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Abstract

The Qinghai-Tibetan Plateau (QTP) contains the largest permafrost area in a high-altitude

region in the world, and the unique hydrothermal environments of the active layers in this

region have an important impact on vegetation growth. Geographical locations present dif-

ferent climatic conditions, and in combination with the permafrost environments, these con-

ditions comprehensively affect the local vegetation activity. Therefore, the responses of

vegetation to climate change in the permafrost region of the QTP may be varied differently

by geographical location and vegetation condition. In this study, using the latest Global

Inventory Modeling and Mapping Studies (GIMMS) Normalized Difference Vegetation Index

(NDVI) product based on turning points (TPs), which were calculated using a piecewise lin-

ear model, 9 areas within the permafrost region of the QTP were selected to investigate the

effect of geographical location and vegetation type on vegetation growth from 1982 to 2012.

The following 4 vegetation types were observed in the 9 selected study areas: alpine swamp

meadow, alpine meadow, alpine steppe and alpine desert. The research results show that,

in these study areas, TPs mainly appeared in 2000 and 2001, and almost 55.1% and 35.0%

of the TPs were located in 2000 and 2001. The global standardized precipitation evapo-

transpiration index (SPEI) and 7 meteorological variables were selected to analyze their cor-

relations with NDVI. We found that the main correlative variables to vegetation productivity

in study areas from 1982 to 2012 were precipitation, surface downward long-wave radiation

and temperature. Furthermore, NDVI changes exhibited by different vegetation types within

the same study area followed similar trends. The results show that regional effects rather

than vegetation type had a larger impact on changes in vegetation growth in the permafrost

regions of the QTP, indicating that climatic factors had a larger impact in the permafrost
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regions than the environmental factors (including permafrost) related to the underlying sur-

face conditions.

Introduction

Vegetation is an important component of terrestrial ecosystems [1] and plays a key regulatory

role in energy budgeting and water cycle processes via albedo, roughness, respiration and tran-

spiration at the soil surface [2]. With the development of remote sensing technologies, Nor-

malized Difference Vegetation Index (NDVI) datasets have been widely applied in numerous

studies [3–5] as an effective tool for monitoring vegetation growth [6].

Current research [2,7,8] shows that there is a significant regional difference in vegetation

changes, and that NDVI exhibits different changing trends at different spatial and temporal

scales. For instance, Piao et al. [7] reported that the NDVI in the temperate and cold regions of

the Eurasian Continent increased at an annual rate of 0.0005 (P = 0.03) from 1982 to 2012.

Furthermore, they concluded that there was a turning point (TP) that occurred in 1997, with

the NDVI increasing at an annual rate of 0.0018 (P< 0.01) before this TP and at an annual

rate of -0.0013 (P = 0.06) afterwards. In addition, Cheng et al. [2] reported that the trend in

Asia-Pacific region was increased at an annual rate of 0.0005 (P< 0.01) from 1982 to 2012,

and there was also a TP in this region (in 1991), with the NDVI increasing at an annual rate of

0.0026 (P< 0.01) before the TP and at a reduced annual rate of 0.0006 (P< 0.01) afterwards.

At a regional scale, Zhang et al. [8] demonstrated that the NDVI trend increased at an annual

rate of 0.0008 (P = 0.03) from 1982 to 2011 in the Koshi region in the middle section of the

Himalayas, and two TPs occurred in this region (in 1994 and 2000). The trend increased at an

annual rate of 0.0019 (P = 0.03) before 1994, at an annual rate of -0.0058 (P< 0.01) from 1994

to 2000, and at an annual rate of 0.0034 (P< 0.01) after 2000.

In addition to regional differences, variations in vegetation type also have an impact on the

NDVI. Using the NDVI dataset, Zhang et al. [9] showed that the green-up date of the meadows

of the Qinghai-Tibetan Plateau (QTP) occurred earlier than that of the steppes from 1982 to

2011. The product was also applied to investigate the end date of the vegetation growing sea-

son, with the results showing that the withering period of the meadows in the QTP occurred

later than that of the steppes from 1982 to 2011 [2]. Moreover, an analysis of correlations

between the NDVI and sunshine time under different vegetation type conditions (coniferous

forest, broad-leaf forest, shrub, meadow, steppe and alpine vegetation) showed that shrub and

coniferous forest vegetation was the most significantly correlated to sunshine time [10].

The Qinghai-Tibet Plateau is known as the “third pole of the world", and its vegetation

activity is sensitive to climate change [2,9]. In addition, the permafrost regions account for

approximately 70% of the total area of the QTP [11], and the permafrost table has a significant

water insulating effect [12]. Therefore, permafrost regions have better water conditions and

are more favorable to vegetation growth compared with seasonally frozen soil regions [12,13].

The permafrost region of the QTP has unique vegetation types that mainly include alpine

steppe (AS), alpine swamp meadow (ASM), alpine meadow (AM) and alpine desert (AD)

[9,12,13,14]. These ecosystems have completely different hydrothermal processes as well as dif-

ferent limiting factors for vegetation growth. Therefore, based on hydrothermal conditions,

the responses of vegetation in the permafrost regions of the QTP to climate change may be dif-

ferent from those of vegetation in non-permafrost regions. However, permafrost regions are

not distinguished from regions with seasonally frozen ground in most current studies [9,15] of
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the changes in the growth of different vegetation types in the QTP. Instead, the growth condi-

tions or phenological characteristics of vegetation in the permafrost and seasonally frozen soil

regions are determined based on the averaged data of such vegetation, which causes difficulties

in terms of understanding the changing process of vegetation in permafrost environments. In

addition, different geographical locations and vegetation types may also affect the results when

determining vegetation changes. Therefore, it is necessary to understand how geological loca-

tions and vegetation types affect vegetation growth in the permafrost zone. Hence, in the pres-

ent study, 9 study area samples, which were distributed uniformly in the permafrost regions of

the QTP, were selected. Additionally, the vegetation changes in the corresponding ecosystems

of selected areas were analyzed using remote sensing data from 1982 to 2012 to analyze the

effects of geological locations and vegetation types about the vegetation growth. The results of

the present study could provide a basis for the selection of appropriate spatial scales and vege-

tation types when using remote sensing data to analyze vegetation growth in the future.

Materials and Methods

General situation of the study areas

The permafrost regions of the QTP are located in the high-altitude region of the northern

QTP and have an area of approximately 1.5×106 km2 (Fig 1). To ensure that the study area

samples included more vegetation types at a large spatial scale, 9 study areas were set up in the

high-altitude permafrost regions of the Tibet Plateau based on updated vegetation maps of the

permafrost zone of the QTP [14]. Excluding the discontinuous area in the permafrost zone of

the QTP, a central point (89.5˚E, 35.5˚N) was first calculated by averaging the values of longi-

tude and latitude. Then, the other 8 points were selected by 4˚ intervals in the horizontal direc-

tion and 1˚ intervals in the vertical direction to ensure that the study areas included more

vegetation types and to avoid locating them in non-permafrost regions. Finally, a buffer area

with a radius of 50 km was constructed around the 9 points, as shown in Fig 1.

The field work was conducted in three National Nature Reserves, and the work was con-

ducted under the permission of the Qiangtang National Reserve (study areas 1, 4 and 7), the

Aerjin National Nature National Reserve (study areas 2, 5 and 8), and the Kekexili National

Nature Reserve (areas 3, 6 and 9). The field studies did not involve endangered or protected

species.

Data source

The datasets used here include the GIMMS NDVI3g dataset, the global standardized precipita-

tion evapotranspiration index (SPEI) dataset and the China Meteorological Forcing Dataset.

The Global Inventory Modeling and Mapping Studies (GIMMS) NDVI dataset used in the

present study was acquired by the Advanced Very High Resolution Radiometer (AVHRR) sen-

sor onboard a National Oceanic and Atmospheric Administration (NOAA) satellite. Cur-

rently, a third-generation NDVI product has been developed [16], and this product is called

the AVHRR GIMMS NDVI3g product, which has a spatial resolution of 1/12˚. The GIMMS

NDVI3g product is the only dataset that has been continuously updated from the 1980s to the

2010s [2,17]. It is produced every half month, and there are 24 images in each year. The maxi-

mum value composites (MVC) method was used for the NDVI product, which can minimize

the effects of aerosols and clouds [18]. In addition, the MVC method has been validated using

control points in desert areas [7,18,19]. The trends of AVHRR GIMMS NDVI were in overall

acceptable agreement with the MODIS NDVI dataset, which were noted in previous researches

[20]. Therefore, the 31-year GIMMS NDVI data could provide a robust time series for explor-

ing vegetation change as expressed by NDVI [2].

Geographical Locations and Vegetation Types in QTP
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The global SPEI database [21] offers long-time, robust information about drought condi-

tions at the global scale, with a 0.5˚ spatial resolution and a monthly time resolution. Currently

it covers the period between January 1901 and December 2014.

The China Meteorological Forcing Dataset [22,23] was derived from merging China Meteo-

rological Administration (CMA) station data, Princeton forcing data, GLDAS data, GEWEX-

SRB radiation data and TRMM satellite precipitation analysis data by the Institute of Tibetan

Plateau Research. It currently covers the period 1972–2015. The spatial resolution and temporal

resolution are 0.1˚ and 3-hr, respectively. The variables include temperature (K), pressure (Pa),

specific humidity (kg kg-1), wind speed (m s-1), downward shortwave radiation (W m-2), down-

ward long-wave radiation (W m-2) and precipitation rate (mm hr-1). Their physical meanings

are instantaneous near surface (2 m) air temperature, instantaneous near surface (2 m) air pres-

sure, instantaneous near surface (2 m) air specific humidity, instantaneous near surface (10 m)

wind speed, 3-hourly mean (from -1.5 hr to +1.5 hr) surface downward shortwave radiation,

3-hourly mean (from -1.5 hr to +1.5 hr) surface downward longwave radiation and 3-hourly

mean (from -3.0 hr to 0.0 hr) precipitation rate respectively. The names of these variables were

defined as TEMP, PRES, SHUM, WIND, SRAD, LRAD and PREC, respectively.

Study methods

The original GIMMS NDVI3g data were rotated by 180˚. In this study, these data were con-

verted to TIF files with a WGS-84 projection using the method of geographic correction

Fig 1. Distribution of the four main vegetation types and 9 study areas (red circle) in the permafrost regions of the QTP. The numbers that

precede the “-” represent the codes of study areas (1–9), and the letters that follow the “-” represent the vegetation types (ASM, AM, AS and AD); (%)

represents the percentage of area covered by the particular vegetation types in the total study area covered by vegetation.

doi:10.1371/journal.pone.0169732.g001
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method with four reference points: top left latitude (90.0-1/24˚), top left longitude (-180.0+1/

24˚), bottom right latitude (-90.0+1/24˚) and bottom right longitude (180.0-1/24˚). The con-

verted data are shared by the Scientific Data Center for Cold and Arid Regions. The detailed

process is reported as follows.

In addition to the NDVI values, the NDVI3g data also include data quality control flag val-

ues, which are calculated using the following method:

FLAG VALUES ¼ NDVI3g � floor ðNDVI3g=10Þ � 10þ 1 ð1Þ

NDVI ¼ floor ðNDVI3g=10Þ=1000 ð2Þ

where NDVI3g represents the data value, and floor () represents the downward rounding

function. NDVI value was calculated by Eq 2. The FLAG VALUES range from 1 to 7, and the

detailed meanings of different flag values are as follows (the information of NDVI and FLAG

VALUES can be acquired from https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v0/

00READMEgeo.txt): flag values of 1–2 indicate that the pixel value of the point is a good value;

flag values of 3–6 indicate that the pixel value of the point is a interpolation value (which is

affected by clouds and sensors); and a flag value of 7 indicates that the pixel value of the point

is a missing value. In the present study, the NDVI pixel data with flag values of 1 and 2 are

selected.

Within the 9 study areas, almost 57 000 points were distinguished as vegetation area at the

central position of each pixel of the updated vegetation maps in the permafrost zone of the

QTP. They were extracted using geographic information system software to detect the differ-

ent effects of derived from geographical locations and vegetation types on vegetation changes.

NDVI, SPEI and meteorological variables were also extracted at these points.

The growth conditions of the vegetation, SPEI and meteorological variables in the QTP

during the 31-year period were analyzed using the least square linear regression method [7,8]

and the following equations:

yt ¼ aþ bxt þ ε ð3Þ

xt ¼ 1; 2; 3; . . . ; 31 ð4Þ

where yt represents the time-series of the NDVI, SPEI and meteorological variables; xt repre-

sents the year number; a and b represent the parameters of the linear regression equation (a:

intercept; b: slope); and ε represents the equation error.

In this study the NDVI, SPEI and meteorological variables were calculated into yearly data

using the mean of all data for each year from 1982 to 2012. For the normalization method, the

zero-mean normalization (Z-score) was applied to analyze the variables mentioned above. The

treated data were in accord with the standard normal distribution. The average and standard

deviation of the treated data were 0 and 1 respectively.

Here a piecewise regression model [24], which has been widely applied in many ecological

studies, NDVI researches and climate analyses [7,8], was applied to detect potential changes in

the NDVI time series. Piecewise regression models are ‘‘broken-stick” models, where two or

more lines are joined at unknown points, called “turning points” in previous studies [7,8]. The

points could be used as estimates of the thresholds and to determine the width of edge effects

[24].

The TPs (turning points) frequently indicated sudden changes in vegetation growth in the

analysis of the long-term series NDVI data. They could be calculated using piecewise linear

Geographical Locations and Vegetation Types in QTP
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equations, and the following method was used to calculate the TPs [7,8]:

yt ¼
a0 þ b1xt þ ε1; xt � j; j 2 f4; 5; . . . ; 5; g

a0 þ b1xt þ b2ðxt � jÞ þ ε2; xt > j
ð5Þ

(

where yt represents the NDVI time-series; xt represents the year number; j represents the year

when a TP occurred in the GIMMS NDVI data; a0, b1 and b2 represent the regression coeffi-

cients; and ε represents the error. Before a TP, b1 is the slope; after a TP, b1+b2 is the slope. Sit-

uations in which there are a scarce number of years before and after the TP are controlled by j

2 j{4,5,. . .,5,} [2]. Least-squares linear regression could be selected in estimating j and other

coefficients, and a P value< 0.05 was considered significant [7].

Results and Analysis

NDVI, SPEI and meteorological variables changing patterns and their

correlations

Fig 2 shows the changes in the medians of NDVI, SPEI and meteorological variables of 9 study

areas in the QTP permafrost regions. As seen in Fig 2A, there were no significant changes

occurring in the vegetation growth conditions over the 31-year time scale (R2 = 0.00, P = 0.84).

However, the statistical significance of the NDVI trend is revealed after assessing the TP in

2000, which is calculated using Eq 5. There was a marginally increased speed (R2 = 0.12,

P = 0.15) before TP and a significantly decreased speed (R2 = 0.39, P = 0.02) after TP.

As Fig 2B–2I demonstrated, there were significant changes in 5 variables, marginal changes

in 1 variable, and no significant changes in 2 variables from 1982 to 2012. The R2 and P value

Fig 2. Dynamic of the medians of the NDVI, SPEI and meteorological variables of 9 study areas in the QTP permafrost regions from 1982 to 2012.

The boxplot is composed of five types of data: minimum, lower quantile, median, upper quantile and maximum. The dark blank band, the bottom and top of the

box, and the top dot and the bottom dot presents the median, lower quantile, upper quantile, minimum and maximum, respectively.

doi:10.1371/journal.pone.0169732.g002
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were 0.01 and 0.60 in SPEI, 0.60 and 0.00 in TEMP, 0.48 and 0.00 in PRES, 0.25 and 0.11 in

SHUM, 0.39 and 0.00 in WIND, 0.00 and 0.80 in SRAD, 0.17 and 0.03 in LRAD and 0.59 and

0.00 in PREC respectively, showed in Table 1.

The correlations between these variables are shown in Fig 3. The results demonstrate that

the variable, most closely related to NDVI, was PREC from 1982 to 2012. The variable was simi-

lar from 1982 to 2000, and only the quantity of the variable was different. However, the variable

from 2000 to 2012 was quite different. TEMP was the variable most closely related to NDVI.

Changes in the NDVI of different vegetation types in different study

areas

As shown in Fig 1, a total of 28 vegetation types were observed in the 9 study areas. Relatively

abundant vegetation types were observed in the southern permafrost regions of the QTP, with

2 vegetation types in study area 1 and 4 vegetation types in study areas 3 and 6. In the other

study area, there were 3 vegetation types.

Fig 4 demonstrated that there were different TPs at each pixel in 9 study areas. The TPs

mainly appeared in 2000 and 2001. Almost 55.1% and 35.0% of the TPs were located in 2000

and 2001. Other TPs in 1998, 1999 and 2002 were 3.5%, 4.3% and 2.1%. Most of the TPs of the

study areas were in 2000, and they were in 2001 for study areas 2, 5 and 8. For the quantita-

tively analyzed regional effects and vegetation type effects on NDVI, the TP was selected as

2000 for each region of the 9 study areas.

From NDVI median, which was calculated using Z-score standardization, there were signif-

icant differences in the quantity of NDVI change rate in the 9 study areas, as shown in Table 2.

The values of the standardized NDVI median were above 0.0010 in study areas 1–6, and they

were below 0.0010 in study areas 7–9. In particular, the values in study areas 1 and 6 were

above 0.0020.

Discussion

Effect of regional differences on changes in the NDVI

Early research [25] indicated that vegetation in the mid-latitude regions of the northern hemi-

sphere has been greening. Piao et al. [7] found that the NDVI trend in temperate and cold

regions of the Eurasian Continent was increased at an annual rate of 0.0005 from 1982 to 2012.

Zhang et al. [8] reported that the trend of the Koshi region in the middle section located in the

Himalayas had increased at an annual rate of 0.0008 from 1982 to 2011. Chen et al. [2] used

Table 1. The R2 and P values of NDVI, SPEI, TEMP, PRES, SHUM, WIND, SRAD, LRAD and PREC from

1982 to 2012. Temperature, pressure, specific humidity, wind speed, downward shortwave radiation, down-

ward long-wave radiation and precipitation rate were defined as TEMP, PRES, SHUM, WIND, SRAD, LRAD

and PREC, respectively.

Variables R2 P value

NDVI 0.00 0.84

SPEI 0.01 0.60

TEMP 0.60 0.00

PRES 0.48 0.00

SHUM 0.25 0.11

WIND 0.39 0.00

SRAD 0.00 0.80

LRAS 0.17 0.03

PREC 0.59 0.00

doi:10.1371/journal.pone.0169732.t001
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the NDVI data from 1982 to 2012 to calculate the vegetation trend in the Asia-Pacific, which

increased at an annual rate of 0.0005 during this period. Peng et al. [15] showed that the NDVI

trend was increased at an annual rate of 0.0005 from 1982 to 2003, and the NDVI trend of 6

vegetation types were changed at different rates during the same period in the QTP. Compared

with the aforementioned results, the NDVI of the permafrost regions in the QTP did not

change significantly from 1982 to 2012. The NDVI trend was changed at an annual rate less

than 0.0001. From Table 2, the NDVI exhibited different trends in different regions over dif-

ferent time periods relative to a standardized NDVI median.

Based on the calculation using Eq 5, the TP of the permafrost region of the QTP primarily

occurred in 2000, which is different from the TPs calculated by Piao et al. [7], Zhang et al. [8]

and Chen et al. [2]. Piao et al. [7] pointed that the changes of temperature and precipitation

Fig 3. Correlogram of NDVI, SPEI and meteorological variables correlations in different time periods: (a) from 1982 to

2012, (b) from 1982 to 2000 and (c) from 2000 to 2012. The rows and columns of the matrix were reordered by principal

component analysis (PCA). Blue box with slashs from the lower left to the upper right indicates that the two crossed

variables in the box were positively correlated, and the red box indicates the opposite situation. Deeper colors and higher

saturations indicate that the correlation between variables was more significant.

doi:10.1371/journal.pone.0169732.g003
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were the main drivers of the change in vegetation productivity in temperate and boreal Eur-

asia. In this study, SPEI and 7 meteorological variables were selected. The main correlative var-

iables to NDVI were different in different study time period from the correlogram between

NDVI and these 8 parameters. The most correlative variables were precipitation and surface

downward longwave radiation from 1982 to 2012 and from 1982 to 2000 as Fig 3A and 3B

showed. However, these variables were changed into temperature and surface downward long-

wave radiation from 2000 to 2012 as Fig 3C showed. Therefore the precipitation, surface

downward longwave radiation and temperature were the main contributors to vegetation pro-

ductivity from 1982 to 2012.

A comparative analysis of the standardized NDVI median rates in 9 study areas before and

after the TP showed that the slope values of the northern regions were significantly greater

than those of the southern regions. Study area 6 was located in the source region of the three

rivers, and a significant greening phenomenon occurred in this source region. One of the rea-

sons for this phenomenon could be the implementation of environmental protection policy by

local government [26].

The spatial distribution of global NDVI linear trend 2000–2010 seasonally integrated obser-

vations [25] shows that the NDVI trend of large vegetation areas in the arctic region exhibited

significant increasing trends where permafrost is widely distributed. However, the result [20]

pointed that the NDVI trend in the QTP permafrost region, which was located by permafrost,

was not significantly increased. The phenomenon may have been caused by differences

between the climatic conditions in the permafrost regions of the QTP and Arctic region.

The active layers of the permafrost regions of the QTP have relatively large thicknesses and

Fig 4. Turning points in each pixel of 9 study areas in the QTP permafrost regions from 1982 to 2012.

doi:10.1371/journal.pone.0169732.g004
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relatively low overall soil water content [27]; therefore, soil water content may be a limiting

factor for vegetation growth.

Effect of differences in vegetation type on NDVI

Previous researches [2,7] have showed that there were differences among growth conditions

and vegetation phenophase changes in different vegetation types in the QTP. The present

study showed that the NDVI of 4 vegetation types within any one of the 9 study areas in the

permafrost regions of the QTP changed with significant level at the same rate from 1982 to

2012 (Table 2). For example, the standardized NDVI median trend were 0.0034 and 0.0039 for

alpine steppe and alpine desert in study area 1, 0.0013 and 0.0014 for alpine steppe and alpine

desert in study area 4, and 0.0021 and 0.0021 for alpine swamp meadow and alpine desert in

study area 6 from 1982 to 2012. The differences of standardized NDVI median trend among

Table 2. The Z-score standardized NDVI median changed rates of the different vegetation type sam-

ples in different time period of different study areas. The letters that precede the “-” represent the vegeta-

tion types (ASM, AM, AS and AD), and the letters that follow the “-” represent the codes of the study areas (1–

9).

Sample code Trend from 1982 to 2012 Trend before 2000 Trend after 2000

AS-1 0.0034** -0.0017 0.0075*

AD-1 0.0039* -0.0019* 0.0081**

AM-2 0.0018 0.0012 0.0030*

AS-2 0.0014 0.0017* 0.0048

AD-2 0.0025** -0.0007* 0.0066**

ASM-3 -0.0014 0.0060 -0.0169

AM-3 -0.0009 0.0012 0.0039

AS-3 0.0004 0.0063* -0.0073

AD-3 0.0013* 0.0015 0.0055*

AM-4 0.0000 0.0007 -0.0033

AS-4 0.0013** 0.0013* 0.0012*

AD-4 0.0014* 0.0011 0.0012*

AM-5 0.00014 0.0018 0.0012

AS-5 0.0018* 0.0012 0.0052*

AD-5 0.0012* 0.0007 0.0044**

ASM-6 0.0021** 0.0018* 0.0025**

AM-6 0.0013 0.0039 0.0015*

AS-6 0.0021* 0.0020* 0.0028**

AD-6 -0.0008 0.0065 -0.0200

AM-7 0.0004 0.0011 -0.0010*

AS-7 0.0008 0.0004 -0.0017

AD-7 0.0008 0.0008 -0.0013*

AM-8 -0.0008 -0.0002 -0.0006

AS-8 -0.0009 -0.0004 -0.0005

AD-8 0.0005 -0.0008 0.0005

ASM-9 0.0008 0.0017 0.0030*

AM-9 0.0003 -0.0021 0.0044**

AS-9 0.0004 0.0011 0.0040*

* Indicates significance level (P < 0.05).

** Indicates significance level (P < 0.01).

doi:10.1371/journal.pone.0169732.t002
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different vegetation types in same study area were below 0.0005. However, the differences of

standardized NDVI median trend in same vegetation types in different study areas were clear

distinct. The values of alpine desert standardized NDVI median trend in study areas 1, 4 and 6

were 0.0034, 0.0013 and 0.0021, respectively.

The vegetation types in the aforementioned studies can be differentiated by the large areas

in the eastern region of the QTP classified as meadows, whereas large areas of the western

region of the QTP were classified as steppe and small areas such as forests and shrubs were not

discussed in this region. The permafrost region of the QTP is extremely sensitive to climate

change and has experienced warming and melting trends in recent decades [28]. Degradation

of the permafrost of the QTP has been increasingly severe [27,29] in the last decade compared

with previous decades and has resulted in the thickening of the active layers, which in turn has

caused a series of hydrothermal changes that have an important impact on vegetation changes.

The NDVI in study area 6 was increased significantly, which is inconsistent with that of other

study areas and previous studies [8]. The reason could be concluded that the permafrost table

has a water insulating effect and the thickening of the active layers resulted in more water gen-

erated around the upper limit of the permafrost and an increase in the temperature of the soil

surface, which is favorable to vegetation growth and development [13]. Moreover, study areas

5, 6 and 9 were located in the source regions of three rivers, where environmental protection

and ecological improvement was enhanced after 2000 when the importance of protecting

water sources was realized [26]. Thus, the vegetation in this region continued to grow. Beck

et al. [30] also found that the growth of vegetation in the Arctic permafrost regions exhibited a

significantly increasing trend after 2000. Therefore, different NDVI changed trends of differ-

ent vegetation types in the QTP may have resulted from spatial differences instead of vegeta-

tion-type differences.

Conclusions

There were significant vegetation changes in the permafrost regions of the QTP before and

after 2000, with the mean NDVI increasing at an annual rate of 0.0006 before 2000 and

decreasing at an annual rate of 0.0008 after 2000. An investigation of the change trends of the

NDVI of the 4 vegetation types in the 9 vegetation survey areas showed that the growth rates

in the permafrost regions of the QTP increased differently in the different regions. In addition,

the NDVI of different vegetation types within the same study area changed at the same general

rate. Therefore, the regional effect had a larger impact than the vegetation-type effect on the

growth conditions of the vegetation in the permafrost regions of the QTP.
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