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Abstract: This study analyzed the spatial and temporal variations in the Normalized Differ-
ence Vegetation Index (NDVI) on the Mongolian Plateau from 1982—-2013 using Global In-
ventory Modeling and Mapping Studies (GIMMS) NDVI3g data and explored the effects of
climate factors and human activities on vegetation. The results indicate that NDVI has slight
upward trend in the Mongolian Plateau over the last 32 years. The area in which NDVI in-
creased was much larger than that in which it decreased. Increased NDVI was primarily dis-
tributed in the southern part of the plateau, especially in the agro-pastoral ecotone of Inner
Mongolia. Improvement in the vegetative cover is predicted for a larger area compared to that
in which degradation is predicted based on Hurst exponent analysis. The NDVI-indicated
vegetation growth in the Mongolian Plateau is a combined result of climate variations and
human activities. Specifically, the precipitation has been the dominant factor and the recent
human effort in protecting the ecological environments has left readily detectable imprints in
the NDVI data series.

Keywords: remote sensing; GIMMS NDVI3g; vegetation dynamic trend; Hurst exponent; residual trend analysis;
Mongolian Plateau

1 Introduction

The Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC)
indicated that there has been a consistent increase in global temperatures for the past decade
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(Zhao et al., 2007). Global warming is expected to bring about a series of serious environ-
mental and social problems, including droughts, water shortages, and species extinction.
These problems are most apparent in sensitive areas, especially arid zones such as the Sahel
of Africa or the ecotones of China, North America, and Australia, all of which face the chal-
lenges of desertification, food insecurity, and changing land ecology (Hulme et al., 2001;
Zhao and Qiu, 2001; Seager et al., 2007; Whetton et al., 1993). Furthermore, the vulnerabil-
ity and instability of arid and semi-arid regions makes them particularly sensitive to climate
change through desertification, soil erosion, and other regional degradation problems (Li et
al., 2006).

Climate change in arid and semi-arid regions is therefore an important aspect of global
climate change research. Changes in these regions have unique characteristics besides their
consistency with global climate change. For example, the Mongolian Plateau is an areca sen-
sitive to global warming (Wang et al., 2008): temperature increases on the Mongolian Pla-
teau have been faster than the global or regional warming rates. As this plateau is in an arid
and semi-arid region, the primary biome is grassland and the eco-system is fragile. Tem-
peratures in the Mongolian Plateau have increased significantly over the past 40 years (Li et
al., 2006), while decreased rainfall has aggravated drought conditions (Yatagai and Yasunari,
1995; Li and Liu, 2012). Desertification of the region has become an issue due to the simul-
taneous influence of climate change and human activity (Zhuo, 2007). The former impacts
the vegetation environment, thus influencing vegetation growth. As a link between the soil,
atmospheric, and water systems, vegetation cover can thus be used as an indicator for global
climate change (Lambin and Strahler, 1994; Liu et al., 2006). Therefore, the study of vege-
tation changes and influencing factors on the Mongolian Plateau is important for planning
sustainable development and understanding global climate change.

Remote sensing technology is an important method for studying a wide range of regional
and global ecosystems. The Normalized Difference Vegetation Index (NDVI), a remote
sensing product, provides a convenient method for displaying vegetation distribution and
changes. Recently, changes in local NDVI and its relationship with climate change have be-
come a focus of global climate change research (Ichii et al., 2012; Park and Sohn, 2010;
Song and Ma, 2011; Piao et al., 2006). The Global Inventory Modeling and Mapping Studies
(GIMMS) NDVI dataset is widely used to monitor changes in vegetation cover at regional
and global scales because of its high temporal resolution, long time-series, and high data
quality (Ichii et al., 2002; Song and Ma, 2011; Piao et al., 2006; Nemani et al., 2003; Jong et
al., 2011).

Environmental problems on the Mongolian Plateau have become increasingly serious in
recent years; however, previous studies on vegetation cover in this region have mainly fo-
cused on the response of vegetation to climate change (Zhang et al., 2009; Zhao et al., 2015;
Miao et al., 2015; John et al., 2013). However, vegetation cover is affected by both climate
change and human activity; the rapid expansion and intensity of human activities has already
produced significant impacts on vegetation. Previous research has considered climate
change almost exclusively, mostly ignoring the effects of human activity on land use and
vegetation cover changes, has limited our understanding of changes in vegetation cover.
Therefore, in this study we used 32 years of NDVI data (1982-2013) from the Advanced
Very High Resolution Radiometer (AVHRR) in combination with Sen’s slope, Pearson cor-
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relation analysis, and residual trend analysis to determine changes in the vegetation cover on
the Mongolian Plateau and to identify the effects of climate and human activities on vegeta-
tion changes. We also conducted an R/S analysis using the Hurst exponent to predict future
trends in vegetation dynamics on the plateau. This study will assist decision makers in for-
mulating relevant laws and policies and improve the overall understanding of regional and
global climate and environmental changes.

2 Data and methods
2.1 Study area

The Mongolian Plateau is located in the interior of the Eurasian continent, spanning Mongo-
lia, southern Russia, and northern China (Wei et al., 2009). In this study, we chose the cen-
tral region of the Mongolian Plateau (referred to hereafter simply as the Mongolian Plateau)
as the study area, covering all of Mongolia and Inner Mongolia, from 37°22' to 53°20'N and
87°43' to 126°04'E, with a total area of 275x10* km?. The terrain is generally mountainous
in the northwest, while the Gobi desert covers the southwestern section. The central and
eastern parts of the plateau are relatively flat and covered in hilly grassland. The elevation
decreases gradually across the plateau from west to east, with an average elevation of about
1580 m (Figure 1a). Due to the gradual changing climate, vegetation types in the region shift
from forest to steppe to desert from east to west (Figure 1b). Precipitation in the northern
plateau is brought by polar air masses originating in the Arctic Ocean, while that in the
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Figure 1 Geographic characteristics of the Mongolian Plateau: Elevation (a), vegetation types (b), annual mean
precipitation (c), and temperature (d)
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southern plateau is brought by tropical air masses originating in the Pacific Ocean. Rainfall
ranges from 300 mm in the north to 100 mm in the south (Figure 1c). At the same time,
temperatures are lower in the north than in the south (Figure 1d).

2.2 Data sources

The GIMMS NDVI3g data have a spatial resolution of 8 km and a temporal resolution of 15
days. Monthly NDVI data were obtained from 1982-2013 using the maximum value com-
posite (MVC) method, which eliminates the effects of solar elevation angle, cloud cover, and
atmospheric interference (Holben, 1986). Since vegetation in most parts of the Mongolian
Plateau shows minimal growth in winter (or is covered by snow), the growing season (April
to October) was selected for this study. In the Gobi desert area, observations are affected by the
ground surface, making them unreliable for describing the actual vegetation cover. Therefore,
in areas with low vegetation cover or desert biomes, the annual or monthly average NDVI
value serves as a threshold to exclude non-vegetation factors. An average NDVI value of
0.05 was used as the threshold in earlier studies (Myneni ef al., 1997) but an annual mean of
0.1 has been used as the threshold value in more recent studies (Zhou et al., 2001; Zhou et
al., 2003). For this study, any areas with NDVI values less than 0.1 were defined as
“non-vegetation”; these areas were largely distributed in the desert area of the western pla-
teau (Figure 2).

Monthly mean temperatures and monthly precipitation data were provided by the Inner
Mongolia Key Laboratory of Remote Sensing and Geographic Information Systems. Obser-
vations were collected at 170 meteorological stations (129 in Inner Mongolia and 60 in
Mongolia, Figure 1a) across the plateau. Using the station locations, the observations were
then interpolated monthly at the same resolution as the NDVI to obtain spatio-temporal dis-
tributions of temperature and precipitation.

2.3 Methods

2.3.1 Sen’s slope

The Sen’s slope estimator was used to analyze dynamic trends in NDVI. The median value
of the slope series is used as the basis for determining trend, which can help reduce the in-
fluence of missing or abnormal data (Sen, 1968; Fensholt et al., 2012). The calculation of
slope was as follows:

(%, =)
Slope = Median| ~——= |, Vj > i (1)
(1)
where x; and x; are the sequence values at times i and j, respectively, and 1<<i<j<n, n being
the sequence length, i.e., the number of years in the study period. An upward trend is indi-
cated with slope > 0 and a downward trend is indicated with slope < 0. The significance of
the trend was assessed using the Mann-Kendall non-parametric statistical test.

2.3.2 Mann-Kendall test

The Mann-Kendall statistical test (MK) is a non-distribution test (non-parametric statistical
test) (Kendall, 1975; Tosi¢, 2004) in which the data do not need to be in a particular order
and are not affected by outliers. For the sequence X=(x,x2,***,x,), the size relation of x; and



TONG Siqin ef al.: Analyzing vegetation dynamic trend on the Mongolian Plateau 599

x;in allomorph (x;, x;, j>i) is first determined and set as S. The test hypotheses are Hy (the
data in the sequences are randomly arranged, i.e. there is no significant trend) and H, (the
sequence has a monotonic tendency upward or downward). The test statistic S was calcu-
lated using Equations 2 and 3:

n-1 n
S:z Z sgn(x; —x;) (2)
i=1 j=i+l
+Lx; —x, >0
sgn(x; —x;)=4 0,x, —x; =0 3)
-Lx;—x; <0
When n=10, the statistic S approximates the standard normal distribution and the Z-value
(Equation 4) can be used to test the trend:

Sl ss0
JVAR(S)
7= 0,S=0 4)
S+ g0
JVAR(S)

where VAR(S) = [n(n “1)(2n+5)=> 1,1, = 1)(2t; + 5)]/18 , n is the number of data points
i1

in the sequence, m is the number of repeated datasets in the sequence, and ¢ is the number of
repeated data values in the i th group. At the given significance level, 0=0.05, the threshold
of the normal distribution is Z;_,,. When |Z|<<Z,_,, the null hypothesis can be accepted (the
trend is insignificant), and when |Z[>Z,_,, the null hypothesis is rejected and the trend is
significant, Z;_,»,=Z¢.975=1.96.

2.3.3 Hurst exponent and R/S analysis

R/S analysis was first proposed by Hurst (1951) in the analysis of hydrological data for the
Nile, and is often used to analyze long-term time-series correlations. The principle of R/S is
briefly described as follows (Granero et al., 2008):

A time series x(?) is defined as:

(x), =12x(z) 1=1,23 (5)
Ta
The cumulative deviation is calculated as:

x(t, z’)zi(x(u)—(x)t)l <tI<s7t (6)

u=1
The extreme deviation sequence is calculated as:
R(7)=max,,,, X(¢,7)—min,, X(,7) 7=1,2,3-- 7

The standard deviation sequence is calculated as:

S(r)=[%i(x(t)—(x>r)2} r=1,2,3--- (8)

t=1

N —
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Taking the ratio of R(z) and S(z), we arrive at:

And assume that:

R/S=R(7)/S(7)

ws=(3)

)

(10)

The Hurst phenomenon exists in the time series, such that H is called the Hurst exponent
with a range from 0 to 1. When H=0.5, there is no change in the data. When H>0.5, the
process has a continuous characteristic and the future trend is consistent with the past. When
H<0.5, the future trend is expected to be reversed from the past trend. We also used the
Pearson correlation (Chang et al., 2014) and residual trend analysis (Wessels et al., 2007) to
study the relationships of vegetation with climate factors and human activities, respectively.

3 Results

3.1 Spatio-temporal variations in NDVI on the Mongolian Plateau from 1982-2013

3.1.1 Temporal variations in NDVI

The spatial pattern of annual average NDVI during the study period (Figure 2) shows that the

vegetation cover is generally low to
the west and high to the east, which
is consistent with the desert-grassla-
nd-forest distribution shown in
Figure 1. The greatest vegetation
cover in Mongolia is located in the
north and east, while the southwest
is relatively desolate. In Inner
Mongolia, the greatest vegetation
cover is mainly distributed in the
north, while the west is a desert area
with poor vegetation cover.

Figure 3 shows the annual NDVI
trends for Inner Mongolia, Mongo-
lia, and the entire Mongolian Pla-
teau during the study period. The
NDVI trends in Inner Mongolia and
Mongolia are consistent with those
of the entire Mongolian Plateau
over the past 32 years, showing a
slight upward trend with a rate of
0.0003/yr. This may be related to a
general increase in global tempera-
ture, especially at the middle and
high latitudes (Parry et al., 2007). At
high latitudes and altitudes (where
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Figure 2 Annual mean NDVI across the Mongolian Plateau
from 1982-2013
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there is less heat) the rising temperatures will likely extend the growing season, accelerate
the growth rate, increase photosynthesis and water use efficiency, and thus directly enhance
vegetation growth (Fang, 2000). During the study period, the inter-annual variability of
NDVI in the Mongolian Plateau ranged from 0.3023 (2007) to 0.3387 (2012), with an aver-
age value of 0.3179. For Inner Mongolia, the range was 0.3445 (1983) to 0.3776 (2012),
with an average value of 0.3565, and for the entire plateau the range was 0.2712 (2007) to
0.3159 (1994), with an average value of 0.2904. The multi-year NDVI average for Inner
Mongolia was higher than that for all of Mongolia. The change rates for coniferous forest
and cropland were the largest, at 0.0006/yr and 0.0007/yr, respectively. Broadleaf forest and
desert both had small change rates, at 0.0002/yr and 0.0001/yr, respectively (Table 1).

Table 1 Annual average NDVI, slope, and Hurst value for each vegetation type in the Mongolian Plateau from
1982-2013

Vegetation types NDVI range NDVI average Sen’s slope/yr Mean for H
Broadleaf forest 0.59-0.66 0.63 0.0002 0.419
Coniferous forest 0.52-0.58 0.56 0.0006 0.412
Meadow 0.51-0.56 0.54 0.0004 0.426
Shrub 0.43-0.48 0.45 0.0005 0.447
Cropland 0.37-0.43 0.39 0.0007 0.440
Steppe 0.32-0.39 0.35 0.0004 0.404
Sandy land 0.28-0.35 0.31 0.0005 0.437
Alpine grassland 0.27-0.31 0.28 0.0005 0.418
Desert 0.13-0.16 0.14 0.0001 0.389

3.1.2 Spatial variations in NDVI

Spatial vegetation changes are significantly differentiated through the study area (Figure 4).
Increasing trends in NDVI accounted for 67.79% (about 144.84x10* km?) of the total Mongolian
Plateau area, with 24.54% (about 52.45x10* km®) showing a significant increase, mainly in
the Hetao Irrigation District, Ordos, southern Chifeng, northern Hulunbuir and Khuvsugul,
the western edge of Bayan-ulgii, Bulgan, Darkhan-uul, Selenge, Dornot, Sukhbaatar, Sumber,
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Figure 4 Spatial distribution of NDVI trends on the Mongolian Plateau from1982-2013
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and Khentii in Mongolia. The areas in which NDVI increased significantly were concen-
trated in the agro-pastoral ecotone, such as the Hetao Irrigation District, Hunshandake, and
Horqin Sandy Land in Inner Mongolia, and in middle and low mountainous areas in Mongo-
lia. Another 32.21% (about 68.84x10* km?) of the area showed a decreasing trend in NDVI,
of which 5.90% (about 12.61x10* km?®) decreased significantly, mainly in Arkhangai,
Uvurkhangai, Dundgovi, and Dornogovi in central Mongolia, the transitional zone from
steppe to desert areas. A few such pixels were also located at the junction of Xilingol and
Chifeng and in eastern Hulunbuir in Inner Mongolia. In general, the NDVI in Inner Mongo-
lia increased significantly, while the NDVI decreased significantly over a larger area of
Mongolia. Overall, the NDVI increased over a larger area than that in which it decreased.

3.2 Analysis of the factors influencing vegetation growth on the Mongolian Plateau

3.2.1 Effects of climatic factors on vegetation

Precipitation and temperature are the main meteorological factors that affect vegetation
growth in arid and semi-arid regions. The correlation between NDVI and precipitation or
temperature on the Mongolian Plateau is shown in Figures 5 and 6, respectively. NDVI is
positively correlated with precipitation over a much larger area than temperature, at 73.19%
(~156.42x10" km®) and 35.25% (~75.35x10* km?), respectively. This indicates that precipitation
is the dominant factor affecting vegetation growth on the Mongolian Plateau and that the
inter-annual variability of NDVI is more sensitive to precipitation than to temperature. The
area with significant positive correlations between NDVI and precipitation accounted for
24.07% of the total area and was mainly distributed in the grassland areas of Ordos, Xilingol,
Tongliao, and Hulunbuir in Inner Mongolia and Dornot, Dundgovi, Dornogovi, and Ark-
hangai in Mongolia (Figure 5). The regions showing positive correlation between NDVI and
temperature were concentrated in high-latitude areas of the Mongolian Plateau, such as the
mountainous region of Mongolia (including Khuvsugul, Bulgan, Darkhan-uul, and Selenge),
and the Greater Khingan Range of Inner Mongolia (Figure 6). In addition, NDVI in these
regions was negatively correlated with precipitation, indicating that temperature, not precipita-
tion, was the main factor affecting vegetation growth in these high latitude and alpine forest
areas.
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Figure 5 Spatial correlation between NDVI and precipitation from 1982-2013
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Figure 6 Spatial correlation between NDVI and temperature from 1982-2013

3.2.2 Effects of human activities on vegetation

Climate change is an important factor influencing vegetation cover on the Mongolian Pla-
teau, but human activity is also an important driving factor that cannot be neglected. We car-
ried out a residual trend analysis of NDVI to identify and quantify the impact of human ac-
tivities. First, a linear regression model between NDVI and climatic factors (precipitation
and temperature) was constructed, in which climatic factors were the explanatory variables.
Using the regression model, existing climate data could be used to predict an annual NDVI
value in each grid cell. The predicted NDVI value was then subtracted from the remotely
sensed NDVI value to arrive at residual NDVI values from 1982-2013 (Li et al., 2012).
Figure 7 shows the spatial distribution of these results. The significantly increased NDVI
residuals are mainly concentrated in the Ordos, southern Ulangab, Chifeng, Tongliao,
northwestern Xilingol, and northern Hulunbuir areas of Inner Mongolia and the western
Bayan-ulgii, Dornot, western Sukhbaatar, and eastern Dornogovi areas of Mongolia.

The overall significant increase in NDVI residuals indicates that vegetation growth in
these areas cannot be explained by climatic factors only. For example, in the Yellow River
Basin of Inner Mongolia, which flows through the Ordos and Ulanqab areas, the NDVI
change reflects the impact of human activities, which has been shown to depend strongly on
irrigation such that there is no dependence on precipitation. Other measures, including the
extensive use of chemical fertilizers and pesticides and the construction of irrigation facili-
ties, also influence vegetation cover in the basin (Xin et al., 2008), indicating that human
activities play a key role in the increasing vegetation cover.

The NDVI residuals were significantly reduced in the southern part of the Alxa Right
Banner, Bayannur, Horqin Sandy Land, Arongqi, Morindavaa, and Oroqen of Hulunbuir
areas in Inner Mongolia (Figure 7), indicating that vegetation growth in these areas is lag-
ging behind the growth predicted by climate. One hypothesis for this trend is that human
activities are leading to land degradation, resulting in a reduction in NDVI. For example,
deterioration of ecosystems, serious land desertification, and arable land reduction since the
1950s has forced a large number of farmers to relocate to the southern part of Alxa Right
Banner, adjacent to Minqgin County in Gansu Province. They began collecting herbs and
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wild plants from the sandy soil, so that the ecological environment has become more fragile,
with surface vegetation suffering serious damage. Another example can be found in the
degradation of Horqin Sandy Land, where the development and subsequent abandonment of
large areas of wasteland has led not only to reduction in grassland, but also to increased soil
erosion. Overgrazing also causes land degradation in this area (Jiang et al., 2004).

In other regions, the role of human activities in increasing or decreasing NDVI still re-
quires further validation. However, based on analysis of the Yellow River Basin, Alxa Right
Banner, and Horqin Sandy Land, we assume that if the NDVI residual trend is positive, hu-
man activities must have played a large role in increasing NDVI, while a negative slope in-
dicates that human activities had a destructive effect. The area of significantly increasing
residual trend occupied 26.14% (about 39.35x10* km?®) of the total study area (9.50% in
Mongolia, 16.64% in Inner Mongolia), while the area of significantly decreasing residual
occupied only 3.77% (about 7.94x10* km?), indicating that human activity had a net positive
effect on NDVI. Moreover, the population of Mongolia is smaller, one-tenth that of Inner
Mongolia. Additionally, the state is currently following an official ecological policy, so the
intensity of human activity in Mongolia is weaker than that in Inner Mongolia.
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Figure 7 Spatial distribution of residual NDVI trends on the Mongolian Plateau from 1982-2013
3.3 Future vegetation dynamic trends based on the Hurst exponent

Figure 8 shows the spatial distribution of the Hurst exponents for the NDVI time-series. Us-
ing H = 0.5 as the threshold value, the predicted trend of vegetation change can be divided
into three categories: H = 0.5 indicates that there will not be significant changes in future
NDVI, H > 0.5 indicates that future NDVI trends will remain consistent with current trends,
and H < 0.5 indicates that future NDVI trends will reverse from current trends. NDVI trends
expected to remain consistent with the current state accounting for 12.05% (about 25.75x10*
km?) of the total area of the Mongolian Plateau, while 87.95% (about 187.97x10* km?) of
the area is predicted to see a reverse in the current NDVI trends. The Hurst exponent value
was lower around the border between the two countries and relatively high in other regions.
The region with H > 0.5 was mainly concentrated in Ordos and the southern part of Chifeng
in Inner Mongolia (Figure 8). The Hurst exponent is closely related to vegetation cover, with
high H values for lush vegetation and low H values for sparsely vegetated land.
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Figure 8 Spatial distribution of the Hurst exponent for the annual average NDVI time series on the Mongolian
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The MK test quantitatively identifies trends in NDVI over a given time period, while the
R/S analysis qualitatively identifies whether future trends were predicted to continue in the same
direction or switch to the opposite direction. However, neither approach indicates whether
an increasing or decreasing trend can be expected in the future. By combining results from
the two analyses, reasonable predictions of future trends in vegetation changes can be made
(Table 2 and Figure 9). We set 0.05 as the significance level, and used 20 > |Zc| > 1.96 as the
reference range for significant increases or decreases. A value of H = 0.5 was used as a cri-
terion to judge whether the change in NDVI would continue in same direction. “Improve-
ment” indicates that NDVI has  Table2 Parameters for predicted future vegetation change trends
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Figure 9 Predicted vegetation changing trends on the Mongolian Plateau
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“Consistent improvement” or “Consistent degradation” indicates that the NDVI changes will
continue in the same direction as before.

The results suggest that there will be more improved area than degraded area in the future;
the degradation area accounted for 5.46% (about 11.65x10* km”) and the improvement area
6.60% (about 14.10x 10* kmz) of the total plateau (Figure 9). The degradation area accounted
for 4.44% of the study area, mainly in south-central Xilingol of Inner Mongolia and central
Mongolia. The improvement area accounted for 3.14% of the study area, but was scattered
throughout the region. The areas of consistent improvement accounted for 3.46% of the
study area. Most of these areas implemented large-scale desertification control and ecologi-
cal management projects during the study period, as was the case in Horqin Sandy Land and
Ordos (Ma et al., 2015; Li et al., 2006). In general, the vegetation of the Mongolian Plateau
is not expected to change significantly in the future, as significant values were found for
only about 13% of the area. The improvement area is larger than the degradation area, and
the greatest vegetation improvement occurred in Ordos and Tongliao in Inner Mongolia. The
reasons for these observed changes involved both natural and human factors, as discussed
below.

4 Discussion

From the above analysis, we can conclude that precipitation is the most important factor
affecting vegetation growth on the Mongolian Plateau. However, precipitation has substan-
tially decreased and temperatures have significantly increased over the past 32 years, caus-
ing significant aridity. In this region, the precipitation rate gradually increases from south to
north. Precipitation has decreased in most regions (excepting the desert regions of the
southwestern plateau), with the precipitation reduction in Mongolia being larger than that in
Inner Mongolia (Figure 10a). Conversely, temperatures increased across the entire plateau,
with the largest increases occurring in the central plateau (Figure 10b). In general, the cli-
mate of the Mongolian Plateau has become drier (Figure 10c). The degree of drought in
Mongolia is higher than that in Inner Mongolia, and human activities are more apparent in
Inner Mongolia, which may be the cause of the better vegetation growth in Inner Mongolia
than in Mongolia.

On the other hand, agriculture and animal husbandry is the main economic base of the
Mongolian Plateau, with 26.2% of the gross national product for Mongolia coming from
agriculture and animal husbandry, of which 80% comes from nomadic animal husbandry
(Zhen et al., 2008). Animal husbandry in Inner Mongolia has shifted from nomadic to settled
villages. At the beginning of the 21st century, the government implemented ecological pro-
tection and vegetation restoration projects, including Three-North Shelterbelt, Grain for
Green, Beijing and Tianjin Sandstorm Source Control, and Establishment of a Nature Re-
serve, to protect and improve the ecological environment, and ensure sustainable develop-
ment of animal husbandry. These programs have achieved many beneficial results.

In Ordos and Tongliao of Inner Mongolia, the number of livestock has increased annually
since 2000 (Figure 11). Excessive grazing of livestock reduces grass height, which decreases
NDVI and leads to different degrees of surface exposure (Guo, 2007). However, the cumulative
afforested areas have consistently increased since the implementation of ecological restora-
tion projects with the result that vegetation in these two regions has increased significantly.
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This explanation supports the use of residual trend analysis for studying the impact of hu-
man activity on NDVI, and this conclusion was consistent with the result of Li et al. (2014).
In addition, the Forestry Law, which was enacted in 1945, has reduced forest disease and fire
disasters and increased the vegetation cover in the study area (Zhou et al., 2012). Measures
such as fence-blocked grazing, prohibition of deforestation, popularization of anti-wind ero-
sion devices, and improved cultivation techniques have also played a key role in the in-
creased NDVI (Liu et al., 2005).

We used the Hurst exponent to predict the future vegetation trend on the Mongolian Plateau.
This provides a new approach to the study of vegetation and has been widely used to analyze the
consistency of future vegetation trends in recent years with effective results (Peng et al.,
2012; Liu et al., 2015; Liu et al., 2016). Compared with previous studies on vegetation dynamics,
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it considers whether the future trend in vegetation is consistent with current state. However,
the proposed R/S analysis with the Hurst exponent could not determine how long the anticipated
vegetation trend would continue in the future. Therefore, it is important for future research
to focus on extending the time span for which future vegetation dynamics can be forecasted.

The Mongolian Plateau is an important ecological boundary for China, playing a significant
role in the country’s ecological environment. As an important part of the East Asian ecosystem
it plays important role in the global carbon cycle (Lu et al., 2009). Because of its special geo-
graphical location, it is important to study vegetation changes in this region in the context of
global climate change. As vegetation dynamics in the plateau result from climate change and
human activities, our results demonstrate that these methods can provide a theoretical basis for
the development of rational measures to protect the vegetation environment in the future.

5 Conclusions

(1) From 1982-2013, NDVI showed an upward tendency with a rate of 0.0003/yr in the
Mongolian Plateau. Vegetation growth in Inner Mongolia was better than that in Mongolia,
with an annual average value of 0.0066.

(2) The area of increasing NDVI on the Mongolian Plateau was much larger than that of
decreasing NDVI, at 67.79% (~144.84x10* km?) and 32.21% (~68.84x10" km®) of the total
plateau area, respectively. The areas of significant increase and decrease accounted for
24.54% and 5.90% of the total area, respectively. Areas with a significant increase in NDVI
were located mainly in Ordos and Tongliao in the agro-pastoral ecotone of Inner Mongolia,
along the southern part of the plateau. Areas with significant decreasing trends were distrib-
uted in central Mongolia and parts of Chifeng, southeast Xilingol, and eastern Hulunbuir in
Inner Mongolia.

(3) From the Hurst exponent analysis, we concluded that the predicted vegetation growth
would remain consistent with previous trends in 12.05% (about 25.75x10* km?) of the total
area, while the other 87.95% (about 187.97x10* km?) was predicted to reverse trends. The
Hurst exponent was closely related to the vegetation cover, with high values in lush vegetation
and low values in sparse vegetation. The predicted vegetation trends for the Mongolian Plateau
were not significant in most of the area, with only about 13% of the vegetation showing sig-
nificant trends. The predicted improvement area was larger than the predicted degradation area.

(4) The area with positive correlations between NDVI and precipitation (73.19%,
~156.42x10* km?) was much larger than that with positive correlations between NDVI and
temperature (35.25%, ~75.35x10* km®), indicating that precipitation is the dominant climate
factor for vegetation growth in the plateau. The significantly increased area of NDVI residu-
als occupied 26.14% (~39.35x10* km®) of the total area of the Mongolian Plateau, while the
significantly decreased area was only 3.77% (~7.94x10* km?), indicating that the human
influence on vegetation cover was positive for most of the Mongolian Plateau. The intensity
of human activity in Mongolia was weaker than that in Inner Mongolia.
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