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Divergent processes and trends of desertification in Inner Mongolia
and Mongolia

Abstract

Desertification and the expansion of deserts are regarded as a major threat to human livelihood,
ecosystem services, as well as achieving Sustainable Development Goals. Humans have also been
recognized as a significant agent in the expansion of desert-like conditions, through the agency of
desertification/land degradation processes, and through contributions to global climate change. Yet,
how desertification changes and whether human or climate change drives these processes and trends
over the whole Mongolia plateau is still not clear. Here we first use MODIS data for 2000-2019 to
assess the long-term vegetation changes across the Mongolian Plateau, both in Inner Mongolia of
China and the Mongolian People’s Republic. We then apply a General Linear Model to analyze the
additional climate and human attribute data sets to explore relationships between the observed desert
extent reduction and their potential drivers. Results show that from 2000-2019, desert extent
declined by over 7%, comprised of an almost 11% reduction in Inner Mongolia, China, and 5%
reduction in Mongolia, and a reduction in the degree of desert conditions, as measured by vegetation
cover grades, across the whole region (37.5% descends one grade in China, 28.75% in Mongolia).
The majority of desert area reduction occurs in the northern and eastern areas of the Mongolia
plateau. We found that the main driver of changing desert extent is not because of a reduction in
human pressures on the land, but an increasing trend of both precipitation and temperature, which
explains over 75% of all the observed changes. Besides, urbanization, and a reduction of population
pressures on the land, contribute to most of the remaining changes. Our results suggest that although
the climate has been the primary driver of changing desert area and severity, human interventions
have played an important role, although the way how it intervenes and the intensity varies in Inner
Mongolia and Mongolia. Human’s active response to land degradation in the desert contributes to
more land restoration in Inner Mongolia than in Mongolia.
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1 | INTRODUCTION

Desertification refers to land degradation that involves at least one of three long-term losses,
biological productivity, ecological integrity, and in the land’s value to humans in arid, semi-arid,
and dry sub-humid areas caused by climatic variations and human activities (IPBES, 2018; UNCCD,
1994). It was the first major terrestrial environmental issue which has received structured attention
via the United Nations, through its Conference on Desertification (UNCOD) in 1977. Identifying
the scale, extent, and drivers of desertification is closely linked with other vital socio-environmental
issues, such as climate change, environmental and food security, poverty, and human well-being
(Mirzabaev et al., 2019; Cherlet et al ., 2018). These linkages are recognized in global assessment
including the first global assessment of land degradation and restoration of IPBES
(Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services); the new
world atlas of desertification (WAD3) of European Commission's Joint Research Centre; special
report on climate change and land of IPCC (Intergovernmental Panel on Climate Change); and the



CoP14 of the UNCCD (the United Nations Convention to Combat Desertification) also focuses on
land degradation and desertification (UNCCD, 2019). Desertification is a growing concern in
drylands (Bestelmeyer et al., 2015). However, the process and trends of desertification in drylands
on a regional scale are still not clear. Therefore, this study aims to examine the trend of

desertification in the Mongolia plateau and identify the potential driving forces.

Both climate and human intervention can affect desertification (Thomas, 1993; Thomas &
Middleton, 1994; Wang, Chen, Hasi, & Li, 2008; Li, Wu, & Huang, 2012), but the direction is not
clear. The increasing temperature in drylands will increase potential evaporation, which exacerbates
the desertification on dryland (Sherwood & Fu, 2014; Huang, Yu, Guan, Wang, & Guo, 2015). But
the rising precipitation can also increase vegetation coverage in the drylands (Zhang et al., 2018).
The combined effects of changing temperature and precipitation on desertification are not fully
explored. Human actions play an additional and complicated role in desertification as irresponsible
land-use change can expand the desert (Bestelmeyer et al., 2015), but human activities through
sustainable management of the dryland can also restore the degraded land (Miao et al., 2015). Thus,
what's the specific contribution of climate change and human intervention to desertification is a
question needed to be carefully examined.

The desert over the entire Mongolia plateau region has experienced great changes in the past several
decades. There are indications that the extent of desert areas in China as a whole has declined by
12,120 km? from 2009 to 2014, at an annual reduction rate of 2424 km? (SFAC, 2015). In Inner
Mongolia, desertification reached its maximum in the 1970s and early 1980s and then began to fall
from the late 1980s (Miao et al., 2015; Wang, Chen, Hasi, & Li, 2008). There is evidence that
hydrothermal regimes improved and wind velocities (responsible for aeolian sediment transport)
declined since the 1980s (Xu, Song, Li, Ding, & Wang, 2019), leading to enhanced vegetation cover
in previously dry areas (Ren, Tan, & Zhang, 2019; Sherwood & Fu, 2014). Also, efforts to reduce
land degradation has increased even early (Chen et al.,, 2015). China started to combating
desertification since at least the 1950s and spent at least 60 billion Chinese yuan per year on various
land restoration projects (Cheng et al., 2018). The Green Great Wall project, for example, has
planted 66 billion trees in North China which has increased the world's forested area by 10% (Petri,
2017). Other interventions including the introduction of more sustainable farming, grazing, and
water management practices, and the establishment of windbreaks have also been applied to combat
desertification (Chen et al., 2019; Zhang & Huisingh, 2018; Zhou et al., 2015). Due to these
contributions, China has won the 2015 Land for Life Award for true influencers on fighting land
degradation by UNCCD (UNCCD, 2015).

However, there have been more limited assessments of desertification in the Mongolian People’s
Republic. Researches found that the natural, political, social, and economic factors, the natural
environment can be quite different across sides of country boundaries (Wuepper, Borrelli, & Robert
Finger, 2020). Wang et al. (2019) assessed land cover changes in Mongolia from 1990-2010,
concluding that land degradation has become severe in that period, which has also experienced
declining precipitation and increasing temperatures (Filei, Slesarenko, Boroditskaya, & Mishigdorj,
2018). In contrast, Sternberg et al. (2015) have used the aridity index to examine the changing extent
of the Gobi Desert and found a decrease in the desert in the period 2002-2012. The potential



differences in desertification trends in the China and People’s Republic of Mongolia parts of the
Mongolian Plateau, and discrepancies in the findings of some recent studies, indicate that the
analysis of desert trends over the whole plateau (not some parts of the region) is really needed.
Besides, given that climate variations and human activities can cause an apparent change of extent
of deserts over time, it can be difficult to distinguish between the drivers of the changes at any
particular time in a specific location, which is also an urgent problem to be solved.

Thus, this study aims to detect the long-term, not the short-term, desertification processes and trends
across the whole plateau under the background of large-scale artificial restoration in Inner Mongolia
and natural restoration in Mongolia, and to distinguish and quantify the contributions of climatic
and direct human actions to change sin desert extent, not just figure out the possible drivers. To
address this aim, first, based on MODIS/MCD NDVI data from 2000 to 2019, we use the Google
Earth Engine Platform (GEE) and the Markov shift matrix model to identify trends, processes in
dryland extent. Then, using a variety of data sets, we explore the contributions of climate and direct
human actions to the observed changes, through correlation analysis and general linear modeling
(GLM). This study could provide a reference for desertification management, and to achieving Land
Degradation Neutrality of UNCCD and sustainable development goals of the UN.

2 | STUDY AREA

The Mongolian plateau (87°43'E-126°04'E, 37°22'N-53°20'N ) covers a total area of about 2.74
million km 2, by 2017 supported a population of over 28 million and represents the fifth-largest
desert area on earth, playing a crucial role in the global carbon cycle and climate system but also
being prone to the risks of desertification (Chen, John, Shao, et al., 2015; FAO, 2020; Helldén &
Tettrup, 2008; Li et al., 2008; IMARSB, 2018; White, Battisti, & Roe, 2017). It has a temperate
continental climate, with warm summers, but long and cold winters when snowfall is common and
persistent. The annual average temperature varies from -1.7 ‘C to 5.6 ‘C with temperature
extremes also common, due to the region’s elevation and continentality. Precipitation varies
spatially and fluctuates from year to year from 90 to 433 mm and mainly distributes between May
and September (Fernandez-Gimenez & Allen-Diaz, 1999; Sternberg, Rueff, & Middleton, 2015).
Ecosystems vary from true desert to steppe and forested areas (John, Chen, Lu, & Wilske, 2009).
Compared with Mongolia, 2000-2018 is a very rapid development period in terms of GDP and
urbanization in Inner Mongolia (Figure 1). In the past few decades, there has been rapid urbanization
especially in Inner Mongolia, China, due to economic transformations as well as developments in
the agricultural sector, which have in turn led to land-use changes (Chen, John, Shao, et al., 2015;
John et al., 2015).

3 | METHOD AND MATERIALS

This study uses data to establish the processes and trends in desertification through the long-term
period 2000-2019, the drivers of these trends, and their spatial variability.

3.1 | Data
3.1.1 | Desertification data

Our analysis of desertification trends is based on MODIS/MCD43A4 006 _NDVI data from 2000



to 2019. The Normalized Difference Vegetation Index (NDVI) is a remotely sensed measure of
vegetation photosynthesis ranging from 0 (zero to sparse vegetation cover) to 1 (dense cover) (Chen
et al., 2012). MODIS/MCD43A4 006 _NDVI is the product of the MODIS version 6 MCD43A4
surface  reflectance = composites  with ~a  spatial  resolution of 500 m
(https://developers.google.com/earth-engine/datasets/catalog/MODIS MCD43A4 006 NDVI)
which have been variously used to identify changes in vegetation, wetland, and runoff (Gumbricht,
2018; Haniyeh, Shahedi, Jarihani, & Sidle, 2019; Wu, Sun, Epstein, Xu, & Li, X., 2019). As May
to September is the vegetation growth period on the Mongolian plateau and the stage when NDVI
reaches its maximum annual values, we choose yearly max values of May-September NDVI as the
basic data to evaluate changes in desertification (Guo et al., 2017), as suggested by Karnieli et al.
(2013).

3.1.2 | Driving factors data

Taking account of available data and previous studies of desertification on the Mongolian Plateau
(Feng, Ma, Jiang, Wang, & Cao, 2015; Tao et al., 2015), we selected a series of potential drivers of
changes in desertification extent. Data for human factors in Inner Mongolia including urbanization
(urban population (UP), rural population (RP), built-up areas of cities (BAC)), grazing intensity
(numbers of sheep and goats (NS)), and agricultural intensity (irrigated area (IA)) were documented
from the Inner Mongolia Statistical Year Book, and those of Mongolia were obtained from the Food

and Agriculture Organization of the United Nations database (faostat.fao.org).

Climate data for annual precipitation (AP), May to September precipitation (MSP), annual mean
temperature (AMT), and May to September mean temperature (MSMT) were derived from ERAS
data((C3S), 2017). ERAS is the fifth generation ECMWF atmospheric reanalysis of the global
climate and provides aggregated values for each day from 1979 until the present for seven ERAS
climate reanalysis parameters including temperature and precipitation. Monthly or yearly air
temperature has been calculated by averaging the daily or monthly minimum and maximum air
temperature. Monthly or yearly total precipitation values are attained by summing daily or monthly
data. All climate data in this paper is from 2000 to 2019. Details of the processing code are available

from the authors.

3.2 | Methods
3.2.1 | Vegetation fractional coverage

In line with previous studies of large scale desert/desertification expansion and contraction (e.g.
(Sternberg, Rueff, & Middleton, 2015)) in the region, we use changes in vegetation cover as the key
surrogate. This is justified on the grounds that vegetation cover is 1) the primary responder to
changes in climate in deserts and desert margin areas (e.g. (Mayaud, Bailey, & Wiggs, 2017; Thomas,
Knight, & Wiggs, 2005)), 2) changes in surface vegetation predispose landscapes to other
desertifying agents such as wind and water erosion, including when caused by direct human agency,
and 3) increases in vegetation cover is an indication of landscape recovery, whether caused by
climate amelioration or human actions (Gang et al., 2019). From these data we determined the


https://developers.google.com/earth-engine/datasets/catalog/MODIS_MCD43A4_006_NDVI

vegetation fractional coverage (VFC) according to Gutman and Ignatov (1998), see formula (1), to
explore the desertification trend. VFC referring to the percentage of vegetation vertical projection
area covering a study area is widely used to measure the changes of the ecological environment
including land reclamation and vegetation recovery (Gu etal., 2015; Song et al., 2020; Zhang, Wang,
& Li, 2019). VFC data are scaled into five grades to indicate the severity of desertification: non
(VFC=70), slight (69>VFC>50), moderate (49>VFC>30), severe (29>VFC>10), extremely severe
(VFC<10), according to the National Standards of P.R. China-Land Desertification Monitoring
Method GB/T20483 from
http://c.gb688.cn/bzgk/gb/showGb?type=online&hcno=62E00314AFED9EDF6BAC3562FA2AB
276. This part of the work is completed on the Google Earth Engine (GEE), the code is available
from the authors.
NDVI — NDVI,in

VFC =
NDVIyay — NDVIpin

€y

Where VFC refers to vegetation fractional coverage (unit: %); NDVI is the value of each grid;
NDVI,, and NDVI,,, represent the minimum value and maximum value of the grid,
respectively.

3.2.2 | Markov model

We then explore the processes of desertification change using the Markov model that is commonly
used to consider the processes and mechanisms of landscape dynamic change from a long-term
perspective (Muller & Middleton, 1994; Urban & Wallin, 2017). We adopt a transition matrix that
is the core part of the Markov model, see formula (2), which is generally applied to estimate land
cover changes including the conversion process of desertification (Bai, Wang, & Xiong, 2013; Zhu
et al., 2018). While different conversions in the desertification process occur, we mainly pay close
attention to the biggest converted values, which have significant impacts on desertification. In this
paper, we find that the most common conversions are those from high grades of desertification to
the adjacent low ones and from non-desert conditions to low grades of desertification. We also
calculate the converted ratio of the main converted types through formula (3). These analyses were
conducted in ArcGIS and R.

D11 D12 e Dln
T — D21 DZZ e Dzn (2)
Dpi Dy .. Dy

where T refers to the conversion matrix of different grades of desertification from 2000 to 2019;
Dy, refers to the change in the area (unit: km?) from one grade of desertification to another during
the period of analysis; and n refers to the area of certain grade desertification which was involved

in the computation.

E..
R;j = ?llj (3)

Where R;; refers to the rate of i grade desertification converting to j grade desertification; E;;
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represents that the area of i grade desertification converting to j grade, which is the biggest one of

all converted values; F; is the total area of i grade desertification in 2000 (unit: km?).

3.2.3 | Generalized linear model

To establish the influence of different factors on desertification, we first performed a correlation
analysis for desertification and driver data sets. We then conducted a Generalized linear model
(GLM) regression to quantify the relative contribution of each variable to desertification. GLM
regression extends linear model regressions by expanding the distribution range of dependent
variables and introducing a continuous function and is generally applicable to non-normal data
(Araromi, Majekodunmi, Adeniran, & Salawudeen, 2018). As formulas (4), (5), and (6) show, the
model is a function of mean p with a linear combination xg formed from repressor x and coefficient

vector . All statistical analyses were conducted in SPSS.

W= EGIX, Xy o Xy i= 1,1 (4)
n, = () ®
glu) = n, = Bo + B1Xi1 + B2 Xiz + B3Xiz + - + B Xk (6)

Where X is explanatory variables (driving factors of desertification); Yis dependent variables (the

area of desertification); piis n independent samples subject to the exponential family of distributions;

n, means k linear combination of explanatory variables; g(y;) refers to a link function linking

andni.

3.2.4 | Mann-Kendall (MK) test

We conducted the widely used Mann-Kendall (MK) test method (Gichenje, & Godinho, 2018;
Akinyemi, Ghazaryan, & Dubovyk, 2020; Touré¢ et al., 2020) to test the significance of the long-
term trends in time series. In the MK trend test, the original hypothesis H, is that there are no trends;
the alternative hypothesis is that there is a trend that could either be negative, positive, or non-null
(Mann, 1945). Its statistic (S) is calculated by the following formula:

n-1 n 1, x]' > X
S = Z Z sgn(xj—x;) =4 0% =x; @)
i=1 j=i+1 —-1x <x

where n is time series length, x; and x; are the annual observations. For all i, j<n, and i#j, the
distributions of x; and x; are different. The positive (negative) value of S represents an increasing
(decreasing) trend. The variance of S is calculated as follows:
Var(S) =n(n—1)(2n + 5)/18 8
If n is greater than 10, the standard Z value for the MK test is calculated as follows:
S-1
Wa®

7= 0,S=0 9
S—1

JVar(S)

If |Z>Z 1.4, then the null hypothesis (Ho) of the significant trend is invalid, otherwise, the

,$>0

,$<0



alternative hypothesis (H1) shows no significant trend. In a positive (upward) trend, Z is positive,
and a negative Z value indicates a downward trend. When Z absolute value is greater than or equal
to 1.28, 1.64, and 2.32, it indicates that the result passes the 0.1, 0.05, and 0.01 significance test,
respectively.

In this study, we tested the significance of the desertification trends and driving factors with MK.
Desertification shows a decreased trend both in Inner Mongolia and Mongolia, which passed the
significance test of 0.01 and 0.05, respectively (Table 1). For the trends of influence factors, NS,
UP, RP, BAC, and IA in Inner Mongolia all passed the 0.01 significance test; NS and UP in Mongolia
also passed the significance test of 0.01; RP in Mongolia passed the 0.05 significance test; while for
MAMT, AMT, MSP, and AP, their trends are not so significant.

4| RESULTS

4.1 | Reduction in the degraded area

This analysis shows that the desertified area of the Mongolian Plateau as a whole decreased from
2000 to 2019 (Figure 2 and Table 2), with a net fall in the desert area of 167,623 km? since 2000,
equivalent to almost 75% of the area of the United Kingdom. 58.56% of this reduction has occurred
in Inner Mongolia, China, exceeding the reduction in Mongolia by 28,706 km?. Reductions have
largely occurred in the northern and eastern regions of the plateau (Figure 2).

The net reduction of the desert area of Inner Mongolia was 98,165 km? between 2000 and 2019, a
decrease of almost 11%. In Mongolia, the net decline of 69,459 km? has primarily been due to the
reduction of extremely severe degraded areas by 29.75%. The declines in the areas of
extremely severe and moderate desertification are 118,432 km? and 163,083 km?, respectively.
Because declining areas of specific desertification classes are achieved by shifts from one grade of

desertification to another, these figures exceed the net reduction value of the overall desert area.

There was a divergence in the interannual change of the desertification area between Inner Mongolia
and Mongolia. From 2000 to 2004, the desertified area for Inner Mongolia gradually dwindled down
first and then increased abruptly, while for Mongolia it first decreased and then increased, and
shrunk again, slowly. In 2005-2007, a sharp rise in the desertification area in Inner Mongolia, and
fluctuations in Mongolia (fell firstly and then rose) was observed. During 2008-2011, the trend of
desertification in Inner Mongolia is almost the same as that in Mongolia, the reason is that the trend
of AP and MSP in Inner Mongolia was identical with that in Mongolia during the same period.
Between 2012 and 2015, a slight increase in the desert area for Inner Mongolia and large volatility
for Mongolia (increased first and then decreased sharply) was detected. 2016 is the peak of desert
area for Inner Mongolia but the valley for Mongolia, the reason is that AP and MSP in the former
fell off a little than last year but increased 17% and 12% in the latter, respectively. From 2017 to
2019, the desertification area for Inner Mongolia decreased firstly and then increased, while it
decreased gradually in Mongolia. It is noteworthy that the maximum of desertification for Inner
Mongolia and Mongolia both appeared in 2007, its minimum value was in 2018 for the former and
2012 for the later.

4.2 | The gradation of desertification reduction



We use the Markov shift matrix to explore the processes contributing to desertification changes

between 2000 and 2019. The most significant changes in desertification on the Mongolian Plateau

are transitions between adjacent grades from more severe desertification to the lower grades,

although there are transitions at all grades. Apart from a relatively small change of non-desert areas

to areas that are slightly desertified, all the other desertification grades are transformed to one grade

lower, indicating an overall reduction in the severity of desertification on the plateau. Compared

with Mongolia, desertification in Inner Mongolia shows a more distinctive reverse trend, with the

mean rate of descending one grade in Inner Mongolia of 37.5% exceeding that in Mongolia (28.75 %)
by almost 10%.

The majority of the transition of non-desert land to slightly desertified land has occurred in
Mongolia with only 1% of the land area of Inner Mongolia experiencing this trend compared to 7%
in Mongolia. At the other end of the scale, the conversion ratio from extremely severe to severe
desertification in Mongolia is higher (39%) than in Inner Mongolia (32%), however, the downward
transition rates of all the other desertification grades are lower in Mongolia that in Inner Mongolia
(Figure 3).

4.3 | Spatial heterogeneity of changing desertification

The geographical distributions of desertification changes on the Mongolia Plateau are detailed in
Figure 4. In general, most of the reductions have occurred in the northern and eastern parts of the
plateau. For example, in Inner Mongolia, Chifeng in the south-east has the biggest decline in total
desertified land (23,460 km?), while Wuhai in the west experiencing the lowest reduction, by an
insignificant 42.84 km? In Mongolia, the net decrease is greatest in Dornod (north-east) at 21,353.1
km?, while barely any decrease was recorded in Omnogovi in the south (2.21 km?). When the severity
classes are considered, however, the greatest reductions in the most severe desertification generally
have occurred in western areas. For example, Bayan Nur in western Inner Mongolia and Omnogovi
in south Mongolia see the greatest reduction of extremely severe desertification area, with 20,582.99
km? and 10,597.12 km?, respectively. Overall, within the dimension of space, desertification
restorations of Inner Mongolia are better than those of Mongolia, as total desertification of most
municipalities/leagues in Inner Mongolia has decreased significantly in the past 20 years, while
some in Mongolia has increased. The one major exception to this is Alxa League in inner Mongolia
where there has been a notable transition in the area experiencing severe desertification to extremely

severe desertification.
4.4 | Attributing causation to declining desertification

We have assessed the roles of climate change and human activities in the changing extent of desert
conditions on the Mongolian Plateau. Climatic factors include total annual precipitation (AP),
precipitation in the growing season, May to September (MSP), annual mean temperature (AMT), and
growing season temperature (May to September) (MSMT). Unlike other studies of changes in the area
of the Gobi Desert (Sternberg & Edwards, 2017) or in desert conditions in part of the plateau (e.g. (Gong
et al., 2020)), we also directly consider the role of potentially key human drivers of change across the

whole plateau region. These include representative measures of agricultural activity in terms of grazing



intensity (numbers of sheep and goats (NS), and agricultural intensity (irrigated area (IA), and measures
of population pressure and spatial changes in population distributions, rural population (RP), urban

population (UP) and the extent of towns and cities (built-up areas of cities (BAC)), see Figure 5.

We first conducted a correlation analysis between the desertification trend and influence factors
(Table 3). In the last two decades, a fluctuated upward trend in MSP for both Inner Mongolia and
Mongolia, a slight increase in ATM, and a modest decrease in MSMT (2010-2015) have been
observed (Figure 5a—d). MSP (P < 0.01 in Inner Mongolia) and MSMT (P = 0.048 for Inner
Mongolia, and P = 0.03 for Mongolia) have hastened desertification changes of the plateau since
2000. Both Inner Mongolia and Mongolia have seen a consistent increase in UP and a significant
decrease in RP, although RP in Mongolia showed a slight increase after 2010 (Figure 5e). Besides,
Inner Mongolia has experienced a steady increase in BAC (Figure 5f). This rapid advancement of
urbanization in Inner Mongolia has a more obvious relationship with desertification reduction than
in Mongolia (P = 0.018 for UP, P=10.017 for RP, and P = 0.014 for BAC). In addition, IA shows a
marked increase in Inner Mongolia, although there is a sudden drop in 2013, which significantly
negatives with the desertification area (P <0.005). During the study period, grazing intensity in both
regions has increased (Figure 5g). However, grazing seems to have greater impacts on
desertification in Inner Mongolia (P =0.026) than that in Mongolia.

To quantify the contribution of the different driving forces to land restoration, we also applied a
general linear model. We can see from Table 3 that climate factors appear to have been more
significant in the decrease in desert areas more than human interventions. 77.98% and 74.44% of
the land restoration that has occurred in Inner Mongolia and Mongolia, respectively is attributable
to climate drivers, particularly enhanced precipitation as represented in annual and May-September
contributions. When it comes to human factors on the ground, in both Inner Mongolia and Mongolia,
urbanization parameters correlate with enhanced land restoration, accounting for 9.52% in Inner
Mongolia (principally measured by the growth in built-up areas, representing 9.44% of this total),
and 13.28% in Mongolia. Grazing changes account for only 3.26% of restoration in Inner Mongolia
but 12.28% in Mongolia. The expansion in the irrigated land area in Inner Mongolia can be
attributed to 9.24% of the decrease of desertification.

5 | DISCUSSIONS

5.1 | Links between climatic factors and desertification

The overall amount of desert area both in Inner Mongolia and Mongolia showed a decreasing trend
from 2000 to 2019, but there was a divergence in its interannual change between the two regions,
during which climate change especially the precipitation plays a vital role. Over the past 20 years,
both mean annual temperature and precipitation in growing season show slight increases across the
Mongolian Plateau as a whole (Figure 5). However, they have different roles in revegetation. It can
be seen from Figure 5 and Figure 6 that the increase of precipitation in recent years is likely to be a
key reason for the decrease in the desert area on the plateau, as noted by Sternberg and Edwards
(2017). Greater annual precipitation levels could facilitate vegetation growth by enhancing net
primary production or aboveground biomass (Zhang et al., 2013). The increasing precipitation could
increase soil moisture, thus it is propitious to plants growth, especially the shallow ones (Yang et



al., 2011). Higher precipitation in the growing season could provide enough soil moisture for
vegetation restoration (Pang, Wang, & Yang, 2017). While the rising temperature could produce
complicated impacts on vegetation amelioration in the whole region. The rising annual mean
temperature will affect the snow cover in the winter and how long it lies on the ground in the spring
(Hammond & Kampf, 2020). Higher winter/spring temperatures, reducing the time snow is on the
ground and extending the growing season, which has a positive impact on desert reverse (Mellander,
Lofvenius, & Laudon, 2007). It may also assist in vegetation survival through what remains
relatively harsh winter months, by reducing plant damage by frost and extending the growing season
(Piao, Mohammat, Fang, Cai, & Feng, 2006; Woldendorp, Hill, Doran, & Ball, 2007).

In line with observations that northwest China has been getting warmer and wetter in recent decades
(Shi et al., 2007), precipitation increases have played the most significant role in desert reduction
and pasture improvement (Jobbagy, Sala, & Paruelo, 2002; Munkhtsetseg, Kimura, Wang, &
Shinoda, 2007; Wang et al., 2019), though there is evidence in the data that effects may have in part
been offset by temperature increases, particularly in Mongolia. For example, rising temperatures
could cause droughts (Hirschi et al., 2011) and hot waves (Hauser, Orth, & Seneviratne, 2016),
which is extremely unfavorable for vegetation growth. In addition, according to the IPCC’s Sth
assessment report, and other two special reports, Global Warming of 1.5 °C and Climate Change
and Land, the warming and wetting trend in the region is projected to continue, such that the extent

of desert conditions in the Mongolian plateau may continue to decrease over coming decades.

5.2 | Human interferences

In terms of human activities, urbanization in Inner Mongolia has likely had an important indirect effect
on vegetation restoration, which is consistent with the previous research (Ehrhardt-Martinez, Crenshaw,
& Jenkins, 2002). Urbanization and rural population reductions have alleviated the human pressure
on the desert and have significant roles to combat desertification on the Mongolia plateau. Inner
Mongolia has experienced rapid urbanization in the past two decades, with a doubling in the size of built-
up areas. The 57% increase in the urban population has seen an associated fall in the rural population by
30% (Figure 4e). This contributes to a reduction in agricultural and grazing pressures in marginal areas,
and an increase in rewilding (Jorgenson & Burns, 2007). From 2000 the Inner Mongolian government
commences a resettlement programmer, with 200,000 poorer farmers and herders moved from degraded
areas to urban and less-degraded rural areas to break the poverty-land degradation nexus (Dong, Liu, &
Klein, 2012). The reduction of pastoral pressures and pastoralist numbers could help promote vegetation
restoration (Liu, 2002), although this scheme has also shown unintended ecological changes, including

effects on water demand created by cities (Fan, Li, & Li, 2015).

Grazing intensity in both Mongolia and Inner Mongolia has increased from 2000 to 2017, but it
appears to have had different effects on desertification, which may due to the different grazing
methods. While livestock numbers have risen in Mongolia, traditional, nomadic, practices remain
dominant, with this extensive approach limiting pressure on the landscape (Zhang, Borjigin, &
Zhang, 2007). In contrast, livestock production in Inner Mongolia is more commonly carried out
on-farm units, where parts of environmental pressures are shifted to the outside as imported grass
has become an important source of feedstock (Chen, Shao, Zhao, Zhang, & Zhang, 2017), which



alleviates some pressure on grassland. Direct grazing effects appear to be relatively small in terms
of contributing to desertification, contrary to widespread views that herding has been a major
contributor to land degradation in inner Mongolia (e.g. (Ren, Shen, Lu, Wen, & Jian, 2007)). Besides,
in Mongolia, our data verifies a previous filed and remote sensing-based survey that the extensive
nature of pastoralism makes it a limited contributor to the extent of desert conditions (Sternberg,
Tsolmon, Middleton, & Thomas, 2011). Though at shorter, annual timescales pastoralism itself may
be impacted by events such as droughts and dzud (Sternberg, 2008) that are not captured within our
longer-term analysis, livestock numbers are not in themselves are a significant contributor to
desertification or desert extent changes across the region. An effective irrigated area of Inner
Mongolia can help combat desertification. Irrigated lands can effectively guarantee farmland yield,
with rainfall increasing, farmers can support themselves without reclaiming new wasteland that may
consume water (Graves, Rosa, Nouhou, Maina, & Adoum, 2019). In this way, limited soil and water

are conserved, vegetation begins to restore.

6 | CONCLUSIONS

We have provided the first assessment of the relative contributions of climatic and human factors to
changes in desert extent on the Mongolian Plateau. For the period 2000-2019, our analysis has used
MODIS/MCD43A4 006  data to assess year-on-year vegetation fractional changes across the
Mongolian Plateau. This has first been to establish changes in the desert extent and desertified land
and then investigate the potential drivers of change in terms of climate factors and human agency.
The principal finding is that there has been a significant reduction in desertified, and in the severity
of desertification in areas that remain as a desert. A divergent interannual change of desertification
between Inner Mongolia and Mongolia has been detected. Changes have largely been observed in
the north and east of the Plateau, in both Mongolia, where extent has reduced by almost 5%, and in
China, where an almost 11% reduction has been identified. The mean rate of moving down one
grade is 37.5% in China and almost 28.75% in Mongolia, that is, a reduction in desertification
severity. This study suggests that desert extent and desertification recovery can occur over large
areas, over relatively short timescales, as demonstrated by the analysis of vegetation cover trends
on the Mongolian Plateau. However, it appears that rather than largely being attributable to direct
human actions on the ground, change in precipitation amounts play a key role in the reduction in
desert extent.
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TABLE 1 Mann-Kendall test of trends of desertification and driving factors

Desert MSMT AMT MSP AP NS UpP RP BAC 1A

Inner Mongolia ~ -3.02 ***  -0.42 0.98 0.49  -0.28  4.41%#%F  532%kE 530Kk 5 18FEE 4,69 FEE

Mongolia -2.13 ** -0.77 0.63 0.70 021 3.99 **x 532Kk ] 96**

Notes: “***” “**” qnd “*” indicates that the results pass the significance test of 0.01, 0.05, and 0.1, respectively.

TABLE 2 Changes in desertification on the Mongolian plateau between 2000 and 2019

Desertification in 2000 Desertification in 2019 Desertification changes ~ Contribution ~ Notes
Total area  Percentage Total area  Percentage Change in ~ Change rate on the
(km?) on the (km?) on the total area in total Whole
Whole Whole (km?) area (%)  plateau (%)
plateau (%) plateau (%)
Mongolia
Slight 296562 63.12 355063 63.65 58501 19.73 66.49 A
Moderate 352270 59.47 259335 60.41 -92935 -26.38 56.99 R
Severe 532251 64.57 563726 66.30 31474 5.91 121.47 A
Extremely severe 223562 54.23 157063 53.45 -66499 -29.75 56.15 R
Total desertification 1404646 61.11 1335187 62.65 -69459 -4.94 41.44 R




Inner Mongolia

Slight 173253 36.88 202733 36.35 29480 17.02 33.51 A
Moderate 240088 40.53 169940 39.59 -70148 -29.22 43.01 R
Severe 292049 35.43 286485 33.70 -5564 -1.91 -21.47 R
Extremely severe 188700 45.77 136767 46.55 -51933 -27.52 43.85 R
Total desertification 894090 38.89 795925 37.35 -98165 -10.98 58.56 R
‘Whole plateau

Slight 469815 100.00 557797 100.00 87981 18.73 100.00 A
Moderate 592357 100.00 429275 100.00 -163083 -27.53 100.00 R
Severe 824300 100.00 850211 100.00 25910 3.14 100.00 A
Extremely severe 412262 100.00 293830 100.00 -118432 -28.73 100.00 R
All desertification 2298735 100.00 2131112 100.00 -167623 -7.29 100.00 R

Notes: R means restoration; A indicates aggravating.

TABLE 3 Correlation analyses on the relationships between desertification and possible driving forces

Inner Mongolia Mongolia
Driving forces Correlation analysis GLM regression  Correlation analysis ~ GLM regression
r p SS (%) T P SS (%)
MSMT  .473* 0.048 4.05 S512% 0.03 22.39
Temperature
AMT 0.14 0.579 0.01 0.449 0.062 44.60
Climate factors
MSP -.595%* 0.009 46.25 -0.341 0.166 3.62
Precipitation
AP -0.43 0.075 27.67 -0.296 0.233 3.83
Grazing NS -.524%* 0.026 3.26 -0.206 0.412 12.28
uP -.549% 0.018 0 -0.381 0.119 1.44
Human factors  Urbanization = RP 552% 0.017 0.08 0.426 0.078 11.84
BAC -.566* 0.014 9.44 - - -
Agriculture 1A -.639%* 0.004 9.24 -- -- --

Notes: annual mean temperature (AMT), growing season temperature (May to September) (MSMT), annual precipitation (AP), growing
season precipitation (May to September) (MSP). numbers of sheep and goats (NS), rural population (RP), urban population (UP), built-up
areas of cities (BAC), and irrigated area (IA); *P < 0.05, ** P < 0.01. “*” means the factor is a positive correlation with desertification;

o

indicates factor is a negative correlation with desertification, SS, the proportion of variances explained by the variable.
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FIGURE 1 Population and GDP in Inner Mongolia and Mongolia.
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FIGURE 2 Changes in desertification on the Mongolian plateau between 2000 and 2019. (a)
Distribution of desert and non-desert in 2000 and (b) in 2019. (c) Distribution of desert trends

from 2000 to 2019 on the whole plateau. (d) The trend of desert and non-desert in Inner Mongolia
and Mongolia from 2000 to 2019.
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FIGURE 3 Desertification conversion on Mongolian Plateau Between 2000 and 2019. The figures
show the transformation rates, expressed as % of one class converting to another.



Changes between 2000 and 2019

S TS P oo

\J} (0] 1 i N, h R .

" saan BTy 3
S

- gy Pl i
Loy =
‘IZ.‘.VI'\\'- N
AREANGAY l':,—l Hﬂ—l \
1_ f TN 5
Y

——— -
EALGA
ToY

p

0 70 140
-

560 .
Kilometers

e OROTEAT
PRI 3m DLADGOYL
N
ONOGOVT /
s = ; Jf / ‘
‘_'\‘_ - =
=l .-fb,_ e
payan uz & ..t“'} Desertification degrees
it Yea  EE
N B vid
‘P — e - :‘ Moderate
- Severe
Extremely severe
280 420 - Total desertificalion
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e

ATM trend

— High : 0.0874
B Lov : -0.0664

¥y

2000-2017 annual mean temperature trend

0 105210 420 630
O — — T

: ~0.0068 ‘/:fff

2000-2017 annual precipitation trend

-

25.00 ~=— Inner Mongolia(urban population, UP)
—+— Inner Mongolia (rural population, RP)
M —e— Mongolia(urban population, UP)
=) 00 +—Mongolia (rural population, RP)
g
Z 1500
:’-;10.00 PR -
5.00

~&—Inner Mongoli{numbers of sheep/goats, NS)
70000

~a—Mongolia{numbers of sheep/goats, NS)

60000

50000 4

10000 4

30000

20000

10000

Number of sheep and goats (100 head) (Q

Temperature ('C)

2000 2002 2004 2006 2008 2010 2012 2014 2016

0 T

precipitation (mm)

—o—Inner Mongolia(May. to Sep. mean temperature, MSMT)
= [nner Mongolia(annual mean temperature, ATM)

~+— Mongolia(May. to Sep. mean temperature, MSMT)
—+—Mongolia(annual mean temperature, ATM)

A

0-—0—»\ PN . o
W e T N

> ;
. i .

-~

——

— -
g R o T -
= y ol _ i

2000 2002 2004 2006 2008 2010 2012 2014 2016
Temperature trend in Inner Mongolia and Mongolia

600

~e— Inner Mongolia(May. to Sep. precipitation, MSP)
—e— Inner Mongolia(annual precipitation, AP)

—+— Mongolia(May. to Sep. precipitation, MSP)
—+— Mongolia(annual precipitation, AP)

500 4

400 1

200 1
100 +—T—r— — — )

2000 2002 2004 2006 2008 2010 2012 2014 2016
Precipitation trend in Inner Mongolia and Mongolia

3.5000

—eo— Inner Mongolia (imrigated area, IA)

S —

3.0000

5]

»
S
=1
S

2.0000

115000 —+— Inner Mongolia (built-up areas of cities, BAC)

Area (million ha)

1.0000

0.5000

0.0000

2000 2002 2004 2006 2008 2010 2012 2014 2016

FIGURE 5 Possible driving forces in Inner Mongolia and Mongolia in the past two decades. a, the

spatial distribution of 2000-2017 annual mean temperature trend in Mongolia plateau. b, annual

mean temperature (AMT).

and May to Sep. mean temperature (MSMT) from 2000 to 2017. c,

the spatial distribution of 2000-2017 annual precipitation trend in Mongolia plateau. d, annual

precipitation (AP), and May to Sep. precipitation (MSP) from 2000 to 2017. e, urban population

(UP) and rural population (RP). f, built-up areas of cities (BAC) and irrigated area (IA) in Inner

Mongolia. g, numbers of sheep and goats (NS).



FIGURE 6 Desertification areas on the Mongolia plateau are getting green due to the increase of
precipitation. a. Since the climate is getting warmer and wetter, Dzavhan is becoming more and
more green (2019.8). c. The dry-up river begins to have water again with precipitation increasing,
which facilitates vegetation growth nearby in Alax League, Inner Mongolia (2015.6). b. The
increasing rainfall is stored in a lowland which helps the desert become green in Bulgan, Mongolia
(2019.8). d. As precipitation increasing, the Kubugi desert in the Ordos still keeps alive during the
dry season (2016.11). Source: Baoli Liu.
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