greening rates slightly increase from elevation bins of 500 m to 2000 m, then start
to decrease from 2000 m to 4000 m elevation bins. Above 4000 m elevation bin, NDVI was relative
stable during 1999-2013 (Figure 4b). We also observed that the greening rates are greater when the
multi-year average NDVI values are higher (Figure 4c). In particular, in regions where the multi-year
average NDVI values are >0.4, the greening rates increase significantly; in contrast, the greening rates
are relatively constant where the multi-year average NDVI values are <0.4. The multi-year average
NDVI value of 0.4 roughly corresponds to the elevation bin of 3000 m (Figure 4a), indicating that the
vegetation greening is more apparent in elevation bins of <3000 m.
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Figure 3. Spatial patterns of multi-year average NDVI (a); greening rate (b); and Z-value (c) in
the YZR basin during 1999-2013. (a) The range of annual mean temperatures is from 0.22 °C to
9.78 °C, and annual precipitation ranges from 200 mm to 841 mm; and (b) the range of warming
rate is 0.011 °C-y~! to 0.09 °C-y~!, and precipitation changing rate ranges from —17.42 mm-y~! to
1.97 mm-y_l ; (¢) Z-value was calculated using the MK test, and the absolute Z values of >1.64 and
>2.32 indicate the confidence level 95% and 99%, respectively.
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3.2. Elevation-Dependent Pattern of Temperature and Precipitation Changes

The multi-year average temperature ranges from 0.22 °C to 9.78 °C in the YZR basin during
1999-2013 based on the observational data from the 15 meteorological stations (Figures 3a and 5a).
For the whole YZR basin, the annual mean temperature exhibits an overall increasing trend (Z = 1.48,
reaching the confidence level of 90%) during 1999-2013, with the highest value of 7.66 °C in 2009 and
a warming rate of 0.039 °C-y~! (Figure 6a). The annual mean temperature exhibits similar increasing
trend during 1999-2013 in all 15 meteorological stations (Figure 3b), and decreases significantly as
elevation increases from 2500 m to 4500 m, with a trend reaching the 99% confidence level (Z = —3.76)
(Figure 5a). The warming rate varies from 0.011 °C-y~! to 0.09 °C-y~!, with a slightly (but not
statistically significant) increasing trend from low to high elevations (Figure 5b).
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Figure 6. Changes in annual mean temperature (a) and annual precipitation (b) within the YZR basin
from 1999 to 2013.

From 1999 to 2013, the multi-year average precipitation observed from the 15 meteorological
stations ranges from 200 mm to 841 mm (Figures 3a and 5c). For the whole YZR basin, the annual
precipitation decreases significantly at the 95% confidence level (Z = —1.78), with the smallest value
of 343 mm occurred in 2009 and a changing rate of —9.33 mm-y~! (Figure 6b). Specifically, 13 out of
15 meteorological stations have the similar decreasing trends (Figure 3b). The annual precipitation of
each station decreases significantly as elevation increases from 2500 m to 4500 m, reaching the 95%
confidence level (Z = —1.88) (Figure 5¢). The rate of precipitation change varies from —17.42 mm-y !
to 1.97 mm-y~!, with a slightly decreasing trend from low to high elevations (Figure 5d).

TRMM-derived precipitation and station-observed precipitation are highly correlated
(R? = 0.7796, Figure 7), indicating that TRMM-derived precipitation can be used to interpret spatial
and temporal trends in precipitation. It appears that TRMM-derived precipitation is higher than
station-observed precipitation in this basin. We used the regression model to calibrate the TRMM
precipitation. The calibrated TRMM precipitation increases gradually from the upstream to the
downstream, ranging from 230 mm to the maximum of 2297 mm (Figure 8a). Only 28.3% of
calibrated TRMM precipitation exhibits a similar trend with the greening rate of the YZR basin during
1999-2013, and 71.7% shows an opposite trend (Figures 3b and 8b), of which mainly occurs in the
regions with TRMM precipitation from 400 mm to 700 mm (Figure 8a).

Regions with precipitation <500 mm approximately account for 54.5% of the river basin, while
with precipitation >800 mm only take up to 13.4%, mainly occurring in the downstream where
elevation bins are <3500 m (Figure 8c). Similar to the trend observed from stations, calibrated TRMM
precipitations also decrease significantly as elevation increases from 500 m to 6000 m (p < 0.05).
The changing rates of calibrated TRMM precipitation range from —10 mm-y~! to 0 mm-y~! (median
value), without a clear dependence with elevation (Figure 8d).
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Figure 7. Relationship between TRMM-derived precipitation and observed precipitation from
metrological stations in the YZR basin during 1999-2013.
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Figure 8.

Spatial distribution of TRMM-derived precipitation (a);
TRMM-derived precipitation changing rate and greening rate (b); vertical pattern of TRMM-derived
precipitation (c); and TRMM-derived precipitation changing rate (d) against elevation from 500 m
to 6000 m in the YZR basin during 1999-2013. (a) The range of station-observed precipitation is
from 200 mm to 841 mm; (b) the grey means an opposite trend, the cyan indicates a similar trend;
(c,d) the box-and-whisker plot is produced from the 25th to 75th percentiles at the ends of the box,
the median is indicated with a horizontal line in the interior of the box, and the maximum and

minimum are at the ends of the whiskers.
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4. Discussion

Climate change is one of the main drivers of the changes in vegetation productivity in many
regions around the world [48-50]. In the YZR basin, vegetation greening shows an overall NDVI
increase of 8.83% from 1999 to 2013, but NDVI increased more apparently at lower elevations,
whereas it remained relatively stable or even decreased at high elevations. In particular, 94.1% of
the YZR basin experienced NDVI increases (51.8% of these areas present a significant increase)
(Figure 3b,c). The overall pattern of the vegetation greening shows a positive correlation with
increasing temperature (v = 0.587; p < 0.05), but a negative relationship with decreasing precipitation
(r = —0.580; p < 0.05). These results are consistent with other studies on the Tibetan Plateau [22,51]
and the Himalayas [41]. Although the precipitation has been decreasing in the Southern Tibet in
recent decades [26], enhanced warming can alter the heat and moisture transfer balance [22] and play
a positive role in driving vegetation greening of the YZR basin since 1999. For instance, the annual
NDVI decreased greatly in 2008 with low temperature and high precipitation, but increased in 2009
with high temperature and low precipitation (Figures 2 and 6). Our results are also consistent with
previous findings that temperature is a dominant limiting factor for vegetation growth in Central
Asia [8] and Arctic [3]. It is likely that rising temperature has driven the overall increase in vegetation
across the YZR basin.

It is interesting that the greening rates are not fully associated with the rates of EDW (Figures 4b
and 5b). NDVI increases are more apparent at lower elevations (Figure 4b), in contrast to the pattern
of EDW with higher warming rate at higher elevations. One potential reason for the inconsistency
between the pattern of EDVG and EDW might result from the fact that the EDW in the YZR basin
is not statistically significant. Although slightly higher warming rate occurs at higher elevations,
the trend of the EDW rate from the 15 meteorological stations does not pass the significance level of
95% (Figure 5b). Lack of observational data above 4500 m limits our ability to interpret the general
pattern of EDW in the YZR. Liu et al. (2009) used a large dataset of 116 meteorological stations
in the eastern Tibetan Plateau, found that warming is more prominent at higher elevations than at
lower elevations [45]. Based on Moderate Resolution Imaging Spectro-radiometer (MODIS) product,
Qin et al. (2009) found that the warming rate becomes stable from 4800 m to >6600 m with a slightly
declining trend near the highest elevations, after an increase from 3000 m to 4800 m [10]. However,
we found that most greening rates within the elevation bins of >4500 m are minor (<0.002 y~')
(Figure 4b). This indicates that the weak pattern of EDW in the YZR basin may blur the pattern of
EDVG, but it is less likely to reverse the trend of vegetation greening at higher elevations. Therefore,
other factors might contribute to the contrasting pattern between EDW and EDVG.

Precipitation is also crucial to vegetation growth [42], especially in the arid and semi-arid
areas [52-54]. We found an overall decreasing trend in precipitation in the YZR basin during
1999-2013, which could have a negative impact to offset some of the NDVI increases driven by
warming. However, the rate of precipitation change seems not to depend on elevation and cannot be
used to explain EDVG. Note that the amount of precipitation decreases significantly with increasing
elevation (Figure 8b), coincident with the decreasing greening rate with elevation in this basin
(Figure 4b). Specifically, the spatially-averaged greening rate is >0.0034 y~! in regions where
TRMM-derived precipitation is >800 mm and decreasing precipitation seems to have no negative
effect on the NDVI increase in these regions. In contrast, the spatially-averaged greening rate is
only <0.0014 y~! in areas where TRMM-derived precipitation is <500 m (corresponding elevation
bins >4000 m) and many locations experienced NDVI decrease in these region, corresponding to
decreasing precipitation (Figures 3b and 8b). It seems that, in relatively humid areas (annual
precipitation of >800 mm), vegetation growth is not sensitive to the variability of precipitation, and
the temperature change is likely the dominant driver for the NDVI change. However, in relatively
arid areas (<500 mm), precipitation becomes a major limiting factor for vegetation growth and the
low precipitation may limit the NDVI increase at high elevations in the YZR basin.
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Some studies reported that environmental changes could alter vegetation phenology [51].
For example, the end date of vegetation growing season (EDS) on the Tibetan Plateau occurred
earlier with increasing elevation during 1982-2011, the various vegetation types showed different
phenological EDS timing [55]. In the YZR basin, the vegetation type of relatively high greening rates
is mainly forest at lower elevations [56] with the multi-year average NDVI values of >0.4 (Figure 4a).
However, we could not assess if the vegetation type alone would affect the greening rate in response
to climate change, as the green-up date among different vegetation types is also determined primarily
by the temperature and precipitation regimes associated with various elevation gradients [22,55].
These indicate that more studies are needed to clarify the biological processes of EDVG.

We also found that vegetation greening is partly affected by human activities in the YZR basin.
For the past 20 years, a series of ecological protection projects, including afforestation, grassland
protection, and vegetation recovery on sand dunes [57], have been implemented to prevent and
restore degraded land. These ecological protection activities have resulted in rapid vegetation
greening in some areas, such as wide valleys in the midstream, where the greening rates exceed
0.007 y~!. However, some regions also suffer land degradation due to human activities. For example,
NDVI decrease in some locations along highways and railways in the midstream is likely caused
by road construction. NDVI decrease in regions around major cities, such as Lhasa and Zedang,
is probably associated with urbanization.

5. Conclusions

The focus of this paper is to investigate the pattern of vegetation greening at different elevations
in the YZR basin using SPOT NDVI data from 1999 to 2013, and examined its relationship with
elevation-dependent changes in station-observed climatic factors (temperature and precipitation) and
TRMM-derived precipitation. The annual NDVI has increased by 8.83% from 1999 to 2013 in the YZR
basin with a NDVI increase rate of 0.0018 y~!. About 94.1% of the YZR basin has experienced NDVI
increase, 51.8% of which passed the 95% confidence level. The rate of vegetation greening varies with
elevation, with a slight increase from elevation bins of 500 m to 2000 m, a lesser increase from 2000 m
to 4000 m, and a relatively stable trend above 4000 m. The most pronounced increase (>0.007 y~!)
occurred in some narrow belts along wide valleys in the midstream and in some patches in the low
reaches, where elevations are generally <3000 m.

The temperature has been continuously increasing in the YZR basin since 1999, with a warming
rate of 0.039 OC~y_1. The warming rate exhibits an increasing trend with increased elevation, but the
trend is not statistical significant at the 95% level. The annual precipitation slightly decreases in
1999-2013, with a changing rate of —9.33 mm-y~!. The precipitation decreases significantly as
elevation increase, but its changing rate does not show a clear pattern along elevation gradients.

The vegetation greening is positively correlated with increasing temperature, but negatively
related with decreasing precipitation. It seems that rising temperature has driven the basin-wide
vegetation greening, but the greening rate is in contrast to the EDW pattern with more significant
temperature increases at higher elevations. It appears that decreasing precipitation does not affect the
overall increasing trend in NDVI, but relatively limited precipitation (<500 mm) may constrain the
NDVI increases, causing apparently stable or even decreased NDVI at higher elevations (>4000 m).
In addition, we also identified areas where NDVI changes may also be affected by human activities
(both positively and negatively), such as afforestation and urbanization. These findings provide
important insight into the climate change impact on alpine ecosystems and useful information to
enhance the ecological protection and restoration on the Tibetan Plateau.
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