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Abstract: The permafrost region is one of the most sensitive areas to climate change. With global warming, the
Mongolian Plateau permafrost is rapidly degrading, and its vegetation ecosystem is seriously threatened. To ad-
dress this challenge, it is essential to understand the impact of climate change on vegetation at different permafrost
degradation stages on the Mongolian Plateau. Based on the general permafrost distribution, in this study, we di-
vided different permafrost regions and explored the response of vegetation to climate change at different stages of
permafrost degradation by the idea of “space instead of time” from 2014 to 2023. The results of the study showed
that: (1) Normalized difference vegetation index (NDVI) values showed a decreasing trend, and the proportion of
the decreasing region was in the order of sporadic permafrost region > isolated and sparse permafrost region >
continuous and discontinuous permafrost regions. (2) The main controlling factors of vegetation growth in perma-
frost regions are different, air temperature is the main controlling factor of vegetation growth in isolated and sparse
permafrost region (r=—0.736) and sporadic permafrost regions (r=—0.522), and precipitation is the main controlling
factor of vegetation growth in continuous and discontinuous permafrost region (r=—0.498). (3) The response of
NDVI to climate change varies at different stages of permafrost degradation. In the early stages of permafrost
degradation, increased land surface temperature (LST) and air temperature favored vegetation growth and in-
creased vegetation cover, whereas increased precipitation impeded vegetation growth; as the permafrost degraded,
increased LST and air temperature impeded vegetation growth, whereas increased precipitation promoted vegeta-
tion growth.
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1 Introduction over a wide range of cold regions and is an important com-
ponent of the cryosphere, Its response to global change is
rapid and indicative (Gao, 2019). Climate change-induced
below 0 'C for two or more consecutive years (Zhang etal.,  degradation of permafrost reshapes or alters permafrost
2000; Short et al., 2011; Wang et al., 2018). It is distributed ~ vegetation ecosystems by changing the environment in which

Permafrost is defined as land with temperatures equal to or
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the vegetation grows, resulting in changes in vegetation
cover. For example, boreal forests have disappeared (Baltzer
et al.,, 2014), and there have been changes in vegetation
cover (Tutubalina and Rees, 2001), grassland vegetation
composition and productivity (Schuur et al., 2007), biomass
(Guo et al., 2017b), vegetation (Sun et al., 2014), net pri-
mary productivity (Mao et al., 2015), biodiversity (Beilman,
2001), and vegetation communities.

The permafrost region is one of the most sensitive areas
to climate change, and its ecosystems, especially vegetation
ecosystems, are highly susceptible to disturbances from ex-
ternal conditions. The Mongolian Plateau permafrost region
is located between the high-altitude and high-latitude per-
mafrost regions of the Northern Hemisphere and is capable
of responding rapidly to global change (Gao, 2019; Ma et al.,
2022). Permafrost degradation on the Mongolian Plateau is
becoming increasingly severe and the rate of degradation is
increasing. The rate of permafrost degradation on the Mongo-
lian Plateau was 9.1x10° km® yr ' in 2003-2019 (Gao et al.,
2022). This has led to a warming of the ground temperature
in the region, which in turn has altered the active permafrost
layer and hydrothermal state (Ma et al., 2022). The in-
creased thickness of the active layer owing to the degrada-
tion of permafrost directly affects plant growth by altering
moisture and soil temperature (Strozzi et al., 2018; Klinge
et al., 2021). Consequently, this affects plant species rich-
ness and vegetation cover. Vegetation responds differently
to permafrost degradation, depending on its stage and the
condition of the growing environment. In areas with shallow
thaw depths, permafrost degradation may increase soil
moisture with a gradual expansion of aquatic or wet plants
and an increase in vegetation cover (Jorgenson et al., 2001).
However, with the gradual deepening of the active layer and
improved drainage, the water table decreases, water in the
vegetation rhizosphere decreases, the ground temperature
increases, and the ground surface tends to be dryer. This
may increase the number of arid and mesophytic plants,
decrease the number of aquatic and wet plants and expand
the area of bare ground. This decreases the extent and
productivity of the vegetation cover (Wang et al., 2006;
Chen et al., 2010; Chen et al., 2011; Chen et al., 2012).

Normalized difference vegetation index (NDVI) datasets,
an effective remote sensing tool for monitoring vegetation
growth, haves been widely applied in permafrost regions
(Bhatt et al., 2013; Vrieling et al., 2013). Wang et al. (2016)
analyzed the changing trend of alpine grassland on the Ti-
betan Plateau between 1982 and 2012 using the NDVI da-
taset. Guo et al. (2017a) analyzed the spatiotemporal varia-
tions in the growing-season NDVI in the permafrost region
of northeastern China and the correlation between NDVI
and ground surface temperatures from 1981 to 2014. How-
ever, research on the effects of permafrost degradation on
vegetation is still insufficient, and in the absence of
long-term monitoring, the “space instead of time” approach

has been used to compare the nature of vegetation ecosys-
tems under different permafrost conditions and hypothe-
sized changes in vegetation ecosystems and permafrost con-
ditions (Wang et al., 2012; Qin et al., 2013; Zhou et al.,
2015; Guo et al., 2017b). To date, most of these studies have
focused on the Tibetan Plateau and the permafrost region of
northeastern China, with relatively few studies conducted on
the permafrost region of the Mongolian Plateau. This is par-
ticularly true in the context of climate change, in which
changes in vegetation cover have rarely been reported.

In this study, we analyzed the spatial distribution and
trends of vegetation in the permafrost region of the Mongo-
lian Plateau from 2014 to 2023 using NDVI data. To avoid
anomalous NDVI values from winter snow cover, the aver-
age NDVI during the vegetation growing season (April-
October) was used (Guo et al., 2017b; Guo et al., 2022). In
addition, the effect of climate change on NDVI in different
types of permafrost regions was analyzed by examining the
correlation between NDVI trends and land surface tempera-
ture (LST), air temperature and precipitation trends. This
study aimed to enhance our understanding of the direct and
indirect impacts of permafrost degradation on Mongolian
Plateau ecosystems and to provide a scientific basis for re-
search on the responses of these permafrost ecosystems to
climate warming.

2 Study area and research methods
2.1 Study area

The Mongolian Plateau is located in a transition zone be-
tween Siberian coniferous forests and desert steppes in Cen-
tral Asia (Liu et al., 2009). It stretches from the Daxingan
Mountains in the east to the Altai Mountains in the west,
bounded to the north by the Sayan Ridge and the Yabronov
Mountains, and to the south by the Yinshan Mountain
Range. It encompasses the entirety of Mongolia; the Repub-
lics of Tuvar, Buryatia, and Transbaikal Krai in southern of
Russia, and part of China’s Inner Mongolia Autonomous
Region and the Xinjiang Uygur Autonomous Region (Fig. 1).
In this study, a permafrost region within the Mongolian
Plateau, with an area of approximately 1.90x10° km? lo-
cated in the north-central part of the Mongolian Plateau, was
selected as the study area. This area was selected from the
National Cryosphere Desert Data Center’s permafrost and
permafrost zoning map of the Republic of Mongolia and the
1:2.5 million permafrost type dataset for Russia (Fig. 1).
The study area has a temperate continental climate, with an
average annual precipitation of approximately 200 mm. The
climate is characterized by cold and long winters from No-
vember to April, with minimum temperatures down to —40 C,
short springs from May to June, and autumns from Septem-
ber to October, which are often characterized by sudden
weather events. The summer months from July to August,
often have large diurnal temperatures, abundant light, and
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Fig. 1 Overview of the study area

strong ultraviolet rays, with maximum temperatures up to
35°C (Zhou et al., 2012).

2.2 Data sources and data processing

2.2.1 Permafrost distribution data

Permafrost distribution data were downloaded from the
“Map of Permafrost and Permafrost Zoning in the Republic
of Mongolia”, and the ‘“Russian 1:2.5 Million Permafrost
Type Dataset” from the National Cryosphere Desert Data
Center (http://www.ncdc.ac.cn) (Sodnom and Yanshin, 1990;
Li, 2019). These data were digitized from a map of the
“Geocryology and Geocryological Zonation of Mongolia”
derived from the ‘“National Atlas of Mongolia” (Sodnom
and Yanshin, 1990) and “Digitization of the Russian 1:2.5
Million Permafrost Type Dataset”. From 1991 to 1996, Rus-
sia published a 1:2.5 million Geocryological Map of Russia
and the Neighboring Republics series of 16 maps, which are
labeled Russian. In 1998, Zaitsev et al. translated this scale
into English (Li, 2019). In the study area, the permafrost
distribution area of Mongolia was selected from the “Map
of Permafrost and Permafrost Zoning in the Republic of
Mongolia”, and the remainder was selected from the “1:2.5
Million Permafrost Types Dataset of Russia”. Seasonal and
fragmented permafrost regions were deleted by cropping,
merging, and deleting of elements using ArcMap 10.6. This
was used to obtain a contiguous permafrost map of the
Mongolian Plateau (Fig. 1). Here after, this region will be
referred to as the Mongolian Plateau permafrost region. The
study area was divided into continuous and discontinuous
permafrost, with more than 50% of the ground surface in
true permafrost, isolated and sparse permafrost with
10%—-50% of the ground surface in true permafrost, and
sporadic permafrost with less than 10% of the ground sur-
face in true permafrost. Part of the permafrost region in
northeastern China forms a part of the Mongolian Plateau.
However, this area is relatively small and was not analyzed
in the present study.

2.2.2 NDVIdata

The NDVI data were derived from MODI13Q1 (h23v03,
h23v04, h24v03, h24v04, h25v03, h25v04, h26v03, and
h26v04) Terrestrial Level 3 standard data products provided
by NASA from September 2013 to August 2023, with a spa-
tial resolution of 250 m and a temporal resolution of 16 d.
Downloaded at https://ladsweb.nascom.nasa.gov/. They were
preprocessed with geometrical, radiometric, and atmospheric
corrections and had Maximum Value Composites (MVC) to
reduce the effects of clouds, atmosphere, and solar altitude
angle (Fensholt and Proud, 2012). We used the MODIS
Reprojection Tool (MRT) software to pre-process the data
into TIF format, and the MVC method to generate monthly
NDVI data products for semi-monthly data. Considering the
influence of snowfall, the average annual NDVI value for
the vegetation-growing season from April to October was
selected for this study. These were calculated using data
from September to October of the previous year and
April-August of the current year. For example, the average
NDVI values for 2014 were calculated using data from
September 2013 to October 2013, and April to August 2014.
Areas with average NDVI values less than 0.05 were de-
fined as non-vegetated and were not included in the analy-
sis.

2.2.3 LST data

The LST data were derived from MODI1A2 (h23v03,
h23v04, h24v03, h24v04, h25v03, h25v04, h26v03, and
h26v04) using with three land-level standard data products
provided by NASA. Data were collected from September
2013 to August 2023 at a spatial resolution of 1000 m and a
temporal resolution of eight days. Download from https://
ladsweb.nascom.nasa.gov/. In this study, ENVI MODIS
Conversion Toolkit (MCTK) was used to generate monthly
LST data using the MVC method. The average LST for each
year (April-October) was calculated using data from Sep-
tember and October of the previous year and data from April
to August of the current year.
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2.2.4 Meteorological data

Air temperature and precipitation data were sourced from
“Monthly Mean Temperature Data (1982-2021) at 1 km
resolution on the Mongolian Plateau” and “Monthly Precip-
itation Data (1982-2021) at 1 km resolution on the Mongo-
lian Plateau” from the National Science and Technology
Infrastructure Platform (NSTIP) National Earth System
Science Data Center (http://www.geodata.cn). The air tem-
perature data were raw data read in format using the R lan-
guage. The average air temperature data were downscaled
using the delta downscaling scheme and validated using
GSOD meteorological station data in “C. The results were
then output in TIF format. The raw precipitation data were
read in NC format using R language, downscaled using the
triangular downscaling scheme, and validated using GSOD
meteorological station data in millimeters. The results were
then output in the TIF format. In this study, monthly aver-
age air temperature and monthly precipitation data from
September 2013 to August 2021 were selected and ras-
ter-processed using ArcMapl0.6 software. Finally, the
trends in the mean annual air temperature during the vegeta-
tion-growing season in the Mongolian Plateau permafrost
region from 2014 to 2021 (Fig. 2) and the annual precipita-
tion trends during the vegetation-growing season in the
Mongolian Plateau permafrost region from 2014 to 2021
were obtained (Fig. 3).

2.3 Research methods

2.3.1 Slope trend analysis

Trend analysis was applied to study the NDVI trend from
September 2013 to August 2023 in the Mongolian Plateau
permafrost region. The calculation formula is as follows
(Stow et al., 2010):

nxi(ixNDVIi)—iixZn:NDwi
i=1 i=l i=l
M

n n 2
nyit- [Zij
i=1 i=1

slope =

y=-0.0018x + 12.111
8.0} R*=0.0001

Mean annual temperature (C)

7.6 1 1 1 1 1 1 J
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Year

Fig. 2 Trends in mean annual air temperature during the
vegetation growing season in the Mongolian Plateau perma-
frost region, 20142021
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Fig. 3 Trends in annual precipitation during the vegetation
growing season in the Mongolian Plateau permafrost region,
2014-2021

where, slope is the slope of the NDVI trend from Sep-

tember 2013 to August 2023, 7 is the number of years,
and NDVI, is the average NDVI value for year i. A

slope >0 indicates that the vegetation has an upward tem-
poral trend. In contrast, a slope <0 indicates that vegeta-

tion has a downward temporal trend. The larger the absolute
value of slope, the higher the rate of change.

2.3.2 Mann-Kendall trend test

In this study, the Mann-Kendall (MK) trend test was used to
test the significance of the annual mean NDVT for the vege-
tation growing season from 2014 to 2023. In the MK test,
the original hypothesis HO is that the time series data
(X,,X,,--X,) are n independent, identically distributed
samples of random variables. The alternative hypothesis H1
is a bilateral test that the distributions of X; and X; are not
the same fori, j < n, with i# j. The statistic S for the test

is calculated as follows (Yue and Wang, 2004):

n-1 n
SZZngn(Xj—Xi) Q)

i=1 j=i+l

where X;, X; are the observations corresponding to the i-th
and j-th time series, respectively, and i<j, sgn() is the sign
function.

1, (X].—Xl.)>0

Sgn(X,-X,)=40, (X;-X,)=0 3)

-1, (X;-X,)<0

When n=8, the statistic S approximately follows a normal
distribution with mean FE(S)=0 and variance Var(S)=
n(n-1)(2n+5)/18, irrespective of the presence of equivalent
data points in the series. The standardized test statistic Z was
calculated as follows:
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In the bilateral trend test, for a given confidence level (sig-
nificance level) a, if |Z | =7 [1—%}, when the original hy-

pothesis HO is unacceptable, there is a significant upward or
downward trend in the time-series data at the confidence
level o (significance test level). A positive Z value of Z in-
dicates an increasing trend, and a negative value indicates a
decreasing trend. Absolute values of Z greater than or equal
to 1.645, 1.96, and 2.576 indicate that the test of signifi-
cance was passed with confidence levels of 90%, 95%, and
99%, respectively.

2.3.3 Correlation analysis

The spatial resolution of the NDVI data was set to 1000 m
using the resampling method so that the spatial resolution of
the other data was consistent. Image-by-image correlation
analyses were conducted between the mean NDVI and LST
for the vegetation-growing season in the Mongolian Plateau
permafrost region annually from 2014 to 2023, and between
the mean NDVI and air temperature (precipitation) for the
vegetation-growing season in the permafrost region annually
from 2014 to 2021 (Herrmann et al., 2005):

[ -7)x(5-7)]

Ry =—= ®)

\/i(xi—f)z ><\/Zn:(y,-—f)2

i=1 i=1
where R, denotes the correlation coefficient of vari-
ables x and y, with values between [-1, 1]; x; denotes
the NDVI value for year i; y,denotes the LST (air tem-

perature, precipitation) value for yeari; X and ¥ denote

the mean values for NDVI and LST (air temperature, pre-
cipitation), respectively. 7 is the number of years.

Ve e 4 Teeod .,
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Fig. 4 Comparison of MOD13Q1 and GIMMS NDVI data

3 Results and analyses
3.1 Accuracy verification

To verify the accuracy of MODIS NDVI data, we obtained
GIMMS and MOD13Q1 NDVI data from September 2013
to December 2015. We performed a correlation analysis
between the monthly average NDVI of MODI13Q1 and
GIMMS (Fig. 4). The NDVI values from the GIMMS data
were generally lower than the NDVI values of the MODIS
data. This was due to the lower spatial resolution of the
GIMMS data at approximately 8 km. However, the two da-
tasets showed a certain linear relationship, obtaining the
equation y=1.2972x—0.3368 (R=0.9778), which passed the
0.001 significance level test. The long time series of
monthly NDVI product data generated by MODIS with a
spatial resolution of 250 m was found to be reliable and
could be applied in this study.

3.2 NDVI trends during the vegetation growing
season in the study area

3.2.1 NDVI spatial distribution in the study area

The permafrost region of the Mongolian Plateau has a rela-
tively high level of vegetation cover, with NDVI values
increasing from southwest to northeast of the study area. As
shown in Fig. 5, the area with vegetation NDVI>0.6 ac-
counted for 52.8% of the entire study area, mainly in the
northeast. The main vegetation cover type was forest, and
some of the dominant vegetation was typical grassland and
meadow grassland. The trees were mainly red pines, fir for-
ests, and cedars (Wang et al., 2023). The area with NDVI
values of 0.4-0.6 accounted for 26.9% of the study area.
These values were mainly distributed in the central and
eastern parts of the study area, with typical grasslands and
desert steppes as the main vegetation cover types. A small
proportion of the area was forested, with larch, cedar, birch,
and aspen being the dominant tree taxa. The area has
well-developed agriculture and animal husbandry and com-
prises a wide range of pastureland areas (Wang et al., 2023).
The area with NDVI<0.4 are mainly located in the western
and southern parts of the study area, accounting for 10.3%
of the area. The main vegetation type was desert grassland,

0
035 045 055 065 075
MOD13Q1
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which has relatively little vegetation cover. It has been
well-developed for animal husbandry and cultivation,
mainly for cereals and potatoes (Wang et al., 2023). The
NDVI values for the different types of permafrost regions
had the following order: NDVI values of continuous and dis-
continuous permafrost regions > NDVI values of isolated or
sparse permafrost regions > NDVI values of sporadic per-
mafrost regions (Fig. 6).

A

NDVI
<04

0 220 km [104-0.6

B— mm>0.6

Fig. 5 Spatial distribution of average NDVI in vegetation
growing season, 2014-2023

3.2.2 Characteristics of temporal and spatial changes
of NDVI

As shown in Fig. 6, the average NDVI for the entire perma-

frost region and the three types of permafrost regions

0.63 - (a) The entire permafrost region

¢ y=-0.001x+2.5464
R?=0.0482

0.61

NDVI

0.59

0. 57 1 1 1 1 J
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(c) The isolated islands and sparse
permafrost region
0.56
< y=-0.0017x+3.999
2 —
0.54 R?>=0.0615
é 0.52
0.50
0.48 L L L )
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showed a decreasing trend during the growing season. The
NDVI decreased from 0.6198 in 2014 to 0.5986 in 2023 for
the entire permafrost region, with an average of 0.00212 per
year. NDVI values varied between 0.67 and 0.71 for the
continuous and discontinuous permafrost regions, between
0.48 and 0.56 for the isolated and sparse permafrost regions,
and between 0.36 and 0.45 for the sporadic permafrost re-
gions, with the highest NDVI stability in the continuous and
discontinuous permafrost regions.

The MK (Mann-Kendall) test was used to derive the
trend of NDVI changes in the permafrost region of the
Mongolian Plateau (Fig. 7). A total of 59.4% of the study
area showed a decreasing trend and 7.0% showed a signifi-
cant decreasing trend (P<0.05). Areas with a significant
decreasing trend were mainly in sporadic permafrost regions,
where the dominant vegetation type is desert grasslands
(Wang et al., 2023). There was an increasing trend in 40.6%
of the areas, of which 5.4% showed a significant increasing
trend (P<0.05). Areas with a significant increasing trend
were mainly located in continuous permafrost regions. The
main vegetation types are typical grasslands and forests
(Wang et al., 2023). As shown in Table 1, the proportions of
areas with an NDVI decreasing trend > 0.004 and the pro-
portions of areas with an NDVI decreasing trend in the
range of 0.002 to 0.004 in different types of permafrost re-
gions are, in order, sporadic permafrost region > isolated
and sparse permafrost region > continuous and discontinu-
ous permafrost region. The proportion of the area with an

(b) The continuous and discontinuous

071 - permafrost region
y=-0.0004x+1.5687
0.70 R>=0.0194
5>
A 0.69
4
0.68
0.67 1 1 1 1 J
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(d) The sporadic permafrost region
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Fig. 6 Trends in annual mean NDVI during the vegetation growing season for different types of permafrost regions during the

vegetation growing season, 2014-2023
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Table 1 Proportion of area with NDVI trends in different types of permafrost regions during the vegetation growing season,
2014-2023
NDVI trends (10 yr)™
Permafrost region types
<-0.004 —0.004—-0.002  —0.002-0 0-0.002 0.002-0.004 >0.004
Continuous and discontinuous Permafrost region (%) 19.8 14.9 18.2 16.1 11.8 19.2
Isolated and sparse permafrost region (%) 34.6 17.3 15.3 12.5 8.7 11.6
Sporadic permafrost region (%) 383 20.7 12.2 9.3 7.5 11.9
Entire permafrost region (%) 26.4 16.6 16.4 14.0 10.3 16.3
™% Al B
e
Trend
- (P<0.05)
0 220km - (P>0.05)
— [+ (P>0.05) ) . L )
B +(P<0.05) Fig. 8 Spatial distribution of the mean LST in the permafrost

Fig. 7 Trends of average NDVI in vegetation growing season,
2014-2023

increasing NDVI trend > 0.004 and the proportion of area
with an increasing trend of 0.002 to 0.004 are, in order, con-
tinuous and discontinuous permafrost region > isolated and
sparse permafrost region > sporadic permafrost region; The
proportion of the area with a trend of —0.002 to 0.002 is in the
order of continuous and discontinuous permafrost region >
isolated and sparse permafrost region > sporadic permafrost
region. The results showed that the most significant increase
in NDVI was observed in the continuous and discontinuous
permafrost regions. The most significant decreasing trend in
NDVI was observed in sporadic permafrost regions. The
most stable NDVI values were observed in continuous and
discontinuous permafrost regions.

3.3 Correlation between NDVI and climate factors
at the image metric scale

3.3.1 Analysis of LST changes in the study area

As shown in Fig. 8, the average LST during the vegeta-
tion-growing season in the study area from 2014 to 2023
will gradually decrease from south to north. It also shows a
correlation with the classification of permafrost regions. The
annual mean LST of the vegetation growing season in dif-
ferent types of permafrost regions was in the following or-
der: sporadic permafrost region > isolated and sparse per-
mafrost region > continuous and discontinuous permafrost
region, as shown in Fig. 9. The annual mean LST for dif-
ferent types of permafrost regions exhibited a decreasing

region of the Mongolian Plateau during the vegetation grow-
ing season, 2014-2023

N y=-0.3088x + 654.32
R2=0.4021

R
6 i
~ 25
[l —
PR S
@ e _O—g @ "

y=-0.2678x + 562.53 R*=0.3992 RN

y=-02647x+552.06 R*=04344 g

15
2014 2016 2018 2020 2022
Year

—e— Average LST in sporadic permafrost region
Average LST in isolated islands and sparse
permafrost region

—e— Average LST over the entire permafrost region

—e— Average LST in continuous and discontinuous
perennial permafrost region

Fig. 9 Trends in average annual LST for the vegetation
growing season in different types of permafrost regions,
2014-2023

trend, with the LST of continuous and discontinuous per-
mafrost regions varying between 15.6 ‘C and 18.7 ‘C. The
LST of isolated and sparse permafrost regions varied be-
tween 23.4 ‘Cand 28.6 C, and the LST of sporadic perma-
frost regions varied between 28.8 ‘C and 33.9 C.

3.3.2 Correlation between NDVI and LST

Correlation analyses of the annual mean NDVI and LST in
different types of permafrost regions during the vegetation
growing season from 2014 to 2023 showed a correlation
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distribution between the NDVI and LST in different types of
permafrost regions (Fig. 10a). The correlation coefficients
for the entire permafrost region ranged from —0.992 to 0.989.
The areas of non-significant negative correlation accounted
for 41.3%, non-significant positive correlation accounted for
35.1%, significant negative correlation accounted for 17.0%,
and significant positive correlation accounted for 6.6%. The
correlation coefficients for continuous and discontinuous
permafrost regions ranged from —0.992 to 0.985, with the
largest area of 41.7% having a non-significant positive cor-
relation, 36.5% having a non-significant negative correla-
tion, 12.5% having a significant negative correlation and
9.3% having a significant positive correlation. The correla-
tion coefficients for the isolated and sparse permafrost re-
gions ranged from —0.900 to 0.963. Overall, 59.3% of the
areas were not significantly negatively correlated, 25.9%
were significantly negatively correlated, 13.9% were insig-
nificantly positively correlated and 8.8% were significantly
positively correlated. The correlation coefficients for the
sporadic permafrost region ranged from —0.990 to 0.920;
42.9% of the area had a non-significant negative correlation,
34.5% had a non-significant positive correlation, 22.3% had
a significant negative correlation and 0.3% had a significant
positive correlation. The correlation coefficients were nega-
tive throughout most permafrost regions.

3.3.3 Correlation between NDVI and air temperature
Correlation analysis of the annual mean NDVI values and
annual mean air temperatures of different types of perma-
frost regions was conducted during the vegetation growing
season from 2014 to 2021, and a distribution map for NDVI
and air temperature correlation in the study area was ob-
tained (Fig. 10b).

The percentage of negative correlation between NDVI
and temperature in the different types of permafrost in the
study area was larger than that of the positive correlation.
The correlation coefficients of the entire permafrost area
ranged from —0.996 to 0.996, with 57.4% of the area show-
ing a non-significant negative correlation, 30.2% of the area
showing a non-significant positive correlation, 8.5% of the
area showing a significant negative correlation, and 3.8% of
the area showing a significant positive correlation. The sig-
nificant negative correlation areas were mainly distributed
in the central isolated island and sparse permafrost areas of
the study area. The correlation coefficients for the continu-
ous and discontinuous permafrost regions ranged from
—0.993 to 0.996, with the largest area of non-significant
negative correlation accounting for 46.6% of the total area,
non-significant positive correlation for 41.5% of the total
area, significant negative correlation for 5.7% of the total
area, and significant positive correlation for 6.2% of the
total area. The correlation coefficients for the isolated and
sparse permafrost areas ranged from —0.940 to 0.996.
Among these, 73.0% of the areas were not significantly
negatively correlated, 15.7% were significantly negatively

correlated, 10.9% were not significantly positively correlat-
ed, and 0.4% were significantly positively correlated. The
correlation coefficients for sporadic permafrost areas ranged
from —0.928 to 0.992. 75.2% of the total area was not sig-
nificantly negatively correlated, 13.9% was not significantly
positively correlated, 10.9% was significantly negatively
correlated, and 0.1% was significantly positively correlated.
3.3.4 Correlation between NDVI and precipitation
Correlation analyses of the annual mean NDVI values and
annual precipitation in different permafrost regions during
the vegetation growing season from 2014 to 2021 were per-
formed to obtain the distribution of correlation coefficients
between NDVI and precipitation in the study area (Fig. 10c).
The areas of positive correlation between NDVI and precip-
itation were greater than those of negative correlation in all
types of permafrost, except for the continuous and discon-
tinuous permafrost areas. The correlation coefficients
ranged from —0.993 to 0.999 for the entire permafrost re-
gion, with 48.7% of the area having a non-significant posi-
tive correlation, 40.0% of the area having a non-significant
negative correlation, 6.3% of the area having a significant
positive correlation, and 5.0% of the area having a signifi-
cant negative correlation. The correlation coefficients of the
continuous and discontinuous permafrost region varied be-
tween —0.961 and 0.999, with the largest area of non-sig-
nificant negative correlation accounting for 44.5% of the
total area, a non-significant positive correlation for 42.1%, a
significant positive correlation for 6.8%, and a significant
negative correlation for 6.6%. The areas showing negative
correlations in the continuous and discontinuous permafrost
regions, such as Lake Baykal and Lake Hovsgol, were
mostly located in the vicinity of the lake. In the isolated and
sparse permafrost regions, 56.6% of the area showed no
significant positive correlation, 36.3% showed no signifi-
cant negative correlationed, 5.5% showed a significant posi-
tive correlation, and 1.5% showed a significant negative
correlation. The isolated and sparse permafrost areas show-
ing positive correlations were mainly distributed in the east,
whereas areas with negative correlations were mainly dis-
tributed in the west. Sporadic permafrost areas showed
60.7% of non-significant positive correlations, 30.6% of
non-significant negative correlations, 5.3% of significant
positive correlations, and 3.3% of significant negative cor-
relations. The sporadic permafrost region showing a positive
correlation was mainly distributed in the east, the area of
negative correlation was mainly distributed in the west, and
the closer it was to the lakes (Uvs Nuur, Khara-Us-Nur and
Kyrgyz), the more significant the negative correlation.

3.4 Correlation coefficients between NDVI and

environmental factors

The correlation coefficients between the NDVI and environ-
mental factors (LST, air temperature, and precipitation) were
calculated. As shown in Table 2, in the entire permafrost
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Fig. 10 Distribution of correlation coefficients between NDVI and environmental factors during the vegetation growing season

in the Mongolian Plateau permafrost region

frost region, NDVI showed a non-significant negative cor-
relation with LST (=—0.139, P>0.5), NDVI showed a sig-
nificant correlation with air temperature (»=—0.629, P<0.1),
and NDVI showed a non-significant negative correlation
with precipitation (r=—0.494, P<0.2). The main factors con-
trolling the NDVI changes in the different types of perma-
frost regions were different. Air temperature had the most
significant effect on the NDVI in the entire permafrost re-
gion, isolated and sparse permafrost regions, and sporadic
permafrost regions. Precipitation had the most significant
effect on the NDVI in the continuous and discontinuous
permafrost regions. Overall, the correlation coefficients be-
tween the NDVI and air temperature in the Mongolian Plat-
eau permafrost region were significantly higher for LST and
precipitation.

Table 2 Correlation coefficients between mean NDVI and
environmental factors during the vegetation growing season
in different types of permafrost regions

Correlation coefficient

Permafrost type
LST  Air temperatures Precipitation

Entire permafrost region —-0.139 —0.629 —0.494

Continuous and discontinuous

. 0.128 —0.145 —0.498
permafrost region
Isol_ated and sparse permafrost ~0.397 ~0.736 ~0.117
region
Sporadic permafrost region -0.072 —0.522 —0.329

4 Discussion
4.1 NDVI trends

The degradation of alpine vegetation following permafrost
degradation in a warming climate is a key research focus
(Wang et al., 2008; Yang et al., 2012). Yang et al. (2010)
showed that with further permafrost degradation, the soil
moisture on the Tibetan Plateau decreased, and the soil en-
vironment became extremely arid. This has led to the dis-

appearance of mesophytes in alpine meadows, the full ex-
pansion of drought-tolerant plants, and the gradual trans-
formation of alpine meadows into alpine desert grasslands.
Lara et al. (2016) showed that permafrost thawing in the
boreal forests of the Alaskan lowlands increased as the cli-
mate warmed, with an estimated transition of approximately
15 km® or 7% of birch forests to wetlands and potentially
drier vegetated ecosystems occurring between 1950 and
20009.

The Mongolian Plateau permafrost region is located in
the transition zone between high-latitude and high-elevation
permafrost regions, and has a specific regional effect. Dur-
ing the study period, there was a correlation between changes
in vegetation cover and permafrost degradation. Sporadic
permafrost areas showed the greatest decrease in vegetation,
followed by isolated and sparse permafrost regions. The
most significant increase in NDVI was in continuous and
discontinuous permafrost, followed by isolated and sparse
permafrost regions, and sporadic permafrost regions. The
more stable the permafrost area, the more stable its vegeta-
tion cover in the context of environmental change. The en-
vironment for vegetation growth was optimized or main-
tained during the early stages of multi-year permafrost deg-
radation. In highly degraded permafrost regions, where the
soil contains less water and the ground temperature is higher,
vegetation growth is unfavorable. Therefore, the degree of
permafrost degradation increases and the trend of decreas-
ing vegetation cover becomes more pronounced (Wang et al.,
2006; Chen et al., 2010; Chen et al., 2011; Chen et al., 2012).

The NDVI in the different types of permafrost regions
showed a decreasing trend during the vegetation growing
season from 2014 to 2023. This was consistent with the re-
sults of an NDVI study conducted by Enebish in central
Mongolia (Enebish et al., 2019). High levels of overgrazing
and deforestation have been observed in the southern and
central permafrost regions of the Mongolian Plateau (Shur
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and Jorgenson, 2007; Klinge et al., 2021). These phenomena
directly reduce vegetation cover and accelerate permafrost
degradation. Therefore, further research is required to de-
termine the strength of permafrost degradation on vegeta-
tion cover reduction.

4.2 NDVI correlation with environmental factors

4.2.1 Correlation between NDVI and LST

Vegetation growth depends on appropriate hydrothermal
conditions, and the relationship between NDVI and LST is
commonly used to study hydrothermal constraints on vege-
tation growth (Kasischke and Turetsky, 2006; Xu et al.,
2011; Yiet al., 2011; Piao et al., 2014; Zhou et al., 2015). In
this study, continuous and discontinuous permafrost regions,
isolated and sparse permafrost regions, and sporadic perma-
frost regions represented different stages of permafrost deg-
radation. The continuous and discontinuous permafrost re-
gions of the Mongolian Plateau had the largest areas of pos-
itive correlation between NDVI and LST, at approximately
51%, and the correlation coefficients showed a positive cor-
relation. The NDVI-LST correlation was dominated by a
negative correlation in isolated and sparse permafrost re-
gions, and sporadic permafrost regions at with 85.2% and
56.79%, respectively. Wang et al. showed in their study on
the NDVI-LST correlation on the Tibetan Plateau that the
number of pixels with positive correlations was higher in
cold regions, whereas the number of pixels with significant
negative correlations was higher in the warm regions than in
cold regions (Wang et al., 2016). This finding is consistent
with the conclusions of this study. This conclusion suggests
that, in the short term, the degradation of permafrost in re-
gions where permafrost is well developed or maintained can
promote vegetation growth and increase vegetation cover as
LST increases, but the positive correlation between NDVI
and LST during the vegetation growing season is weakened
with further degradation of permafrost in the long term, the
persistent increase in LST in permafrost regions can hinder
vegetation growth (Guo et al., 2017b).

4.2.2 Correlation between NDVI and air temperature
The vegetation growing season NDVI and air temperature
had a non-significant negative correlation in the permafrost
regions of the Mongolian Plateau during the vegetation
growing season from 2014 to 2021. The negative correlation
area ratios of isolated and sparse permafrost regions (88.7%),
sporadic permafrost regions (86.1%), and continuous and
discontinuous permafrost regions (52.3%) were similar to
the correlation between NDVI and LST. Warmer air temper-
atures had the least negative effect on the NDVI in the con-
tinuous and discontinuous permafrost regions; nearly half
(47.7%) of the continuous and discontinuous permafrost
regions showed an increasing trend in vegetation cover with
warmer air temperatures, whereas only 11.3% of the insular
and sparse permafrost regions and 14% of the sporadic
permafrost regions showed a trend of increasing vegetation

cover. This is similar to the response of different types of
permafrost distributions to changes in LST, where regions
with well-maintained permafrost have more suitable envi-
ronments for vegetation growth with increasing air temper-
atures, resulting in higher vegetation cover. As permafrost
degrades, rising air temperature deteriorate the environment
in which vegetation grows, thereby reducing vegetation
cover.

4.2.3 Correlation between NDVI and precipitation
NDVI and precipitation had a non-significant positive cor-
relation in most areas of the Mongolian Plateau permafrost
region during the vegetation growing season from 2014 to
2021. The proportion of negatively correlated areas (51.1%)
was larger than that of positively correlated areas in the con-
tinuous and discontinuous permafrost regions. The propor-
tion of positively correlated areas in isolated and sparse
permafrost regions was 62.1%, where the proportion of pos-
itively correlated areas in sporadic permafrost regions was
66.0%. Representing the process of permafrost degradation
in different types of permafrost regions, in regions where
permafrost is well maintained, increased precipitation hin-
ders vegetation growth because of high soil water content.
As permafrost degradation increases, the soil water content
becomes insufficient for vegetation growth, and increased
precipitation favors vegetation growth. In the area around a
lake, the closer it is to the lake, the more water is provided
to the surrounding area. The soil environment is sufficient
for vegetation growth, whereas an increase in precipitation
is counterproductive to vegetation growth.

5 Conclusions

To address the recent influence of climate change on vege-
tation in permafrost areas, we investigated the spatial and
temporal NDVI trends in the Mongolian Plateau permafrost
region during the vegetation growing season. The correla-
tion between NDVI and the environmental factors of dif-
ferent types of permafrost regions was analyzed, and the
following conclusions were drawn:

(1) The average NDVI in the permafrost region of the
Mongolian Plateau showed a non-significant decreasing
trend during the 2014-2023 vegetation growing season,
with an average annual decrease of 0.00212. Different per-
mafrost degradation stages have different effects on the
NDVI. Continuous and discontinuous permafrost regions
had the largest percentages of areas with increasing NDVI
values. The sporadic permafrost regions had the largest per-
centage of area with decreasing NDVI values.

(2) The average NDVI during the vegetation growing
season throughout the permafrost region was negatively
correlated with LST, air temperature, and precipitation. The
most significant correlation was between the NDVI and air
temperature. The main factors controlling NDVI changes in
the different types of permafrost regions were different. Air
temperature had the most significant effect on the NDVI in
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the isolated, sparse, and sporadic permafrost regions. Pre-
cipitation had the most significant effect on the NDVI in the
continuous and discontinuous permafrost regions.

This study has some limitations. Only the effects of air
temperature, precipitation, and LST on NDVI were consid-
ered; other factors may also have important effects on vege-
tation growth in the study area. For example: 1) The effects
of soil moisture, soil temperature, and other factors on the
NDVI in the Mongolian Plateau permafrost region have not
yet been considered. The roles of other environmental fac-
tors in this region should be strengthened in the future. 2)
Different soil textures affect vegetation differently, and the
amount of gravel has a significant effect on grassland plant
growth (Qin et al., 2015). Therefore, it is important to study
the effects of different soil texture characteristics on the
vegetation. 3) The direct and indirect effects of anthropo-
genic disturbances such as overgrazing on permafrost vege-
tation have not been studied. The gnawing and trampling of
vegetation directly contribute to a reduction in vegetation
cover. Reduced vegetation cover leads to the retention of
water, radiation, and evapotranspiration by the vegetation
canopy and affects LST and soil moisture content (Yi et al.,
2013; Wang et al., 2016).

In the future, we will continue to investigate the long-
term series response of NDVI to climate change in the
permafrost region of the Mongolian Plateau. In addition, it
extends to large permafrost areas in Northern Asia and other
regions.
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