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ABSTRACT

Restricted by cold, drought and high altitude natural environments, vegetation ecological environment of the
Qinghai-Tibet Plateau is fragile and difficult to repair when damaged. The purpose of this research is to reveal
the characteristic of Normalized Difference Vegetation Index (NDVI) in direct impact area and ecological
background area response to the engineering activities and global climate changes along Qinghai-Tibet railway.
A framework was constructed by integrating a Gaussian fitting model, a buffer analysis, a trend analysis, a
correlation analysis and a regression analysis method. The advantages of this framework are (1) Exploration of
the impact of human and natural factors on the local vegetation ecological environment in pre-, co-, and post-
construction of the railway; (2) Investigation of the time and extent of the impact of engineering activities on the
plateau ecological environment; (3) Identify the contribution of climate change and engineering activities to
changes of vegetation index. The framework was evaluated with GIMMS (Global Inventory Modeling and
Mapping Studies) and MODIS (Moderate Resolution Imaging Spectroradiometer) NDVI from 1982 to 2001-2018.
Results demonstrated that (1) Annual NDVI of the Qinghai-Tibet Railway was highly responsive to climate
change and engineering activities, and shown a downward trend, upward trend for under construction and in
operation period respectively. (2) Engineering activities of the Qinghai-Tibet Railway had a significant impact
on vegetation along the route. Annual NDVI growth rate of ‘core area’ and ‘background buffer’ are quite different
in pre-construction, under construction and in operation time. (3) Climate change along the Qinghai-Tibet
Railway was significantly be responded to global changes during the 34 years. The air temperature and pre-
cipitation growth rate of the Golmud South-mountain Pass to Lhasa (GSPL) route is substantial lower than that of
the Xining to Golmud South-mountain Pass (XGSP) route. Research results recommend that information on
vegetation ecological environment is exploited by government agencies to ensure responsible ecological safety,
traffic safety and sustainable development along the Qinghai-Tibet railway.

1. Introduction

The Qinghai-Tibet Plateau is a giant geomorphic unit with the low

cycle (Wang et al., 2015). This special entire ecosystem with low overall
biomass, relatively simple formed biological chain, and the conversion
rate of matter and energy is extremely slow. Therefore, if the ecological
environment of the Qinghai-Tibet Plateau is damaged, it is very difficult
to repair, and it may even cause serious environmental problems (Li

latitude, the high altitude, and the latest era in its formation period.
Unique climatic conditions and geographical location lead to a sensitive
and fragile ecosystem on the Tibetan Plateau (Niu et al., 2019).
Restricted by various natural environments such as cold, drought, high
altitude, etc., there are few species that can survive on the Qinghai-Tibet
Plateau, and various types of animals and plants also have a short life

et al., 2017).

The Qinghai-Tibet Railway, the South-to-North Water Diversion,
West—to-East Gas Transmission, and West-East Power Transmission are
called the four major projects of the Peoples’ Republic of China, and the
construction of Qinghai-Tibet Railway is of great significance to
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Nomenclature

Symbol Definition

r is the value of Pearson’s correlation coefficient, which
represents the strength of the correlation between the
two variables, and the value range is (-1, 1).

R is the coefficient of determination.

R2 (or R?) is the fitting degree of linear or nonlinear fit.

Sig. is a abbreviation of the significant level.

P (italic) is confidence level (P < 0.05 significant; P < 0.01 very
significant)

n is the number of samples.

P is precipitation

T is air temperature

T is the threshold value of the growing season

accelerate the economic and social development of the western region,
especially for Tibet (Tibet Autonomous Region Railway Construction
and Operation Leading Group Office Tibet Autonomous Region Devel-
opment and Reform Commission, 2016). The engineering geological
problems associated with large-scale projects have attracted wide
attention, such as the engineering land generated during the construc-
tion of the Qinghai-Tibet Railway(Sun et al., 2010), soil removal op-
erations (Luo et al., 2018a), construction access roads (Wang et al.,
2009), inorganic matter and heavy metal pollution and other factors
forming eco-disturbance corridors (Wu et al., 2016; Zhang et al., 2012a).
As a result, changes in sunlight angle(Wu et al., 2011), water and heat
conditions (Li et al., 2019; Zhang et al., 2019), surface runoff (Wang
et al., 2019), and frozen soil structure (Wu et al., 2010) will block
ecological water use (Chen et al., 2012) and destroy soil water holding
capacity (Zhang et al., 2012b), further induce ecological and environ-
mental problems.

Vegetation is the most important part of the ecosystem along the
railway, and which has ecological functions such as regulating runoff,
conserving water sources, maintaining biodiversity, soil and water
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conservation. Therefore, the quality of the local ecological environment
is mainly determined by vegetation (Qin and Zheng, 2010). In recent
years, many scholars have devoted to the study of the environmental
impact along the Qinghai-Tibet Railway. Most studies originated in
local alpine vegetation to explore the vegetation coverage, net primary
productivity of vegetation, and changes in biomass along the railway.
For instance, based on the field survey data from August 2001 and
August 2002, Chen et al. (2003) realized that the implementation of the
highway and railway project would directly cut the ecosystem along the
route and make the landscape more fragmented, which would further
result in the annual net primary productivity (NPP) of vegetation and
biomass decreased. Ding et al. (2005, 2006) studied the changes in
vegetation coverage along the Qinghai-Tibet Highway and Railway
(1981-2001) before the construction of the Golmud-Lhasa section, and
found that the changes in vegetation coverage in the study area tended
to stabilize in the past 20 years. Zhang (2002) noticed that the Gol-
mud-Lhasa section of the Qinghai-Tibet Railway used a huge amount of
earth and stone. Moreover, the huge amount of earth and stone could
cause a certain degree of damage to the surface vegetation, and further
lead to land desertification, soil erosion, and wetland shrinkage. Zhang
et al. (2002) studied the land use change and landscape pattern change
in three counties (cities) along the Qinghai-Tibet Highway (Gol-
mud-Tangula Mountain Pass), and found that the built-up in the study
area increased rapidly, the cultivated-land decreased greatly, and the
grassland was seriously degraded. Luo et al. (2018b) studied the impact
of climate change and human activities on alpine vegetation and frozen
soil in the Qinghai-Tibet Project Corridor (Golmud-Lhasa section) from
1981 to 2010, and discovered that climate warming and humidification
could promote vegetation ecology, while project construction led to the
degradation of alpine vegetation.

However, the above research was limited to ecological assessment of
vegetation in certain sections (Golmud-Lhasa section for instance) and a
certain period (early and middle period of the engineering activities),
and it had not been able to compare the difference of the whole routine
for a long term, as well as, to identify the respective contributions of
climate change and engineering activities. In addition, when
Xining-Golmud section and Golmud-Lhasa section have been in oper-
ation 15 and 35 years respectively, it will take the leading role in
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Fig. 1. Topography and Geography along the Qinghai-Tibet Railway.
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ecological evolution and ecological restoration of major projects in
ecologically fragile areas that continuing to pay sustainable attention to
the characteristics of the ecological environment in the later stages of
the railway. In this research, we intended to investigate the GIMMS
NDVI3g + dataset changes in the long-term (1982-2015) temporal and
spatial along the Qinghai-Tibet Railway, and explored the impact of
human and natural factors on the local vegetation ecological environ-
ment before, during, and after the construction(or say pre-, co-, and post-
construction) of the Qinghai-Tibet Railway. Furthermore, by studying
the fluctuations of vegetation along the Qinghai-Tibet Railway, not only
can explore and extent the impact of engineering activities on the
plateau ecological environment as time went by, but also can indirectly
provide data support for global warming issues, plateau grassland
ecological restoration and ecological environment improvement.

2. Research area and dataset
2.1. Research area

Qinghai-Tibet Railway is from Xining, Qinghai Province in the east
to Lhasa, Tibet Autonomous Region in the south, with a total length of 1
956 km (Fig. 1). Among them, the Xining to Golmud South-mountain
Pass (XGSP)' is 814 km in length, built in 1979 and put into operation in
1984,. Golmud South-mountain Pass to Lhasa (GSPL) is from Golmud,
Qinghai Province in east to Lhasa, Tibet Autonomous Region in west, has
a total length of 1 142 km, of which 1 107 km is a newly built road
section, paved on October 12, 2005 (Chen et al., 2012). Eighty-five
percentage of GSPL is located at an altitude of more than 4 000 m.
The average annual temperature over GSPL is lower than 0 °C.
Furthermore, more than 550 km in this area is permafrost and the
highest point is 5 072 m when across Tanggula Mountain. The Qing-
hai-Tibet Railway is the longest and highest altitude railroad built on
the plateau on the world (Wu et al., 2016).

The Qinghai-Tibet Highway runs parallel to the Qinghai-Tibet
Railway, with a design of the nearest distance of 2 km and the longest
distance of 16 km. Considering its common impact and referring to
literature review (Zhang, 2002; Zhang et al., 2002c), the direct impact
area set in this study is an 8 km strip buffer zone including the Qing-
hai-Tibet Railway (“core area)’, and the ecological background area is
outside the Qinghai-Tibet Railway 8-16 km ring buffer (“background
buffer”)* (see Fig. 1)

2.2. Datasets

AVHRR (advanced very high resolution radiometer) NDVI (normal-
ized difference vegetation index) is global continuous dataset with the
longest coverage time by far, especially the GIMMS (global inventory
modeling and mapping studies) NDVI dataset, which has undergone
three generations of updates and has advantages of long time series,
wide coverage, and the ability to characterize the dynamic changes of
vegetation (Dardel et al., 2014; Tucker et al., 2005, 2001). AVHRR
GIMMS NDVI has become one of the most widely used datasets, and has
been widely used in the field of vegetation change monitoring and
vegetation productivity simulation at the regional and/or global scale
(Piao and Fang, 2002; Zhang et al., 2013a).

GIMMS NDVI3g + is an enhanced third-generation long-term
GIMMS AVHRR NDVI data set (https://ecocast.arc.nasa.gov/data/pub/
) of VI3g (1981.7-2013.12) published by the National Aeronautics and

! The Xining to Golmud South-mountain Pass, XGSP.

2 The Golmud South-mountain Pass to Lhasa, GSPL.

% The direct impact area set in this study is an 8 km strip buffer zone
including the Qinghai—Tibet Railway.

4 The ecological background area is outside the Qinghai-Tibet Railway 8-16
km ring buffer.

Ecological Indicators 128 (2021) 107821

Space Administration (NASA). The data set adopts the WGS84 world
geodetic coordinate system, equal latitude/longitude projection, with a
15d temporal resolution and a 0.0833° (1/12°x1/12°) spatial resolu-
tion. Selected dataset can obtained from NOAA/AVHRR series of satel-
lites (NOAA7, NOAA9, NOAA1ll, NOAA14, NOAAl6, NOAA17,
NOAA18, NOAA19), the data set has been officially performed atmo-
spheric correction, geometric rough correction, geometric fine correc-
tion, delete bad lines and eliminate the impact of volcanic eruptions, in
addition to considering global factors, the data set has also been pro-
cessed for short-term effects of atmospheric aerosols and cloud cover to
ensure the quality (Ana et al., 2017). So in global vegetation research
community, the dataset is considered to be the most valuable data
source, and has a unique advantage in large-scale vegetation research
(Goetz et al., 2006; Kobayashi and Dye, 2005).

The selected meteorological data comes from the annual climate
dataset (1982-2015) provided by the Resource and Environmental Data
Cloud Platform (http://www.resdc.cn), and performed Kriging inter-
polation in ArcGIS© to obtain the national annual average temperature
and annual average precipitation climate data, which have a same
spatial resolution as the GIMMS data. The 34a average temperature and
average precipitation information of Qinghai-Tibet Railway core area
and buffer zone images were obtained by vector data cropping in
batches. It also includes a 1:1 million Chinese vegetation map.

3. Methodology

GIMMS NDVI3g + is the semi-monthly synthetic data generated by
the Maximum Value Compositing method (MVC)°. In this study, we
furthered to composite monthly NDVI data and annual NDVI data using
the same approach. At the same time, the vector data of “core area” and
“background buffer” of the Qinghai-Tibet Railway were selected to
obtain the average temperature and average precipitation information
along Qinghai-Tibet Railway by batch-cutting the 34a climate annual
data set (1982-2015). Based on average temperature and average pre-
cipitation information, the inter/inner annual NDVI and climate analysis
fundamental dataset were generated.

3.1. Gaussian fitting

Gaussian function is a probability density function representing
continuous random variables. It is usually used to express the periodic
evolution of natural phenology (Li and Sheng, 2008). The one-
dimensional expression of the function (unimodal) is as follows:

A 2(x)?

= + e W (1)
Yy =DYo w-ﬁ/‘Z

Where, Yy is offset of the baseline. A is the integral area under the bell
curve (NDVI equivalent biomass). xo is the height of the center peak
(equivalent mathematical expectation). w = 2¢ is approximately equal
to 0.849-time width at half of the peak height (when the peak height is
1/2, the width of the bell curve), this value represents the length of the
growing period when the vegetation is flourish.

3.2. Trend analysis

The univariate linear regression analysis method can simulate the
change trend of each grid and reflect the spatial characteristics of NDVI
change trend in different periods. Fitting with data of all years to avoid
the randomness and incidental of research results, and outcomes can
more accurately reflect the growth status and changing trends of vege-
tation (Hou et al., 2013; Lv et al., 2014). The formula can be expressed
as:

5 The Maximum Value Compositing, MVC


https://ecocast.arc.nasa.gov/data/pub/
http://www.resdc.cn
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(a) Inner-annual variation & Gaussian fitting in the core area of the XGSP
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(b) Inner-annual variation & Gaussian fitting in the buffer of the XGSP
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Fig. 2. Inner-annual variation and Gaussian fitting of NDVI on Qinghai-Tibet Railway (r is the Pearson’s correlation coefficient among monthly NDVI and the GAUSS

fitting values.)

nx 30 (i x NDVIL) — (3o10) (30 NDVIL,)
nx LR - (Z?:li)z

Where, 6y is the slope of the NDVI regression equation in pixel (i.e.,
coefficient of regression), n is the number of monitoring years, NDVI; is
the NDVI value of the i year. Whenbg,,, > 0, it means the vegetation
index of the pixel increases with time, and vegetation coverage shows an
increasing trend; otherwise, the vegetation index shows a downward
trend.

(2)

Ostope =

3.3. Correlation analysis

Correlation analysis is used to study the interaction between two
specific variables (Liu et al., 2013). The formula for calculating corre-
lation coefficient is:

1 (X —X) (i —Y)

@ DS -5

Where, 1y, is the correlation coefficient of variables x and y, i is the
number of samples; X; is the MNDVI of i year, y; is annual average
temperature or precipitation; X is the ANDVI from 1982 to 2015; y is
cumulative average temperature or average precipitation for the cor-
responding period.

3

e

3.4. Coefficient of variation

The coefficient of variation indicates the degree of relative change
(fluctuation) of geographic data (Lei et al., 2019). Hence, the coefficient
of variation was selected to analyze the stability of vegetation changes.
The calculation formula is:

4

Where, Cv represents the coefficient of variation of the MNDVI, n is the
number of monitoring years, x; is NDVI of i! year, X is the ANDVI from
1982 to 2015; the larger the Cv value is, the greater the NDVI fluctuation
is; the smaller the Cv value is, the smaller the NDVI fluctuation is.

4. Results
4.1. Change results of inner-annual

The Qinghai-Tibet Railway is a long and narrow ecological corridor.
Area of Qinghai-Tibet Railway spans 9 geographic latitudes (29°~38°N)
and 12 geographic longitudes (90°~102°E), the height difference of this
area is 4 300 m (altitude from 2 200 m to 6 500 m), the surface cover is
extremely uneven. So on the basis of MVC monthly compositing NDVI
data, the monthly average of NDVI3g + was calculated through that
NDVI value of the entire area was accumulated and divided by the
number of pixels (also called the average value compositing method:
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Fig. 4. Piecewise linear regression analysis of the inter-annual variation of the ANDVI in the GSPL.

here, ANDVI=} NDVI/n). In this way, the two railway sections (XGSP,
GSPL) had a total of four areas (two “core area”, two “background
buffer”), and 408 monthly average datasets were obtained in 34a.

Shown as Fig. 2, no matter “core area” or “background buffer”, the
strongest vegetation growth period along the Qinghai-Tibet Railway in
a year occurred between July and August and the NDVI showed a single-
peak change trend, which was consistent with the Gaussian distribution
and consistent with the annual growth cycle of plants in the area (Yan
et al., 2005).

In response to this feature, we quoted the GAUSS function (Eq.(1)) to
fit the 34a average NDVI (see also Fig. 2, P < 0.001), and then used the
threshold method to determine the start of the season (SOS)°, the end of
the season (EOS)’, timing of maximum of the growing season by peak
vegetation indices, and the length of growing season (LOS)® or duration

6 The start of the vegetation-growing season, SOS.

7 Onset of senescence or time of end of greenness as the end of the season,
EOS.

8 Timing of maximum of the growing season by peak vegetation indices, and
the length of growing season or duration of greenness, LOS.

of greenness. By literature review (Luo et al., 2018b; Zhang et al.,
2013b), the threshold value (r = 0.15) was substituted into the Gaussian
fitting Eq. (1), and calculated SOS (x;), EOS (x2) and LOS (x2-x1). The
average growth period of vegetation in the XGSP is 182 days, and the
average growth period of vegetation in the GSPL is 190 days (see S1).
This is closely related to the physical and geographical conditions of the
two road sections.

4.2. Change results of inter-annual

The 34a inter-annual time series change curves were be obtained by
sum of annual average NDVI (ANDVI) divided by the number of pixels.

The XGSP planned to build in 1950, built in 1979 and put into
operation in 1984. The 34a time series NDVI could be roughly divided
into three stages, namely the construction period before 1984 and the
operation stage (I) during 1985 to 2009, and the operation stage (II)
after 2010. Research results demonstrated that the ANDVI of the
“background buffer” is better than that of the “core area”, and the gap
between the two regions is large during the construction period. There
was a significant improvement in the initial stage of operation, and the
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Table 1
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Piecewise linear regression equation of the ANDVI annual variation in Qinghai-Tibet Railway.

Inter-year Before construction Construction Operation Operation (2010-2015)
XGSP  “core area” No data y=0.00216x—3.982(r = 0.999, Sig. y=0.00108x—1.840(r = 0.588, y=-0.00834x + 17.117(r =
= 0.026%) Sig. = 0.002**) —0.774, Sig. = 0.071)
“background No data y=0.00171x—-3.069(r = 0.827, Sig. ¥=0.00024x—-0.148(r = 0.005, y=-0.00872x + 17.893(r =
buffer” = 0.328) Sig. = 0.980) —0.768, Sig. = 0.074)
GSPL “core area” y=0.00101x—1.694(r = 0.464, y=-0.00495x + 10.257(r = —0.931, y=0.00518x—10.082(r = 0.757, y=-0.00902x + 18.471(r =
Sig. = 0.045%) Sig. = 0.002**) Sig. = 0.138) —0.961, Sig. = 0.002**)
“background y=0.00089x—1.446(r = 0.418, y=—0.00436x + 9.084(r = —0.944, y=0.00455x—8.804(r = 0.715, y=-0.00734x + 15.107(r =
buffer” Sig. = 0.075) Sig. = 0.001**) Sig. = 0.174) —0.949, Sig. = 0.004**)

Note: * indicates that the regression equation did pass the significance test of P < 0.05; ** indicates that the regression equation did pass the significance test of P <

0.01.
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Fig. 5. The trend of average temperature & precipitation in the XGSP and the GSPL.

gap gradually narrowed thereafter (see Fig. 3).

The construction of GSPL started on June 29, 2001, and opened to
traffic on July 1, 2006. Therefore, the NDVI of this section can be
divided into four stages according to the time series, before construction
(1982-2000), construction stage (2001-2005), in operation stage (I)
(2006-2009), and in operation stage (II) (2010-2015). By analysis, the
ANDVI of the “background buffer” is better than that of the “core area”,
the gap during the construction period is large, and the gap during the
operation period is gradually narrowing shown as Fig. 4.

Due to the influence of engineering staged construction and opera-
tion, it needed to be analyzed ANDVI changes in stages. The piecewise
linear fitting was used to obtain characteristics of the annual change of
the Qinghai-Tibet Railway (see Table 1)

It can be seen from Table 1 that, in the XGSP, the ANDVI growth rate
(i.e., the slope of the linear regression equation 6y, see also Eq. (2)) in
the “core area” is 0.022/10a higher than that of “background buffer” is
0.017/10a for the construction period (1982-1984); ANDVI growth rate
is 0.011/10a and 0.002/10a for “core area” and “background buffer”
respectively in operation period (1985-2015). The ANDVI growth rate

of “core area” was significantly greater than that of “background buffer”
Results from Table 1 also indicated that, in the GSPL, change rate of
NDVI was highly responsive to the railway construction process. Before
the construction of the Qinghai-Tibet Railway (1982-2000), the ANDVI
showed an overall upward trend for both “core area” and “background
buffer” along the railway line. Growth rate of the ANDVI in “core area”
was 0.010/10a and that in “background buffer” is 0.009/10a. While,
during the construction period (2001-2006), growth rate of the ANDVI
shown a downward trend, where the rate of average NDVI decline is
—0.049/10a for the “core area” and is —0.044/10a for the “background
buffer”. The ANDVI had a large fluctuation during the operation period
(2007-2015), in the early stage of operation (2007-2010) the ANDVI
had an overall increasing trend, in which the growth rate of the “core
area” is 0.052/10a, the growth rate of “background buffer” is 0.046/
10a; in the later period of operation (2011-2015), the ANDVI shown a
downward trend.

From 2010 to 2015, ANDVI of all Qinghai-Tibet Railway shown a
downward trend. Liu, et al. (2013) indicated that since 2010, precipi-
tation has continued to decline, and the global climate change leading to
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Fig. 6. Correlation between the ANDVI and climatic factors in XGSP.

the decline of vegetation.

4.3. Climate change and response to NDVI

1) Climate change

Since the distance between “core area” and “background buffer” is
only 8 km, the method of (combining the two areas) global average was
used to calculate the average temperature and precipitation. The time
series average temperature of the XGSP and the GSPL is shown as the
Fig. 5a and 5b, the time series average precipitation of the XGSP and the
GSPL is shown as the Fig. 5c and 5d. Characteristics of temperature and
precipitation over the study area can be found in S2.

Fig. 5 demonstrated that @ In the past 34 years, temperature along
the Qinghai-Tibet Railway has increased. For XGSP, the average tem-
perature is 3.5 °C with a growth rate of 0.57 °C/10a in “core area”; the
average temperature is 3.6 °C with a growth rate of 0.50 °C/10a in
“background buffer” (Fig. 5a). While for GSPL section, the average
temperature is —0.31 °C with a growth rate of 0.20 °C/10a in “core area”;
the average temperature is —0.41 °C with a growth rate of 0.18 °C/10a in
“background buffer” (Fig. 5b).

@ In the past 34 years, precipitation along the Qinghai-Tibet Rail-
way has been increasing slowly. For XGSP, the average precipitation is
272.4 mm with a growth rate of 4.67 mm/10a in the “core area”; the
average precipitation in “background buffer” is 253.2 mm with a growth
rate of 4.57 mm/10a. The results are not significant due to the large
fluctuations in precipitation. According to literature review, heavy
rainfall events occurred allover China in 1989, and an abnormally heavy
rainfall of 379.4 mm in the XGSP, catastrophic flood out broken in the
Golmud River, and Chaerhan Salt Lake area (Lei et al., 2019; Liu et al.,
2013) (Fig. 5¢). And for GSPL, the average precipitation is 127.7 mm

with a growth rate of 1.79 mm/10a in the “core area”, while an
abnormally low value of 48.1 mm occurred in 2015; the average pre-
cipitation was 117.8 mm with a growth rate of 1.78 mm/10a in
“background buffer”, and the abnormally value in 2015 was 44.6 mm
(Fig. 5d).

2) NDVI response to Climate change

We combined time series of the annual average NDVI (ANDVI) with
the annual average temperature and annual average precipitation to
obtain the ANDVI change trend and the coupling relationship. Accord-
ing to Eq. (3), the correlation coefficients between the ANDVI and the
annual average temperature, annual precipitation from 1982 to 2015
can be calculated to determine the degree of response of the “core area”
and the “background buffer” to climate change (see Figs. 6 and 7).

Fig. 6 shown that the ANDVI of the XGSP located in the arid and cold
region is in good consistency with change trends of annual average
temperature and precipitation, and the whole sections are significantly
correlated (see S3). It is also demonstrated that the XGSP located in
Qaidam Basin, in the past 34 years, the increasing of temperature and
precipitation are beneficial to the growth of vegetation, which is
consistent with the research conclusions of Lihui Luo et al. (Luo et al.,
2018b).

The changes of the ANDVI and climate of GSPL are shown in Fig. 7. In
general, only the “core area” of GSPL is significantly correlated with
annual average precipitation r = 0.366 (P < 0.05, n = 34), while it is
uncorrelated in “background buffer” (see S3). However, further research
indicated that the correlation between the ANDVI and the annual
average temperature in the GSPL has changed significantly around
2000. From 1982 to 1999, the ANDVI and temperature was significantly
correlation; but from 2000 to 2015, the ANDVI and the temperature was
not uncorrelated.
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6 (a) Mann-Kendall test of T, P and ANDVI in XGSP
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(b) Mann-Kendall test of T, P and ANDVI in GSPL
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Fig. 8. The M—K test of T, P and ANDVI in the Qinghai-Tibet Railway. Note: The order statistic curve UFj(k)and the reverse order statistic curve UB;(k)represent
annual average temperature (red), annual average precipitation (blue), and annual average NDVI (green), respectively. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

3) Nonparametric mutation test

Diagnosing the impact of extreme climate and hydrological events on
NDVI is a prerequisite for effectively separating the impact of climate
change and engineering activities on environmental and ecological
processes. Here, the Mann-Kendall test method (M—K test) among many
change points diagnosis methods of catastrophe theory is introduced.
M—K test is a non-parametric test method which widely applied to trend
test of time series data. This method, follows neither some distribution
characteristics nor disturbed by a handful of abnormal values, is suitable

for abnormal distribution such as hydrological, ecological and meteo-
rological data (Giiclii, 2020). The M—K mutation test results of the time
series annual NDVI (ANDVI), temperature (T) and precipitation (P) were
shown in Fig. 8.

From Fig. 8, it can be seen that in the XGSP section, annual tem-
perature (red) had a sudden change (i.e., the intersection of the order
statistical UF curve and the reverse order statistical UB curve.) in 1996,
in which passed the hypothesis test with a « = 0.01 confidence level.
Annual precipitation (blue) fluctuated violently, with sudden changes in
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1986, 1990 and 2001 respectively, but none of them passed the « = 0.05
confidence level. ANDVI (green) only had a mutation point in 1984, in
which passed the a = 0.05 confidence level (see Fig. 8a). By analogy, in
the GSPL section, annual temperature (red) had a mutation point in
2001, in which passed the hypothesis test with a « = 0.01 confidence
level. Annual precipitation (blue) had a mutation point in 1997, in
which passed the a = 0.05 confidence level. ANDVI (green) had muta-
tions in 1985, 1987 and 2015, respectively, in which all of them passed
the hypothesis test with a a = 0.01 confidence level (Shown as Fig. 8b).

The M—K test shown that in the XGSP section, ANDVI had an abrupt
event in 1984, which coupled with the engineering activities of railway

construction, but had no coupling relationship with climate change. In
the GSPL section, ANDVI has multiple mutation points, but there was no
engineering activity coupled with railway construction.

4.4. Variation coefficient of GIMMS NDVI

The NDVI variation coefficient C, of “core area” and “background
buffer” in XGSP, GSPL between 1982 and 2015 can be calculated pixel
by pixel according to Eq. (4). The NDVI variation coefficients C, of “core
area” and “background buffer” of the two sections are shown in Figs. 9
and 10 (the background is 1:1 million gray scale Chinese vegetation
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coverage map: Globeland cover30, GLC30°). (mainly distributed along Qinghai Lake) is about 50%, and lower fluc-

The C, is divided into 5 levels (Ana et al., 2017): low, lower, mod- tuations (mainly distributed along Qaidam Basin from Delingha to

erate, higher and high. The XGSP is dominated by higher fluctuations Golmud) is about 30%; the GSPL is dominated by higher fluctuations

(mainly distributed alone Amdo-Lhasa segment) and moderate fluctua-

tions (mainly distributed in the Hoh Xil permafrost area) is about 80%.

9 GlobeLand30 refers to the land cover of the earth between latitude 80N to The volatility of “core area” is slightly higher than “background buffer”
808S. http://www.globallandcover.com/GLC30Download/index.aspx (see S4).
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Fig. 13. Scatter matrix of multi-buffers ANDVI in GSPL (r is the Pearson correlation coefficient, R?is the fitting degree of linear fit, and the confidence level of the
confidence ellipse is set to 97%.)

km (4 km on both side) is set as direct influence zone.

Shown as Fig. 12, the 8 buffer zones used for sensitivity experiments
have high correlation with each other, indicating that good ecological
restoration and relatively stable vegetation coverage around XGSP of the
Qinghai-Tibet Railway, which has been in operation for many years,
although Pearson correlation still captures a small transition, changed
from 0.997**, 0.996**, 0.993** to 0.989** for buffer zone from 1 km to
4 km.

Shown as Fig. 13, correlation between the 8 buffer zones used for
ecological sensitivity experiments in GSPL has changed greatly, which
demonstrate that the vegetation coverage around the GSPL of the
Qinghai-Tibet Railway has changed greatly during the construction
period. As the buffer zone expands with 1 km, Pearson correlation co-
efficients changed as 0.989**, 0.982**, 0.975**, 0.963** et al. There-
fore, we set the significance level to 0.0005 instead of 0.001 as the
sensitive mutation threshold.

In general, the ANDVI in the core area is less than that of all buffers.
The ANDVI of the buffers continued to increase from the inside to the
outside, which fully demonstrates the construction and operation of
Qinghai-Tibet Railway caused diversity in the surrounding vegetation.
The spatial and temporal correlation are obvious, the 4th outer level
buffer still shown a differentiation from the inner layer (the 3rd level
buffer zone), but the difference is significantly reduced, especially for
years of 2004, 2007, 2008, 2013 the different are almost overlap, which
indicated that the affects to surrounding NDVI by Qinghai-Tibet Rail-
way is 4 km in bilateral sides. This statistical results supported the ra-
tionality of the setting of the “core area” and “background buffer”. The
conclusion is also partially supported by similar studies based on MODIS

5. Discussion
5.1. Ecological sensitivity test and evaluation

In order to obtain the foundation of “background buffer” setting, in
this research, vegetation index MOD13A2 of MODIS NDVI products
(2001-2018) were selected to carry out the buffer ecological sensitivity
test, and MODIS NDVI was used to verify the data overlap period
(2001-2015) of GIMMS NDVI.

1) Ecological sensitivity test in buffers

A 1 km-wide core area is set along the Qinghai-Tibet Railway Using
the MODIS NDVI (2001-2018) MOD13A2 vegetation index product.
Based on the 1 km core area, buffers of 1-2 km, 2-3 km, 3-4 km, 4-5 km
5-6 km, 6-7 km, and 7-8 km, were setting with a width of 1 km, and the
annual average MODIS NDVI (ANDVI) was calculated for each buffer
(Fig. 11).

It can be seen from Fig. 11(a) that the ANDVI of all buffers had little
difference, and approximately shown as two stages change of the XGSP
which have been built for many years. The ANDVI fluctuations increased
from 2001 to 2013, and continued to rise from 2013 to 2018. While,
Fig. 11(b) demonstrated that the difference of the ANDVI of buffers are
relative large and with three-stage changes in general of the GSPL. The
ANDVI shown a downward trend from 2001 to 2006, fluctuations
increased from 2006 to 2014, and continued rising from 2014 to 2018.

The following is a further statistical test we have done. The scatter
matrix represents the correlation between multi-series ANDVIs in
different buffers. When buffer zone is larger than 5 km, the correlation
has a steep drop (especially in GSPL line). On the basis of this analysis, 8
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Table 2
Multiple linear stepwise regression in XGSP.
Coefficient Model ANOVA
a b R? RMSE F-statistic Sig. T test
Buffer2 0.980 0.008 0.994 0.00178 2777.305 0.000 52.700
Buffer3 1.041 —0.011 0.992 0.00203 2071.982 0.000 45.519
Buffer4 1.068 —0.020 0.983 0.00267 1187.820 0.000 34.465
Buffer5 1.053 —0.014 0.979 0.00336 744.863 0.000 27.292
Buffer6 1.087 —0.028 0.981 0.00315 845.434 0.000 29.076
Buffer7 1.114 —0.033 0.975 0.00365 626.658 0.000 25.033
Buffer8 1.072 —0.018 0.970 0.00403 512.522 0.000 22.639
Number of observations: 18, Error degrees of freedom: 16.
RMSE: Root Mean Squared Error.
R"2: R-squared; Adjusted R-Squared: abbreviation.
Table 3
Multiple linear stepwise regression in GSPL.
Coefficient Model ANOVA
a b R? RMSE F-statistic Sig. T test
Buffer2 0.980 0.002 0.978 0.00243 725.923 0.000 26.943
Buffer3 0.977 —0.002 0.964 0.00321 429.329 0.000 20.730
Buffer4 1.011 —0.019 0.926 0.00451 210.040 0.000 14.493
Buffer5 1.006 —0.017 0.950 0.00479 303.665 0.000 17.426
Buffer6 1.031 —0.026 0.899 0.00539 142.098 0.000 17.426
Buffer7 1.007 —0.015 0.876 0.00596 113.429 0.000 10.650
Buffer8 1.008 —0.015 0.857 0.00640 96.179 0.000 9.807

Number of observations: 18, Error degrees of freedom: 16.
RMSE: Root Mean Squared Error.
R"2: R-squared; Adjusted R-Squared: abbreviation.
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Fig. 14. Comparative analysis of GIMMS ANDVI and MODIS ANDVI in overlap period.

and Landsat data (Ding, et al., 2006; Li, et al., 2017).

2) multiple linear stepwise regression

Through the above analysis, it can be realized that due to the spatial
closely adjacent, the linear correlation between the various radiuses of
buffer NDVI is extremely high, and the mutation points are difficult to
find. Therefore, we introduce the idea of multiple linear stepwise
regression, with MODIS NDVI (2001-2018) in the core area as the
dependent variable and MODIS NDVI in the buffer as the independent
variable, through stepwise regression, and gradually eliminate the small
contribution and confidence Low-level independent variables. The
regression analysis report is shown in Tables. 2 and 3 respectively.

The results of multiple linear stepwise regression confirmed the re-
sults of the related analysis of Scatter matrix. In the Buffer5, including
R"2, RMSE, F-statistic and T test, a variety of indicators showed a sharp
change. Therefore, setting a double-sided 4 km buffer zone on the
Qinghai-Tibet Railway should be the optimal strategy.
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3) Evaluated with MODIS dataset

On the basis of previous research results, an 8 km “core area”
consistent with GIMMS NDVI was set along the Qinghai-Tibet Railway,
and another “8-16 km” “background buffer” was obtained by extending
outward with a radius of 8 km. For this purpose, MODIS and GIMMS
overlapped NDVI datasets of 15a are obtained (Fig. 14).

MODIS ANDVI and GIMMS ANDVI have an overlap period of 15
years (2001-2015), so that we can proofread the research results of
single source product data. It can be seen from Fig. 14 that the trends of
the two different source data are consistent, that is, the ANDVI in “core
area” is lower than “background buffer”. Under construction, the ANDVI
shown a downward trend, while in operation the ANDVI shown an up-
ward trend (of which 2010-2014, affected by the decrease in tempera-
ture fluctuations and the continuous decline in precipitation, the ANDVI
has dropped significantly over time).

The regression equations between the two source product data can
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(b) Core area in GSPL (2001-2015)
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Fig. 15. Regression analysis of GIMMS ANDVI and MODIS ANDVI in overlap period.

(a) XGSP section
20

0.0 o o0 °
154 ®
~ O © o
© o oo 0® o o o o o} %0 o o © 9
00104 @ © O o0& "go 0go ©00
2 B88.2 O%a’@%%%@mo &O 20,00 290 3 % 0 9
¢ © O 5~ QG %
3 0005—%?% 263 0 % 8R! o%@g 5o ‘%%oo@@o CELR
5 o O ® epelerey S Cooxrﬂao ® %5 o
5 0 © o o 0%0 o B 00 00q, © 5 o Y0
& 0.000 <
~ o
=
S -0.005 °
a
Z 0,010
00154 o NDVI difference between the Buffer and the Core area
-0.020

Timeline (408 month)

L . Em e S e o e s e e e e T LA e e
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384 408

NDVI difference

0.400
0375 o 0 e
Qa o8
o 70
0.350 I
O 3=0.369x+0.202
0.325 ) £=0.001, RMSE=0.000
e R=0.531, Sig. =0.042
n=15
0.300 T T T
0.300 0.325 0.350 0.375 0.400
GIMMS NDVI
(b) GSPL section
0.020
0.015 oo o ©°
001048 @O °_ o Oo o °
. 8’>@ U%o o QBOQO!DO 5 .
00054 o 8 005‘2“0 o @Oo@@ ° o © .

o C

NN
TEed ‘&@o%% 5 g
o @%‘% g&i

0 gf

0.000
-0.005 4

-0.010 A
8
o NDVI difference between the Buffer and the COré dtea
o

-0.015 4

-0.020 AT
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384 408
Timeline (408 month)

Fig. 16 The NDVI spatial heterogeneity between "core area" and "background buffer”

Fig. 16. The NDVI spatial heterogeneity between “core area” and “background buffer”

be described as follows: the coefficient of determination between “core
area” and the eco-buffer (i.e. the ecological check area, CK)'is R =
0.509 (significant level Sig. = 0.052, n = 15) and R = 0.497 (Sig. =
0.060, n = 15) in the XGSP; the coefficient of determination between
“core area” and the eco-buffer is R = 0.594 (Sig. = 0.020, n = 15) and R
= 0.531 (Sig. = 0.042, n = 15) in the GSPL (see Fig. 15). It is worth
noting that in the three years after 2015, MODIS NDVI has experienced a
dramatic increase across the Qinghai-Tibet Railway.

5.2. Spatial heterogeneity of NDVI
The “core area” of the Qinghai-Tibet Railway is an 8 km belt shape

area, and the “background buffer” is an 8 km wide ring area on both
sides. The total width of the two areas is 24 km. The 8 km “core area”

10 The ecological check area, CK
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fully covers the area affected by the construction and operation of the
Qinghai-Tibet Railway. The 8 to 16 km “background buffer” is far from
the influence of railway construction and operation, but the climatic
conditions are similar. Therefore, the “background buffer” can be
deemed to the CK affected by climate.

Due to the large span of the study area, although the vegetation on
the Qinghai-Tibet Plateau belongs to a large-area zonal distribution, the
surface still has spatial heterogeneity (the difference caused by the
spatial heterogeneity may not be considered for the max-min value
method, but for the average method, and accumulate value method,
which cannot be ignored). We found the spatial heterogeneity exists by
calculating monthly difference of “core area” and “background buffer”
of XGSP and GSPL (Fig. 16).

It can be seen from Fig. 16 that in XGSP, NDVI in most of month is
dominated by positive values. NDVI of the “core area” is always greater
than that of the “background buffer” and only shown a narrowing gap in
the trend during 34a. In GSPL the difference is positive in domination for
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Fig. 17. Extracting the component of the "Engineering Activities’ in NDVIL.

early stage, and NDVI of “core area” is greater than that of “background
buffer”. While for the middle and late periods (2000 is the time inflec-
tion point), the difference is negative values in domination, NDVI of
“core area” is smaller than that of “background buffer”. Due to similar
climatic conditions, climate variables are offset, the difference of NDVI
between “core area” and “background buffer” needs to be treated
separately: pre-construction, the difference is mainly due to the spatial
heterogeneity of vegetation; under construction and in operation, the
difference includes both spatial heterogeneity of vegetation and the
impact of engineering activities.

5.3. Impact of engineering activities

For the contribution of natural change and human activity to time
series NDVI, some studies have adopted the method of regression
analysis to remove climatic factor, and attributed the residual as human
activity factor (Liu et al., 2016; Yi et al., 2014). A common drawback of
this method is that in areas where there is no human activity, contri-
bution of human activity would still have preserved for residual not
equal to zero. Therefore, in this research, an innovative temporal-spatial
invariant approach is used to distinguish the contribution of natural and
anthropogenic factors. The process progress of this method can be
described as follows:

(1) The inter-annual NDVI is cyclical, if the perennial vegetation
biomass is assumed to NDVI,,,s, and the effect of superimposed climate
change is NDVIjjyate during the same time. Since the influencing factors
of “background buffer” and “core area” are different, for “background
buffer”, time series NDVI is Bypyy, which is not affected by engineering
activities, so there Bypyr = NDVIngss + NDVjimqte; While for “core area”
where is no impact of engineering activities pre-construction, time series
NDVI is Cypy;. Under construction and in operation, NDVIegincering iS
affected by engineering activities, so Cypyr = NDVIngss + NDVIjimate +
NDVlengineering-

(2) Due to the similarity of short-term climatic conditions, we sub-
tract the NDVI(;.;y of the previous year from the current year NDVI;) to
eliminate most of the impacts of climate change, and obtain the
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comprehensive increments NDVI of “background buffer” §g and “core
area” §¢ for current year. The comprehensive increments NDVI was
considered as Biomass accumulated of current year. So for “background
buffer”, 6g = B; —B;_1 (i = 1983, 1984, ..., 2015), and for ‘“core area”,
8¢ = C; —Ci_1 (i=1983,1984, ..., 2015).

(3) It is different for the “background buffer” and the “core area”. By
subtracting the increment of the “core area” from the annual NDVI in-
tegrated increment of “background buffer”, the cumulative impact of
biomass can be eliminated, leaving only the increment of spatial het-
erogeneity of vegetation. While this is different for “background buffer”
and “core area”, for “background buffer”, only the NDVI incremental diff
caused by spatial heterogeneity of vegetation is: diff = 6g —d¢; while for
“core area”, the NDVI increment (a residual of a 12-month cycle) of
vegetation is spatial heterogeneity in the pre-construction, but when the
engineering activity increment is introduced during the under-
construction and in-operation, the diff during the under-construction
and in-operation should include the increment of engineering activ-
ities and the increment of spatial heterogeneity of vegetation.

(4) The contribution of spatial heterogeneity increment of the
vegetation was same for each year, hence, we calculated the cyclic
average residuals of n years pre-construction (a one-dimension vector
composed of 12 elements), subtracted the diff during co-construction (i.
e. under-construction) and post-construction (i.e., in-operation), and
obtained the incremental engineering activity as 6 = diff —e. Where,

£12), = £/ == PN 1 , n is number of construction

years, for instance, the 19 years from 1982 to 2000 were pre-
construction in GSPL and ¢ was the average of these 19 years. In order
to treat differently, we express the residuals before, during and after
construction as e, £cos Epost-

The extracted influence factor of engineering activities of the XGSP
and GSPL of Qinghai-Tibet Railway are shown as Fig. 17.

Quantitative results shown that: (1) The total NDVI of the XGSP is
72.829 for “background buffer” and 72.575 for “core area”, the net
increment is 14% and 23% respectively among 34 years; the impact of
climate is -9.3% and the impact of engineering activities is —0.24% in

= (575757'“7
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“core area”. (2) The total NDVI of the GSPL is 78.566 and 76.047, and
the net increment is —3.56% and -2.33% for “background buffer” and
“core area” respectively during 34 years; the climate impact is -1.19%,
and the impact of engineering activities is -0.04% of the “core area”.

5.4. Variation coefficient of MODIS NDVI

The NDVI variation coefficients C, (2001-2018) of “core area” and
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“background buffer” of the two sections calculated with MODIS dataset
are shown in Figs. 18 and 19 (the background is 1:1 million GLCSOH).

Based on the same grading criteria (Ana et al., 2017), the XGSP is
dominated by lower to moderate fluctuations (mainly located near
Qaidam Basin and Qinghai Lake) is more than 70%, and higher to high
fluctuations (mainly distributed along Delingha to Tianjun) is about
26%; the GSPL is dominated by lower fluctuations (alone Amdo-Lhasa
segment) and moderate fluctuations (mainly distributed in the Hoh Xil

11 GlobeLand30 refers to the land cover of the earth between latitude 80N to
80S. http://www.globallandcover.com/GLC30Download/index.aspx
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nature reserve and Sanjiangyuan nature reserve) is about 80% and
higher to high fluctuations are mainly distributed along Manuco lake
and intersection with Kunlun Mountains). On the whole, the volatility of
“core area” is slightly higher than “background buffer” in the XGSP; and
the volatility of “background buffer” is slightly higher than “core area”
in the GSPL (see S5).

Comparing the coefficients of variation of GIMMS NDVI and MODIS
NDVI, the following conclusions can be drawn: Whether it is in XGSP or
GSPL, the C, fluctuation degree in the core area is greater than that in the
buffer; C, (1982-2015) is dominated by higher fluctuations; and C,
(2001-2018) is dominated by low to lower fluctuations (see S6).

6. Conclusions

(1) In general, the annual average NDVI of the XGSP of the Qing-
hai-Tibet Railway shown a slowly increase trend. Studies demonstrated
that after the operation of the XGSP of the Qinghai-Tibet Railway, the
vegetation growth condition was recovery, and the vegetation has an
improvement trend. The annual NDVI of the GSPL of the Qinghai-Tibet
Railway shown an overall downward trend. A piecewise linear fitting
analysis results indicated that there is a correlation between NDVI and
railway construction. Railway construction has a significant impact on
the growth of vegetation. That is, the growth of the vegetation is good
before railway construction, while vegetation growth has a downward
trend during the construction engineering activity, and the vegetation
has a tendency to recover after the construction.

(2) The climate along the Qinghai-Tibet Railway is developing to-
ward warming and humidification, and the annual average temperature
and precipitation are both increasing. Correlation analysis between
NDVI and climate indicated that the growth of vegetation in the core
area of the XGSP is more affected by temperature (T) than precipitation
(P) (rnpviyT = 0.651, P < 0.01; rypyrp = 0.395, P < 0.05), the growth of
vegetation in the buffer zone of the XGSP is affected by the combined
effect of temperature and precipitation (rnpyi/T = 0.336, P < 0.05; rnpyiy
p = 0.344, P < 0.05); while the growth of the vegetation in GSPL is not
related to the average annual temperature and precipitation.

(3) Results of NDVI variation coefficient analysis along the Qing-
hai-Tibet Railway demonstrated that the XGSP is significantly affected
by climate change. The high fluctuations and relatively high fluctuations
in the “core area” is 77.08%, and high fluctuations and relatively high
fluctuations in the “background buffer” is 72.5%. In the GSPL, the high-
volatility changes and relatively high fluctuations in the “core area” and
“background buffer” is 93.39% and 91.2%, respectively. The “back-
ground buffer” is mainly affected by climate change, and the “core area”
is combined affected by climate change and engineering activities.

(4) Impact of engineering activities was obtained. In spatial dimen-
sion, the “background buffer” was used as the CK of the “core area”, and
in temporal dimension, the pre-construction NDVI was settled as back-
ground value of ecological increment during the under-construction and
in-operation to remove the effect of spatial heterogeneity of vegetation
coverage, impact of climate change and effects of periodic cumulative.
The results demonstrated that the climatic impact of the “core area” of
the XGSP is -9.3%, and the impact of engineering activities is —0.24%;
the climatic impact of the “core area” of the GSPL is —1.19%, and the
impact of engineering activities is -0.04%. In summary, NDVI3g + re-
sponds to climate change and engineering activities along the Qing-
hai-Tibet Railway, with climate change in domination and engineering
activities as supplement.

The GIMMS NDVI3g + data used for NDVI Change research along the
Qinghai-Tibet Railway with a long time series but low spatial resolu-
tion, making it impossible to analyze the growth of detailed vegetation
types. Results obtained on the basis of inter-annual, inner-annual
maximum and average NDVI has limitation of effective evaluation for
long time, large spatial span, and lack of field measurement Future
investigation is intended to introduce data with higher spatial resolution
(such as SPOT NDVI, Landsat NDVI) to refine the research results.
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