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Abstract: Spatiotemporal vegetation patterns are of great importance for regional development. As
one of the largest transnational rivers in China, the Yarlung Zangbo River in the Qinghai-Tibetan
Plateau was selected as the study site, and the spatiotemporal patterns of vegetation during 1998-2014
were analyzed using the normalized difference vegetation index (NDVI). The results show that the
NDVI increased with decreasing elevation, and the largest value was observed for the broadleaf
forest. The lag time of NDVI to precipitation for most of the vegetation units was distinguished
as approximately one month. In the region with an elevation of over 5000 m, the NDVI for the
alpine vegetation was negatively correlated with the precipitation. Most NDVI variations were due
to precipitation and temperature (approximately 75%). These results could provide a reference for
ecological protection at a similar high elevation in the future.
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1. Introduction

Worldwide decreases in vegetation have become increasingly severe in recent decades [1-8].
Comprehensively understanding the characteristics of each vegetation unit is vital for ecological
protection, particularly under the changing environment (climate change or human activities). As an
effective index for representing cover conditions and vegetation growth, the normalized difference
vegetation index (NDVI) has been successfully applied worldwide [9-13]. As it affects the NDVI most
directly, the relationship between precipitation and the NDVIis commonly analyzed. Numerous studies
have been conducted to elucidate the patterns of the NDVI and its relationship with precipitation for
different vegetation units [14-18]. In addition to precipitation (water vapor factor), heat also strongly
affects vegetable growth, and temperature is the most common indicator of heat applied in relevant
studies [16,19,20]. However, few studies have focused on the changes in different vegetation units at a
high elevation. Therefore, it is necessary to study the characteristics of the NDVI and the influences
of precipitation and temperature on it at a high elevation for effective water resources allocation and
ecological protection.

As one of the largest international rivers in China, the Yarlung Zangbo River plays a vital role in
supporting the economic development of the whole of Tibet [21,22]. The Yarlung Zangbo River Basin
is located in the southern part of the Qinghai-Tibetan Plateau with significant variations in elevation.
Few studies on the relationship between NDVI and precipitation or temperature have been conducted
in this study area [23,24]. In this study, the maximum, minimum, mean, and median NDVI for each
vegetation unit in the Yarlung Zangbo River Basin are calculated and the trend of the NDVI during
1998-2014 is analyzed. The results can aid ecological protection and water resource management.
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2. Materials and Methods

2.1. Study Area and Data

The Yarlung Zangbo River is located in the southwest frontier of China (82°-97°7" E and
28°-31°16" N) (Figure 1). It flows from west to east across Tibet and then into India as the Brahmaputra
River. The length of the Yarlung Zangbo River is approximately 2057 m and it covers an area
of 2.42 x 10° km?. The largest elevation decrease at mountains across the basin reaches 5435 m.
Precipitation is mainly concentrated in June to September, accounting for 60-90% of the annual total.
There are great differences in the water vapor conditions from upstream to downstream, and the annual
precipitation increases from 50 mm to over 4000 mm. The high precipitation occurs at the humid
areas from the midstream and downstream valleys where monsoonal air-masses (Indian Summer
Monsoon) move in. In addition, low precipitation happens in the dry areas from the rain shadow of the
Himalayas. For the temperature, the spatial pattern is opposite to the precipitation. The annual average
temperature in the study area is between —7.1 and 22.2 °C (increasing from upstream to downstream).
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Figure 1. Map of the Yarlung Zangbo River basin. Note: YZRB in the legend refers to the Yarlung
Zangbo River basin.

NDVI data was acquired from SPOT VEGETATION VGT-510 (10 days) products (https://www.
vito-eodata.be/) with the spatial resolution of 1 km (2257 grids from the original dataset have
been extracted for the study area). The products were generated by using atmospheric correction
and multiband composite technology. The maximum value extraction algorithm was adopted to
the monthly NDVI data [13]. The data duration from 1998 to 2014 was selected as the study
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period. Considering the vegetation has a growing and non-growing season, the time step was
selected as one year, from April to the next March. The elevation data was downloaded from SRTM
(Shuttle Radar Topography Mission, launched by NASA Jet Propulsion Laboratory in California
Institute of Technology) DEM (Digital Elevation Model) products at the grid of 90 m x 90 m (http:
//srtm.csi.cgiar.org/SELECTION/inputCoord.asp).

In addition, the daily precipitation and temperature data with a resolution of 0.1° were obtained
from the Cold and Arid Regions Science Data Center at Lanzhou, China (http://westdc.westgis.ac.cn).
The precipitation and temperature dataset was validated by Gao et al. [25] and Dai et al. [26]. A
vegetation cover map with a scale of 1:1,000,000 was also downloaded from the same data center.
This map was achieved by the National Agricultural Commission, National Science and Technology
Commission, and Chinese Academy of Sciences in 2008, and took around 30 years to complete. The
types of vegetation in the Yarlung Zangbo River Basin include alpine vegetation, meadow, grassland,
shrub, cultivated vegetation, coniferous forest, broadleaf forest, and others (Figure 2).
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Figure 2. Distribution map of vegetation in the basin.

2.2. Descriptive Statistics

Some statistics were selected and used to analyze the distribution of NDVI and its linkage to
elevation with a box plot, such as maximum, minimum, mean, first quartile, second quartile (median),
third quartile, fifth percentile, ninety-fifth percentile, and interquartile range [27-29].

2.3. Lag Time

The correlation coefficient cc; [30,31] between the two series of X (X1, X, ..., Xn, where n is the
length of study period) and Y (Y14¢, Yo4t, - .., Yust, where t is the lag time) can be calculated. The
maximum value of t is denoted by T. Then, a number of cc; can be obtained, i.e., ccp, ccy, ... , ccr. The
maximum of ccy, ccy, . .. , ccr is the final correlation coefficient between X and Y, and the corresponding
subscript is the final lag time.

2.4. Multiple Linear Regression

In this study, the multiple linear regression method [32-34] was applied to quantify the
contributions of different independent variables (precipitation, temperature) to the dependent variable
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(NDVI). To this aim, the key procedure in a multiple linear regression algorithm to derive the
contributions is to solve the linear functions as below in this study.

NDVI; = aP; + bT; + ¢ )
NDVI; = a’P; + ¢’ @)
NDVI; = a"T; +¢” 3)

where P;, T;, and NDVI; (i is the month rank, i =1, 2, ... , 192) are the mean monthly precipitation,
temperature, and NDVI, respectively. In addition, a, b, a’, b/, a”, b” are regression coefficients, which
can be determined by using least squares fitting [35], and ¢, ¢/, ¢ are intercepts.

Based on the above procedures, the contribution of precipitation and temperature to the NDVI
can be calculated as Equations (4) and (5), respectively.

192 , 192 )
Y (NDVI;—~NDVI;/" )2~ ¥, (NDVI; - NDVI;)
i=1 i=1
= 192 )

Y, (NDVI;o - NDVI;”)?
i=1

192 , 192 5
Y (NDVI;—~NDVI/” )2~ Y. (NDVI; —- NDVI;)
i=1 i=1
T = 192 ®)

Y, (NDVI;o - NDVI;/" )?
i=1

Cozl—Cp—CT (6)

where NDVI’, NDVI;”, and NDVI;"" are the linear modeled value of the monthi (i=1,2,...,192) by
Equations (1)-(3), respectively. cp, ct, and cp are the contribution of precipitation, temperature, and
other factors to change the NDVI, respectively.

3. Results

3.1. Elevation vs. Vegetation

Elevation has been found to be the most significant land factor determining the distribution of
different vegetation types [36]. To elucidate the characteristics of elevation that affect the vegetation unit
in this case study, the proportion of different vegetation types is listed in Table 1, and the distribution
of different types of vegetation across different elevations is shown in Figure 3. The average elevation
for different vegetation types decreased gradually in the following order: Alpine vegetation > meadow
> other > grassland > shrub > cultivated vegetation > coniferous forest > broadleaf forest unit.
Specifically, alpine vegetation was mainly observed in the area above 5000 m a.s.l., which covered
16% of the whole study area. Meadow, grassland, shrub, cultivated vegetation, and other vegetation
were located in the area with an elevation of 350-5000 m. The meadow area accounted for 47% of the
total area. In addition, coniferous and broadleaf forests were mainly located in the region with lower
elevation, and their median elevations were below 3500 m.

Table 1. Proportion of different vegetation in the basin.

Vegetation Percentage/% Vegetation Percentage/%
Meadow 47 Shrub 6
Alpine vegetation 16 Broadleaf forest 4
Other 11 Coniferous forest 3
Grassland 11 Cultivated vegetation 2
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Figure 3. Distribution of elevation for different types of vegetation in the basin.

3.2. Trend of NDVI

During 1998-2014, the mean and median NDVI values were mostly distributed between 0.12 and
0.41, and 0.09 and 0.40, respectively. However, the mean and median NDVI values in the broadleaf
forest were larger than those of other land covers, with values of 0.70 and 0.74, respectively. For the
alpine vegetation, the mean NDVI value was quite low. The mean NDVI values and the variations for
different types of vegetation are shown in Figure 4. Similar studies have been conducted in the source
regions of the Yangtze and Yellow Rivers, and the results suggest that the annual mean NDVI values
were within 0.19-0.25, and 0.26-0.35, respectively [37]. The NDVI in the source region of the Yangtze
and the Yellow Rivers was higher than that in the source region of the study area due to the higher
elevation of the latter.
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Figure 4. Mean and variation of normalized difference vegetation index (NDVI) for different types of

vegetation in the basin.
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The NDVI trends were analyzed by calculating the trend coefficient (Table 2) and tendency of the
annual NDVI during 1999-2013 for different vegetation units, and the results are presented in Figure 5.
All NDVIs exhibited an increasing trend. In addition, the significance of the trends was tested by
conducting a Mann-Kendall test, and the results show that all trend coefficients are significant [30].
The trend of the NDVI for the cultivated vegetation unit was most significant, with a tendency of
0.0029/year [5,34]. The trend of the NDVI for the shrub unit was also highly significant, with a tendency
of 0.0016/year. In addition, the significance of the NDVI trends for other vegetation units decreased
as follows: Meadow > grassland > broadleaf forest > alpine vegetation > other > coniferous forest
unit. The tendency values were linked to the NDVI values. The tendencies of the NDVI for alpine
vegetation, meadow, grassland, shrub, and other unit were within an order of 1073 year‘l, while those
for cultivated vegetation, coniferous forest, and broadleaf forest unit were 2 x 1073, 3 x 103 and
4 x 1073 year™, respectively.

Table 2. Trend coefficient of normalized difference vegetation index (NDVI) for different vegetation.

Vegetation Trend Coefficient Vegetation Trend Coefficient
Alpine vegetation 0.58 Shrub 0.80*
Meadow 0.77 * Cultivated vegetation 0.84 *
Other 0.52 Coniferous forest 0.51
Grassland 0.72* Broadleaf forest 0.64 *

Note: The trend coefficients range from 0 to 1, for which the larger value corresponds to the closer relationship
between the studied two variables. The significance in trend coefficients is tested by the nonparametric Mann-Kendall
(MK) test method [38-41]. Values with “*” indicate that they have passed the 0.05 significance level, and only the
bold value is the largest trend coefficient.
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Figure 5. Trend of NDVI for different types of vegetation in the basin.

3.3. Influences of Precipitation and Temperature to Change in NDVI

The lag times of the NDVIs to precipitation in 2257 pixels were calculated, and the proportions of
each specific lag time in different vegetation units are shown in Table 3. The results indicate that the
lag times ranged from 0 to 10 months. As the most common vegetation type (41%, meadow), the lag
time for 71% of meadow pixels was one month. For the shrub and cultivated vegetation unit, 83 and
79% of pixels exhibited a lag time between NDVI and precipitation of one month, respectively. As
one of the most widely distributed vegetation types, the NDVI in 41% of the alpine vegetation pixels
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exhibited a lag time to precipitation of one month. For other vegetation types with lower distribution
ratios, such as grassland, coniferous forest, broadleaf forest, and other units, the lag time between the
NDVI and precipitation varied. Specifically, for the coniferous forest, the lag times between the NDVI
and precipitation were zero and one month in 30 and 36% of the pixels. However, there was no lag
between the NDVI and precipitation for most (46%) of the other vegetation units. The most common
lag time between the NDVI and precipitation in the Yarlung Zangbo River Basin was one month.

Table 3. Proportions of pixels with different lag time of the NDVI to precipitation for different vegetation.

(Unit: %).
Lag Time (month) 0 1 2 3 4 5 6 7 8 9 10
Vegetation
Alpine vegetation 5 41 7 3 3 3 2 8 23 4 1
Meadow 3 71 5 4 0 1 0 6 8 1 1
Grassland 8 19 8 11 4 5 3 10 20 3 9
Shrub 4 83 6 0 0 0 0 2 5 1 0
Cultivated vegetation 10 79 1 1 0 1 1 3 2 2 0
Coniferous forest 30 36 3 6 3 3 0 3 6 3 6
Broadleaf forest 21 10 16 17 3 0 1 6 9 3 14
Other 46 3 3 9 4 8 3 0 0 1 21

Note: The bold values represent relatively large proportions.

The mechanisms of the responses of the NDVI to the changing environment vary greatly between
areas and climatic conditions. By using the multiple correlation analysis method, the dominant factors
in the changes of the NDVI were studied, and the results are shown in Figure 6. The pixels with an
NDVI that was mainly influenced by precipitation accounted for 54% of the whole basin and were
concentrated in the center. In addition, the NDVI in 21% of pixels was driven by air temperature, and
such pixels were concentrated in high-elevation areas including the upper-most and central-northern
parts of the basin. Moreover, the changes in the NDVI in the residual 25% of pixels located in the
downstream areas were controlled by other factors. The influences of precipitation, air temperature,
and other factors on the NDVI for different vegetation types are described in the following.
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Figure 6. Dominant factors for change of NDVI in the basin.

As the essential component of water vapor, precipitation is one of the most significant factors
driving the NDVI, and the influences of precipitation on the changes in the NDVI differ between
vegetation units. Consistent with the above analysis, precipitation contributed to the changes in the
NDVI of grassland and shrub pixels at a rate of over 0.6. In meadow, cultivated vegetation, coniferous
forest, and broadleaf forest, the contributions of precipitation to the changes in the NDVI ranged
from 0.4 to 0.5. In addition, for alpine vegetation and other units, averages and median values for
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the contributions of precipitation to changes in the NDVI below 0.4 were identified. However, unlike
precipitation, the contributions of air temperature to changes in the NDVI were smaller, particularly
for coniferous and broadleaf forest, where the median contributions were below 0.1. For grassland
and other vegetation units, the median contributions of air temperature to changes in the NDVI were
quite low, at approximately 0.1. In addition, for alpine vegetation, meadow, shrub and cultivated
vegetation, the contributions of temperature to changes in the NDVI were slightly higher, but the
values were still below 0.2. In terms of the contributions of other factors to changes in the NDVI, large
medians and means with values of approximately 0.5 were identified for coniferous and broadleaf
forest, particularly for broadleaf forest units. The contributions of other factors to changes in the NDVI
for the alpine vegetation and other units were lower, with medians and means of 0.4-0.5. However, for
meadow, grassland and shrub, the medians and averages of the contributions of other factors were
generally below 0.3. For shrub unit, the median was below 0.2. Moreover, for cultivated vegetation, a
large interquartile range of approximately 0.4 was observed in the contributions of inner pixels, and
the median contribution of other factors to the changes in NDVI was low at 0.23.

4. Discussion

4.1. The Distribution of the Meadow Unit

As mentioned above, the range of NDVI values in the study area was quite broad, which
corresponds to its large elevation difference. Specifically, the meadow unit has been found with a
wide range of elevations and NDVI values. Similar studies have been conducted in nearby areas, for
instance, Acharya and Vijayan [42] described that meadow is the dominant vegetation type in the
northeastern part of the Qinghai-Tibetan Plateau, and is mainly concentrated in areas above 3000 m.
Muller [43] also found that meadow is the most extensive land type at elevations above 3600 m, and
the forest unit is distributed in the area below 3600 m.

4.2. Why It Is Greening in The Study Area

Liu et al. [20] also studied the trend of the NDVI for several types of vegetation in the
Qinghai-Tibetan Plateau, and their results indicate that the NDVIs for the alpine vegetation and
broadleaf forest unit exhibited significant increasing tendencies. Similar, a greening tendency has
been widely diagnosed in this case study. The causations can be summarized with the following
three aspects. First, in the high areas, most vegetation growth are limited by low temperature. In this
case, temperature increase cultivates the vegetation growth. Second, for the mid-downstream valleys,
increased precipitation may be the main reason for greening. Third, in several lowland areas, human
interventions could be the dominant factor leading to greening.

4.3. Influences of Meteorological Factors to the Change of NDVI

Relevant studies also point out that precipitation and temperature are the main factors affecting the
change of the NDVI. For example, Zhang et al. [44] found that there was a negative relationship between
the NDVI and temperature in the southern Qinghai-Tibetan Plateau. Chu et al. [45] documented that
the relationship between the NDVI and precipitation was stronger than that between the NDVI and
temperature in the Lhasa area of Tibet. In addition, Liu et al. [46] studied the relationship between
the NDVI and climate factors for different vegetation units in the Qinghai-Tibetan Plateau, and
found positive relationships between the NDVI and precipitation/temperature for temperate steppe
and desert unit. While for the broadleaf forest unit, both the relationships between the NDVI and
precipitation/temperature were negative. In addition, a negative relationship was found between
the NDVI and precipitation, while it was positive between the NDVI and temperature in the alpine
vegetation unit, and the NDVI values of the grassland unit were positively correlated with temperature.
In fact, aside from precipitation and temperature, other factors, such as the above-mentioned, including
evapotranspiration, radiation, wind speed, etc., may also impact the changes in the NDVI values to
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a certain extent. In future relevant studies, they should be taken into consideration to thoroughly
understand the mechanism in the changes of the NDVI.

4.4. Limitation of The Study

The biggest limitation of this study is the short data length. It affects the trend results to a
certain extent. In addition, considering that the analysis results show that 25% of pixels in the
study area have other factors-dominated changes of NDV]I, several other meteorological factors (e.g.,
evapotranspiration, radiation, etc.) and non-meteorological factors including natural disturbances
(e.g., rockfalls after earthquakes, wildfires, etc.) and anthropogenic disturbances should also be taken
into consideration to thoroughly understand the mechanism in the change of the NDVI in future
relevant studies.

5. Conclusions

Spatiotemporal patterns in the NDVI, precipitation, trends and relationships for different vegetation
types in the Yarlung Zangbo River Basin at annual and growing season scales were comprehensively
analyzed in combination with the trend coefficient and lag time. The conclusions can be summarized
as follows:

(1) The largest mean NDVI values and precipitation at annual and growing-season scales were
both observed for the broadleaf forest unit. The NDVI of all vegetation types increased, and the trend
for the cultivated vegetation unit was most significant.

(2) The lag between the NDVI and precipitation is approximately one month. The weak links
between the NDVI and precipitation are negative in higher-elevation areas with alpine vegetation,
meadow, coniferous forest, and other units. The NDVIs are positively related to precipitation in
lower-elevation areas with higher precipitation, such as grassland, shrub, cultivated vegetation and
the broadleaf forest unit.

(3) Vegetation greening in precipitation-dominated areas (middle-southern and downstream
areas) is led by decreases in precipitation. For such NDVIs, with higher positive relationships between
NDVI and precipitation, greening in NDVIs due to the decreases in precipitation is more significant.
However, in temperature-controlled areas (high-elevation and upstream areas), increasing NDVIs are
due to increases in temperature.
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