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Abstract: Human impact plays an increasing role on vegetation change even on the Tibetan Plateau,
an area that is commonly regarded as an ideal place to study climate change. We evaluate the nature
and extent of human impact on vegetation dynamics by the comparison of two areas: the relative
highly populated Lhasa area and a nearby less populated Lhari County. Our results indicate that
human impact has mainly decreased vegetation greenness within 20 km of the urban area and major
constructions during 1999-2013. However, the impact of human activities in a relatively large area
is still minor and does not reverse the major trends of vegetation dynamics caused by the warming
temperature in recent decades. It seems that the impact of anthropogenic factors on the normalized
difference vegetation index (NDVI) trend is more apparent in the Lhasa area than in Lhari County.
The major anthropogenic driving factor for vegetation browning in the Lhasa area is livestock number,
while the factors, including the number of rural laborers and artificial forest areas, are positively
correlated with the annual NDVI increase. The similar relationship between the annual NDVI and
driving factors appeared in Lhari County, except for artificial forest areas. The warming temperature
and the change in precipitation played dominant roles on vegetation greening in Lhari County than
that in the Lhasa area.

Keywords: vegetation dynamics; human impact; global change; adaptation strategy; Tibetan Plateau

1. Introduction

The status of vegetation is commonly used to assess the productivity of natural or agricultural
lands [1,2]. In recent decades, an increasing trend in vegetation greenness has been reported at
global and various regional scales [3,4]. In contrast, a browning trend, which is an indication of
land degradation, has been only reported in some areas [5,6]. Vegetation change is affected by
both climate change and the increasing human activities. Climate factors, such as temperature and
precipitation, affect environmental conditions for vegetation growth [7,8]. Anthropogenic factors,
such as overgrazing, urbanization and road construction [9], influence vegetation change and regional
ecological services.

The Tibetan (Qinghai-Xizang) Plateau, known as the “roof of the world”, is sparsely populated,
with an average population density of 2.6 people/km? in 2013 [10,11]. It is a sensitive region to climate
change [12,13], and has been regarded as an ideal place to study the impact of climate change on
environment [14-17]. Since 1999, “the Western Regions Development Strategy” has been implemented
by the Chinese government. Major cities in this region have been experiencing rapid urbanization and
transportation infrastructure improvement [18]. At the same time, a series of ecological protection
and restoration projects have been implemented to prevent and restore degraded land. Vegetation
greening has been promoted in certain areas of the Tibetan Plateau [11,19,20], whereas the progressive

Sustainability 2016, 8, 1146; d0i:10.3390/su8111146 www.mdpi.com/journal/sustainability


http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
http://www.mdpi.com/journal/sustainability

Sustainability 2016, 8, 1146 2of 16

urbanization and road constructions have also caused land degradation and desertification in some
areas [21-23]. However, the nature and extent of human impact on vegetation dynamics on the Tibetan
Plateau has not been fully examined, especially within and around major cities and highways/railways.
Monitoring and assessing the dynamic changes in vegetation at regional scale could help quantify
the roles of climatic and anthropogenic factors on terrestrial ecosystems [3,24]. Thus, it is of critical
importance to fully understand the pattern of annual and seasonal vegetation changes in relative highly
populated area and less populated area of the Tibetan Plateau, and how it responds to human activities.

In this paper, we use normalized difference vegetation index (NDVI) as an indicator of vegetation
greenness to investigate the pattern of vegetation dynamics in Lhasa area and examine the potential
impact of human activities on NDVI trend from 1999 to 2013 based on the comparison with a primarily
climate-induced area of Lhari County. The purpose of this paper is to investigate the vegetation
dynamics in a human-affected region on the Tibetan Plateau, and examine the roles of climatic
and anthropogenic factors played on vegetation change. The findings from this work will provide
useful information for decision-makers in ecological protection and sustainable development on the
Tibetan Plateau.

2. Methods

2.1. Study Area

Lhasa, the capital and largest city of Tibet, is located in the midstream of the Yarlung Zangbo
River basin on the southern Tibetan Plateau, China (Figure 1). The Lhasa area covers 26,784 km?,
extending from 89°45" E to 92°37' E, and from 29°14’ N to 30°49’ N, and includes seven counties,
including five agriculture counties of Maizhokunggar, Dagzé, Doilungdéqgén, Qtixii and Nyémo, two
grazing counties of Damxung and Lhiinzhub, and the Lhasa suburban district. The range of elevations
in the Lhasa area is from 3581 m to >7000 m with an averaged elevation of 4818 m above sea level. This
area has the largest population in Tibet, with a density of 19.0 people/km?. Two national highways,
109 and 318, pass through this area. The cultivated areas are around 34,899 ha in 2013.

To investigate the human impact on vegetation change of the Lhasa area, we selected Lhari
County, a typical grazing county, as a reference area to derive natural vegetation change. Lhari County
is located in the upstream of Lhasa River and Parlung Tsangpo River with an area of 13,213 km?.
The range of elevation is from 3052 m to 6599 m with an averaged elevation of 5047 m above sea
level. The population density of Lhari County is around 2.4 people/km?. No national highway passes
through this county. The cultivated areas are 312 ha in 2013.

2.2. Data Collection and Analysis

2.2.1. Datasets

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 to explore spatial pattern of annual and seasonal
NDVI changes during 1999-2013. The spatial resolution of the SPOT-VGT NDVI raster is 1 km, and
the temporal resolution is about 10 days [25]. To ensure SPOT-VGT NDVI data quality, the maximum
value composite (MVC) for each 10-day interval was derived to minimize the non-vegetation effects
on SPOT satellite images [26], and the atmospheric contaminations, including water vapor, ozone and
aerosols, were removed through the simplified method for atmospheric corrections (SMAC) [27].

We divided a full year into 4 seasons: spring (April to May), summer (June to August), autumn
(September to October), and winter (November to March). We calculated the seasonal NDVIs and
annual NDVI rasters through averaging the NDVI series in each season or each year during 1999-2013.
We downloaded glacier data from the recent released Second Glacier Inventory of China [28]. The area
covered by glaciers was removed to reduce the noise in the derived NDVI for vegetation greening
and browning analysis. Based on the NDVI value of each cell of the Lhasa area or Lhari County, we
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also derived spatially averaged seasonal NDVI values for each season or each year to analyze the
inter-annual change in NDVL
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Figure 1. The location of Lhasa area in southern Tibetan Plateau, China (A); topographic characteristics
of Lhasa area (B); and Control area (Lhari County) (C).

We collected the monthly temperature and precipitation records from Lhasa and Lhari
meteorological stations in 1999-2013 from the China Meteorological Data Sharing Service Network [11].
The seasonally averaged values and changing rates of annual mean temperature, annual precipitation,
seasonal mean temperature and seasonal precipitation were calculated to investigate the relationship
between vegetation greening and browning trend and climate changes.

The land use data in 2000 and major roads data were collected to examine the impact of
urbanization and road construction on vegetation greening or browning. The socio-economic statistical
data in Lhasa area and Lhari County, including number of rural laborers, artificial forest areas
(accumulatively calculated from current new forest area since 1999 in Lhasa area), cultivated areas,
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livestock numbers from 1999 to 2013, were collected to refine the roles of climate change and human
activities played on vegetation greening and browning.

Figure 2 illustrates the histograms of the annual NDVIs, climatic factors (annual mean temperature,
annual precipitation), and anthropogenic factors (number of rural laborers, artificial forest areas,
cultivated areas, livestock numbers). Most of these variables are likely normally distributed according
to the non-parametric Kolmogorov-Smirnov test, except for livestock numbers in the Lhasa area,
number of rural laborers and cultivated areas in the Lhari County. We standardized each variable to
eliminate the possible impact caused by different dimensions. The method of standardization is based
onz = (x — u)/ o where z is the standardized data, x is the original data, u is the arithmetic mean of
original data, and o is the standard deviation.

(A) 4 (B) 5 © 5
4
3 >
oy g2 2
c < o 3
3 3
> 2 E 3
o o o
] o L 2
w ] w
1 1
. \\ , |
R » 3 p P 2 A 0 1 2 2 A 0 1 2
Annual NDVI Annual mean tempoerature Annual precipitation
F)
(D) (E) 4 (
4 8
> 3 >3 >
g g g o
@ ] @
> 2 g_ 2 3
g g T 4
o o o
w
£, £, AN , 1\
0 - 0 0
-2 -1 0 1 2 -2 -1 0 1 2 2 1 0 1 2
Number of rural laborers Artificial forest areas Cultivated areas
(G)12 (H) 4 — 03
10
> > 3 [ >
2 8 g g 2
E g g
g g2 g
w4 Iy w1
1
2 -
. . N
0 — 0 0
-2 - 0 1 2 2 -1 0 1 2 2 -1 0 1 2
Livestock numbers Annual NDVI Annual mean temperature
W 3 ® L
8 8
g2 — 36 36
H c c
Q [
2 3 3
2 g 4 g4
w1 fra w
: 2 2
0 0 M oL
-2 -1 0 1 2 -2 -1 0 1 2 3 -3 -2 -1 0 1 2
Annual precipitation Number of rural laborers Cultivated areas
(M) 5
4
>
2
g3
3
T
L 2
'™
1
0
-2

-1 0 1 2
Livestock numbers

Figure 2. Histograms for annual NDVIs, climatic factors and anthropogenic factors in: the Lhasa area
(A-G); and the Lhari County (H-M). All data are normalized.
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2.2.2. Temporal Trend and Correlation Analyses

We applied a linear regression model to detecting the changing rate in NDVI trend (greening
rate > 0, browning rate < 0), temperature and precipitation changes during 1999-2013. The regression
model is as follows:

y=at+b 1)

where, y is the NDVI, temperature, or precipitation, respectively; t is the time (year) from 1999 to
2013; a is the slope, indicating the changing rate; and b is the intercept of the regression. The p-value
is calculated to evaluate the statistical significance of the regression, with p-values of 0.05 and 0.01
representing the statistical significance at the confidence level of 95% and 99% respectively.

Pearson’s correlation analysis was conducted to investigate the relationship between seasonal
NDVIs and climatic factors of Lhasa area and Lhari County during 1999-2013. This analysis calculates
a correlation coefficient (r) to measure the strength of the correlation and a p-value to represent the
statistical significance of the correlation between each NDVI and climate factor.

2.2.3. Spatial Analysis

To analyze the spatial pattern of NDVI changes affected by human impact, we extracted the urban
area and major roads in Lhasa area from the land use data in 2000 and the shape files of national
highways 109 and 318, respectively. Then, we generated a distance raster to the urban area and major
roads to examine the pattern of annual NDVI changing trend around urban area and road constructions.
This distance raster represents the shortest distance from each pixel of the whole study area to the
urban land and major roads, comparable to the multiple buffering analysis when conducting a vector
based analysis. An advantage of the raster-based distance calculation is that it provides detailed
distance values for each pixel instead of a range of distances from the multiple buffering analysis.
Based on this distance raster, we investigated the rate of vegetation greening or browning with the
distance from urban area or road within the range of 45 km, respectively.

2.2.4. Grey Relational Analysis

To quantify the contributions of the climatic and anthropogenic factors to vegetation change, we
first made a comparison between annual NDVI trend and different driving factors during 1999-2013
to assess the relationship. Then, we calculated the relational degree using grey relational analysis to
determine the order of relational degree between annual NDVI change and various driving factors.
The equation is as follows:
o Apin + 0Dmax
N Aom(t) + PAmux

where Ry, (1) is the relational coefficient between two sequences at t time; A,;;, and A,y represents
the minimal and maximal difference of the sequences, respectively; A, (t) represents absolute value

Rom(t) @)

of the difference between two sequences; and p € (0, 1] is the coefficient to distinguish the degree
of proximity, usually this value is 0.5. We calculate average relational coefficient for a time period T,
as following;:
1T
Rom = = Z Rom(t) (3)
r=

3. Results

3.1. Temporal Pattern of Annual and Seasonal NDVI Changes

The annual NDVI values in the Lhasa area and Lhari County both showed a significantly
increasing trend during 1999-2013, with a rate of 0.0016 year ! and 0.0024 year ™ at the 99% confidence
level (p < 0.01), respectively (Figure 3). The annual NDVI in Lhari County has increased by 9.32%,
with more apparent increase than that of in the Lhasa area (7.61%). For the Lhasa area, the highest
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annual NDVI value was 0.215 in 2012, and the lowest was 0.181 in 2008. The seasonal NDVI values in
the Lhasa area all exhibited an overall increasing trend during 19992013, with the rates ranging from
0.0012 year~! to 0.0024 year~! (Figure 4A-D). The seasonal NDVI values in the Lhari County showed
similarly fluctuating but with increasing trends in comparison with that in the Lhasa area during
1999-2013 (Figure 4E-H). The changing rates range from 0.0008 year~! to 0.0031 year !, generally
higher than that of in the Lhasa area, except for spring NDVI (0.0008 year~!). Both summer and winter
NDVI increased significantly at the 95% confidence level (p < 0.05), similar with that in the Lhasa area.
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Figure 3. Changes of annual NDVI of: Lhasa area (A); and Lhari County (B) from 1999 to 2013.

The seasonal mean temperatures in the Lhasa area and the Lhari County both showed generally
increasing trend from 1999 to 2013. For the Lhasa area, the highest changing rate occurred in
summer (0.136 °C/year), followed by spring (0.077 °C/year), autumn (0.068 °C/year), and winter
(0.029 °C/year). However, only the increasing trend in summer temperature reached the 95%
confidence level (p < 0.01), while none reached statistical significance at the 95% confidence level in the
Lhari County.

The seasonal precipitations in the Lhasa area exhibited an overall decreasing trend, but none
reached statistical significance at the 95% confidence level, except for winter precipitation (p < 0.05),
with a changing rate of —0.25 mm/year. The highest decrease in the rate of precipitation was found
in summer (—3.73 mm/year), followed by autumn (—2.85 mm/year) and spring (—2.20 mm/year).
The seasonal precipitations in the Lhari County also exhibited an overall decreasing trend, except
for winter. The highest rate of decrease occurred in summer (—4.17 mm/year), followed by autumn
(—3.31 mm/year) and spring (—3.20 mm/year), while the changing rate in winter was 0.342 mm/year.
Spring and autumn precipitation both reached statistical significance at the 95% confidence level
(p <0.05).
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Figure 4. Inter-annual changes of seasonal NDVIs, mean temperatures, and precipitations of: Lhasa
area (A-D); and Lhari County; (E-H) from 1999 to 2013; (A,E) spring NDVI trend (April-May);
(B,F) summer NDVI trend (June-August); (C,G) autumn NDVI trend (September—October); (D,H) and
winter NDVI trend (November—-March).
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Correlation between NDVI and Climatic Factors

The increase in the seasonal NDVIs were positively correlated with rising temperatures, and
negatively related with decreasing precipitations in both the Lhasa area and Lhari County (Table 1).
Specifically, spring and autumn NDVIs in the Lhasa area showed significantly positive correlation
with temperature changes (r = 0.765 and 0.665; p < 0.01), and winter NDVI exhibited a significantly
negative relationship with precipitation (r = —0.727; p < 0.01). However, unlike the summer NDVI in
the Lhasa area, which exhibits no significant correlation with climatic factors, the summer NDVI in the
Lhari County was positively correlated with spring and summer rising temperatures (r = 0.545 and
0.537; p < 0.05). It appears that the changes in seasonal NDVIs were more affected by climate change in
the Lhari County than in the Lhasa area.

Table 1. Pearson correlation matrix between seasonal NDVIs and climatic factors of Lhasa area and
Lhari County during 1999-2013.

. Seasonal Mean Temperatures Seasonal Precipitations
Regions NDVI
Spring  Summer Autumn Winter Spring Summer Autumn Winter
Spring  0.765 ** 0.440 0.485 0.221 —0.431 —0.252 —0.249 —0.321
Lhasa  Summer —0.253 0.158 0.120 0.227 0.246 —0.133 —0.144 —0.148
Area Autumn  0.293 0.449 0.665 ** 0.045 —0.756 ** —0.045 —0.354 —0.182
Winter 0.274 0.476 0.413 0.314 —0.529 * —0.372 —0.265 —0.727 **
Spring  0.767 ** 0.140 0.341 0.230 —0.595* —0.257 —0.577* —0.159
Lhari ~ Summer 0.545% 0.537 * 0.180 0.319 —-0.821*  —-0.518* —0.633* 0.063
County  Autumn  0.037 0.299 0.716 ** 0.042 —0.045 —0.086 —0.309 0.454
Winter —0.090 0.549 * 0.318 0.469 —0.061 —0.532 * —0.392 —0.217

** presents p < 0.01; * presents p < 0.05.

3.2. Spatial Pattern of the NDVI Change

3.2.1. Seasonal Vegetation Greening and Browning

Although the seasonal NDVI values exhibited an overall increasing trend in the Lhasa area
and Lhari County during 1999-2013, the spatial patterns of seasonal NDVI trends varied markedly
(Figure 5). The largest spatially averaged value of changing rate in the Lhasa area appeared in
autumn (0.0025 year~!), followed by winter (0.0016 year~!), summer (0.0014 year~!), and spring
(0.0013 year‘l), while in Lhari County, it followed the order of summer (0.0029 year‘l), autumn
(0.0026 year‘l), winter (0.0025 year‘l), and spring (0.0011 year‘l).

The area of vegetation greening (changing rate > 0) in the Lhasa area followed the order of
winter (92.6%), autumn (88.6%), spring (87.2%) and summer (72.9%) (Figure 4A-D). In contrast, the
largest area of browning (changing rate < 0) appeared in summer (27.1%). The browning regions in
summer NDVI were primarily distributed in the wide valleys where major road passes and cities
locate (Figure 5), characterizing in the form of fragmented patches. In comparison, the largest area
of vegetation greening in the Lhari County exhibited in winter (96.9%), followed by summer (93.2%),
autumn (89.8%) and spring (74.8%) (Figure 5E,F). Spring NDVI had the largest area of browning
(25.2%), of which mainly distributed at higher elevations close to glacier or seasonal snow coverages.
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Figure 5. Spatial patterns of the changing rate in seasonal NDVIs of: Lhasa area (A-D); and Lhari
County (E-H) during 1999-2013; (A,E) spring NDVI trend (April-May); (B,F) summer NDVI trend
(June-August); (C,G) autumn NDVI trend (September—October); and (D,H) winter NDVI trend
(November-March).

3.2.2. Effects of Urbanization and Road Construction

The changing rates of vegetation greening showed almost no changes as distance increases from
urban area, while the decreasing browning trend exhibited within the distance of 45 km (Figure 6A,B).
Among 2045 km? within the range of 20 km around the urban area, the areas of vegetation greening
and browning were 1869 km? and 174 km?, respectively, during 1999-2013, accounting for 91.4% and
8.5% of the total area. These indicated that urbanization has resulted in vegetation browning, and the
closer the distance to the urban area, the lower the greening rate exhibiting.

Similar to the greening rate around the urban area, the changing rate of vegetation greening
exhibited almost no changes with the increase of distance from road within 45 km, while the greening
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rate for vegetation browning gradually increased as distance increase, especially within the distance of
20 km. Among 15,479 km? within the distance of 20 km from the major roads in the Lhasa area, the
areas of vegetation greening and browning accounted for 83.8% and 15.9% of the total area, respectively,
from 1999 to 2013 (Figure 6C,D). The vegetation browning within 20 km from the major roads had
greater proportion than that of around the urban area, indicating that road construction or maintenance
may cause more significant vegetation browning than urbanization.
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Figure 6. Pattern of vegetation greening (A); and browning (B) around the urban area. Pattern of
vegetation greening (C); and browning (D) from the major roads during 1999-2013.

3.3. Contributions of Anthropogenic Factors to NDVI Trend

For the Lhasa area, the annual NDVI trend was positively related to the number of rural
laborers (x1), artificial forest areas (x2), and annual mean temperature (x5) (* = 0.615, 0.711 and 0.711,
respectively; p < 0.05), while negatively correlated with livestock number (x4), and annual precipitation
(x6) (r = —0.566 and —0.672, respectively; p < 0.05) (Table 2). From 1999 to 2013, the number of rural
laborers (x1) and artificial forest areas (x2) have increased steadily by 31% and 70%, respectively, both
peaked in 2013 (at 158,920 persons and 97,699.2 ha, respectively) (Figure 7). Meanwhile, the cultivated
areas (x3) and livestock number (x4) decreased rapidly from 1999 to 2013, especially in the periods
of 1999-2005 and 2010-2013. The highest relational degree of 0.829 appeared in the association of
annual NDVI with artificial forest areas (x2), followed by number of rural laborers (x1) (0.817), annual
mean temperature (x5) (0.732), livestock number (x4) (0.618), cultivated areas (x3) (0.592), and annual
precipitation (x6) (0.565).

The similar relationship between the annual NDVI and driving factors appeared in the Lhari
County, except for artificial forest areas (x2). However, only the correlations between the annual NDVI
and climatic factors reached the 95% confidence level (p < 0.05). The highest relational degree of 0.780
occurred in the association of annual NDVI with annual mean temperature (x5) (Table 2), followed by
number of rural laborers (x1) (0.701), cultivated areas (x3) (0.655), livestock number (x4) (0.609), and
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annual precipitation (x6) (0.542). In total, it seems that the number of rural laborers (x1) and artificial
forest areas (x2) have promoted the annual NDVI increase during 1999-2013, while cultivated areas
(x3) and livestock number (x4) constrained the increase of annual NDVI. The impact of anthropogenic
factors on the NDVI trend is more apparent in the Lhasa area than in the Lhari County where climatic
factors were the dominant factors for the increase of annual NDVI.

3.0 -
2.0 A
£1.0
S
z <&
ﬁ 0.0 4 i [I
< 0. \ et
S K d
2 4 No
1.0 - "
&
-2.0 { E=Annual NDVI zzzax5 s DU RN
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Figure 7. Comparison of annual NDVI relative to the proxies of climatic and anthropogenic factors in
the Lhasa area during 1999-2013. All data are normalized. x1: number of rural laborers; x2: artificial
forest areas; x3: cultivated areas; x4: livestock number; x5: annual mean temperature; and x6:

annual precipitation.

Table 2. Pearson correlation coefficients and the grey relational degree between annual NDVI and
anthropogenic and climatic factors, respectively in the Lhasa area and the Lhari County.

Regions Number of Artificial Cultivated Livestock Annual Mean Annual
N Rural Laborers Forest Areas Areas (x3) Number (x4) Temperature Precipitation
Name Elevation/m 1) (2) (5) (x6)
L:;ZZa 4818 0.711 **/0.817 0.711**/0.829  —0.466/0.592 —0.566 */0.618 0.615*/0.732 —0.672 **/0.565
éilz:ty 5047 0.388/0.705 —0.053/0.662 —0.186/0.614 0.709 */0.780 —0.650 **/0.547

** presents p < 0.01, * presents p < 0.05. Before and after the symbol “/” refer to correlation coefficient and grey
relational degree, respectively, both of them are between annual NDVI and driving factors.

4. Discussion

Human management and practices could affect vegetation changes greatly, although it is difficult
to quantify the cause-and-effect of climatic and anthropogenic factors to the variations in vegetation
productivity [29,30]. Our study showed that the patterns of vegetation change, especially browning,
were not fully associated with the changes in climate variables (Figures 3 and 4), especially in the
Lhasa area where the largest area of browning appeared in summer (27.1%). According to local
governments’ statistics, over 59% of local inhabitants in the Lhasa area live on grazing or farming
activities in 2009 [31]. However, the decrease of cultivated areas has been limited to <2% of the Lhasa’s
total area due to the positive role of ecological protection countermeasures (Figure 8). For example,
the large investment in ecological compensation has mitigated the damage of grassland, by paying
herders incentives to reduce their livestock numbers. In contrast, the transformation of arable land to
grassland or urban area could reduce the NDVI value at the regional scale. Thus, human activities can
be acted as a double-edged sword: it could lead to vegetation browning, but may also be a positive
way to restore degraded land. Both vegetation greening and browning have been accelerated by
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anthropogenic activities in the Lhasa area, while in the Lhari County, the NDVI trend was mainly
affected by the changes in climate variables.

©) | D)

Figure 8. Artificial forests in the river valley in the Lhasa area (A,B); and alpine grassland in the Lhari
County (C,D).

Besides overgrazing, land abandonment due to migration into urban areas or road construction
may also attribute to the observed NDVI changes [21,32]. Our results indicate that urbanization and
road construction have resulted in large area of vegetation browning (Figure 7), and the influences
of road construction was more significant than urbanization with a higher browning rate within
20 km from the major roads. Our results suggest that urbanization and road construction have
caused negative impact on vegetation greening, especially in some parts of the Lhasa area. In recent
decades, warming temperature has extended vegetation growing season, causing an increase in
vegetation greenness during the growing season [33]. Higher temperature in the early growing season
may accelerate snow melting, making air temperature and soil moisture preferable for vegetation
growth [27]. Therefore, the threat of unreasonable human activities seems to be mitigated by the
potential repercussions of climate change and ecological restoration to vegetation growth.

The changes in climate variables are generally considered to be an important factor influencing
vegetation growth, and warming temperature has promoted the increase of regional vegetation
greening [11,18]. In this study, the increase in the annual and seasonal NDVIs all exhibited an overall
increasing trend in both the Lhasa area and Lhari County during 1999-2013. Among the four seasons,
the largest changing rate in the Lhasa area appeared in autumn (0.0025 year~!), while in the Lhari
County it occurred in summer (0.0029 year~!). The overall patterns of seasonal NDVIs were positively
correlated with rising temperatures, but negatively related with decreasing precipitations (Table 1).
These results are consistent with other studies on the Tibetan Plateau [11,34] and North America [35].
However, the seasonal NDVI trends in the Lhari County were strongly regulated by the changes in
climate variables than that in the Lhasa area, especially in summer NDVI, of which had a positive
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correlation with rising temperatures, and a negative relationship with decreasing precipitations in
both spring and summer.

In both the Lhasa area and Lhari County, the increasing trends in the seasonal NDVIs were all
noticeable for the four seasons, indicating that all seasons contributed to the increase in the annual
NDVL. The greatest contribution simultaneously appeared in winter (r = 0.854, 0.808; p < 0.01), followed
by autumn. The delayed seasonal vegetation greening in winter and autumn could be regarded as
a temporal lag for vegetation growth responding to rising temperatures (Figures 4 and 5). These
phenomena were not confirmed by the correlation between seasonal NDVIs and climatic factors in this
study, and our results are different with the finding in the Great Plains region of North America [36].
In addition, the magnitude of the time lags may be varied spatially and temporally in different
regions [37-39]. For example, the highest rate of NDVI increase in the Lhari County was in summer
with a value of 0.0031 year~!, followed by autumn (0.0028 year~!) and winter (0.0025 year~!) (Figure 5),
and it was generally higher than that of in the Lhasa area (varying from 0.0012 year~! to 0.0024 year '),
except for the spring NDVI (0.0008 year~!). It is likely that the changes in climate variables have
played a dominant role on vegetation greening in the Lhari County than that in the Lhasa area.

5. Conclusions

In this paper, we evaluated the nature and extent of human impact on vegetation dynamics by the
comparison of NDVI changes in the relative highly populated Lhasa area and a nearby less populated
Lhari County on the Tibetan Plateau. For the Lhasa area, the largest area of browning primarily
distributed in the wide valleys where major road passes and cities are located in the form of fragmented
patches. Human impact has mainly decreased vegetation greenness within 20 km of the urban area and
major constructions during 1999-2013. Urbanization has resulted in vegetation browning: the closer
the distance to the urban area, the lower the greening rate exhibited. The vegetation browning within
20 km from the major roads had greater proportion than that of around the urban area, indicating that
road construction or maintenance may cause more significant vegetation browning than urbanization.
For the anthropogenic factors, the annual NDVI trend in the Lhasa area was positively related to the
number of rural laborers and artificial forest areas, while negatively correlated with livestock number.
A similar relationship between the annual NDVI and anthropogenic factors also appeared in the Lhari
County, except for artificial forest areas. The impact of anthropogenic factors on the NDVI trend is
likely more apparent in the Lhasa area than in the Lhari County.

The impact of human activities in a relatively large area is still minor and does not reverse the
major trends of vegetation dynamics caused by the warming temperature in recent decades. The annual
NDVI values in the Lhasa area and the Lhari County both showed a significantly increasing trend
during 1999-2013, with a rate of 0.0016 year ! and 0.0024 year~!, respectively, at the 99% confidence
level. The increase in the seasonal NDVIs were positively correlated with rising temperatures, and
negatively related with decreasing precipitations in both the Lhasa area and Lhari County. The increase
in the seasonal NDVIs of the Lhari County was more affected by the changes in climate variables than
that in the Lhasa area. The warming temperature and the change in precipitation played dominant
roles on vegetation greening in Lhari County than that in the Lhasa area. However, relatively less
attention has been paid to the climatic benefits to vegetation growth produced by global warming, to
better preserve the fragile environment on the Tibetan Plateau, an integrated plan should be developed
to restrain the unreasonable human activities and positively adapt to the effects of global change.
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