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Preface

Desertification, defined by the United Nations Convention to Combat Desertification
(UNCCD) in 1994, means “land degradation in arid, semi-arid and dry sub-humid
areas resulting from various factors, including climatic variations and human activ-
ities.” Desertification is primarily caused by soil erosion that occurs due to wind
and/or water erosion; deterioration of the physical, chemical, and biological or
economic properties of soil; and long-term loss of natural vegetation. Globally,
approximately 24% of the land is experiencing desertification, and 110 countries
are at risk of desertification. The livelihood of 1.5 billion people relies on desertified
land. The desertification-induced annual loss of arable land is 8000 km2, and the
annual economic cost is 42 billion USD (UNCCD 2009).

Aeolian desertification is a type of desertification caused by wind erosion through
aeolian processes. This type of desertification is often accompanied by processes
related to the occurrence of blown sand (deflation, ground surface coarsening, sand
dune formation, etc.) in formerly nondesertified areas that serve as a baseline area
(benchmark). We defined aeolian desertification as land degradation caused by wind
erosion mainly resulting from human impacts in arid, semi-arid, and dry sub-humid
regions of northern China and southern Mongolia.

Since 1980, Professor Seiei Toyama from Tottori University, Japan, has been
devoted to research and efforts related to combating aeolian desertification and
studying sandy land with his team and collaborating researchers from the Lanzhou
Institute of Desert Research, the Chinese Academy of Sciences, and different
stakeholders in Inner Mongolia, Ningxia, and Gansu provinces. In the past four
decades, many universities and national research institutes in China and Japan have
systematically and holistically collaborated to focus on aeolian desertification pro-
cesses and control techniques. The collaborative activities have included large
spatial field surveys, in situ field observations, laboratory analyses, theoretical
compilations, development of control techniques, and student exchanges, and
these activities have had good results. In 2004, a trilateral framework was developed
for China-Japan-Mongolia scientists to work on aeolian desertification issues. The
three sides reached an agreement in terms of academic exchanges; field surveys; data
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sharing; student, environmental manager, and practitioner exchanges; and field
station establishment and improvement.

Based on the achievements of these collaborative efforts that were implemented
to understand aeolian desertification processes and the techniques to combat, we
compiled a book, Combating Aeolian Desertification in Northeast Asia, with the
following conclusions and outcomes:

1. According to the actual situations, research, and practices in Northeast Asia, we
provided a definition of aeolian desertification and its implications, which
allowed us to clearly understand the research object and issues, spatiotemporal
scope, and targets for combating aeolian desertification.

2. To understand the impacts of natural climatic variations and human activities on
aeolian desertification, we provided results on the analysis of the variations in the
natural environment, human activities, and temporal dynamics of aeolian desert-
ification derived from a remote-sensing dataset.

3. In view of the comprehensive study on the process of aeolian desertification by
both natural factors with wind erosion and human land use patterns and intensi-
ties, we concluded that human activities caused more than 80% of the aeolian
desertification in Northern China over the last 60 years. Thus, improper land use
is the primary driver of aeolian desertification, and only appropriate human
activities will successfully combat aeolian desertification.

4. We argued that environmental policies and national ecological engineering pro-
jects are important for combating aeolian desertification; we demonstrated the
efficacy of physical, biological, and comprehensive protection systems in terms
of combating aeolian desertification, and we provided information on how to
alleviate poverty and gain ecological benefits.

5. We identified successful practices for combating aeolian desertification in China
and Mongolia that can serve as references to other countries that face the same
aeolian desertification problems.

6. This work showed that sustainable land management is necessary to improve
aeolian desertification control efforts.

The collaboration among Japan, China, and Mongolia was financially supported
by the Japan Society for the Promotion of Science, Japan Science and Technology
Agency, Japan International Cooperation Agency, Ministry of Science and Tech-
nology of China, Chinese Academy of Forestry, Chinese Academy of Science,
National Science Foundation of China, and Mongolian Academy of Science. This
support indicates the level of concern related to combating aeolian desertification
among these three nations, and the collaboration among the three nations also
showed that aeolian desertification is not only an environmental-social-ecological
problem of an individual country but also a transboundary concern. Efforts and
collaborations among Japan, China, and Mongolia are indispensable to addressing
aeolian desertification.

We thank all the authors for submitting their valuable manuscripts to this book
and all the scientists, staff, and students who participated in and contributed to the
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research introduced in this book. We are grateful to Springer Japan and its staff for
their assistance and encouragement.

Lanzhou, China Tao Wang
Tottori, Japan Atsushi Tsunekawa
Lanzhou, China Xian Xue
Tottori, Japan Yasunori Kurosaki
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Chapter 1
Definition of Aeolian Desertification and Its
Implications

Tao Wang

Abstract In this book, land degradation is defined as a negative trend in land
conditions resulting from various factors, including climatic variations and human
activities, and expressed as a long-term reduction or loss in biological productivity,
ecological integrity, or value to humans. Land degradation is caused by the processes
related to soil degradation (including soil erosion, salinization, and soil fertility loss)
and ecosystem degradation (including reduction in vegetation cover, reduction in
biomass, and decrease in biodiversity). Desertification is defined as a type of land
degradation in arid, semiarid, and dry subhumid areas. Aeolian desertification is a
type of desertification caused by wind erosion through aeolian processes. This type
of desertification is often accompanied by processes related to the occurrence of
blown sand (deflation, ground surface coarsening, sand dune formation, etc.) in
formerly nondesertified areas that serve as a baseline area (benchmark), and aeolian
desertification results from various factors, including overuse of land and imbalances
in the fragile ecosystem under dry and windy climate conditions and loose sand
surfaces. Topics related to aeolian desertification research mainly include its occur-
rence and developmental processes; its distribution, status, causes, and damage; its
types and indicator systems; restoration options; remote sensing monitoring; and
mapping.

Keywords Land degradation · Desertification · Aeolian desertification ·
Classification · Index system

T. Wang (*)
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1.1 Concept of Aeolian Desertification and Its Development

1.1.1 Formulation of the Term “Desertification”

Aeolian desertification is one of the main types of desertification, and it is necessary
to introduce the concept of desertification before explaining the definition and
implications of aeolian desertification.

The term “desertification”was first presented by Aubreville, A, a French botanist,
in his studies as long ago as 1949 (Aubreville 1949). In his study on the ecological
problems in tropical African forest regions, he defined “desertification” as a process
of environmental degradation from a forest to a grassland and then to a desert-like
landscape after the destruction of forest vegetation in the region. Other researchers
have been discussing the “desertification” phenomenon since the late 1950s (Zhu
1959; Le Houerou 1962; Hou 1973). However, this topic did not attract the attention
of the international community until 1968–1973, when the serious and extended
drought in West Africa intensified the process of land desertification in the Sahel
region at the southern margin of the Sahara Desert. Desertification has received
widespread attention all over the world, as confirmed by the creation of the United
Nations Conference on Desertification in Nairobi in 1977 (UN Secretariat of the
Conference on Desertification 1977). It was described in the UN Conference on
Desertification (UNCD 1978) as: “Desertification is the diminution or destruction of
the biological potential of the land, which can lead ultimately to desert-like condi-
tions. It is an aspect of the widespread deterioration of ecosystems, and has dimin-
ished or destroyed the biological potential. . .The deterioration of productive
ecosystems is an obvious and serious threat to human progress. In general, the
quest for ever-greater productivity has intensified exploitation and has carried
disturbance by man into less productive and more fragile lands. Overexploitation
gives rise to degradation of vegetation, soil and water, the three elements which
serve as the natural foundation for human existence. In exceptionally fragile eco-
systems, such as those on the desert margins, the loss of biological productivity
through the degradation of plant, animal, soil and water resources can easily become
irreversible, and permanently reduce their capacity to support human life. Deserti-
fication is a self-accelerating process, and as it advances, rehabilitation costs rise
exponentially. Action to combat desertification is required urgently before the costs
of rehabilitation rise beyond practical possibility or before the opportunity to act is
lost forever.”

After summarizing the situation and development trends of land desertification
since 1977, the United Nations Conference on Environment and Development
(UNCED, held in Rio de Janeiro, Brazil in 1992) complementarily defined desert-
ification as “land degradation in arid, semi-arid and dry sub-humid areas resulting
from various factors, including climatic variations and human activities” (UNCED
1992). In the definition, the arid, semiarid, and dry subhumid areas are classified by
aridityindex (AI) (UNEP 1992; Table 1.1).

4 T. Wang



Although a number of research articles, papers, and reports from many countries
have shown growing interest in the desertification issue (Glantz 1977; Quintanilla
1981; Zhu and Liu 1981; Zonn 1981; Wang 1989, 1991, 1993; Wang and Wang
1989; Zhu andWang 1990, 1992a, b, 1993), drought was neither the first indicator of
desertification nor the only reason for scientific interest in it. Desertification is
acknowledged to be a complex phenomenon requiring the expertise of researchers
in disciplines such as climatology, meteorology, soil science, hydrology, range
science, agronomy, geography, political science, economics, and anthropology. To
date, the term “desertification” is still widely interpreted globally in many different
ways by researchers in these and other disciplines, and it has also been defined from
many national and institutional perspectives, each emphasizing different aspects of
the phenomenon. Some reviews of desertification literature show great diversity (and
confusion) among definitions (Carder 1981; Chen 1994). Hence, the United Nations
Convention to Combat Desertification (UNCCD, signed at the Diplomatic Confer-
ence in Paris, France, in 1994) further clarified the three basic elements of the above
definition of desertification: (a) desertification is the result of a combination of
factors such as climate change (natural factors) and human activities;
(b) desertification occurs mainly in arid, semiarid, and dry subhumid areas with
fragile ecological environments; and (c) desertification is part of the global land
degradation process (UNCCD 2000). The UNCCD also highlighted that it is impor-
tant to note that desertification is not the natural process of deserts expanding into
new regions; it is a form of land degradation caused primarily by human activity in
vulnerable areas. All regions in which the ratio of the total annual precipitation to
potential evapotranspiration (P/PET) ranges from 0.05 to 0.65 should be considered
vulnerable to desertification, and such regions constitute approximately 40% of the
global terrestrial area. Broadly, land degradation refers to the processes of soil
degradation (including soil erosion, salinization, and soil fertility loss) and ecosys-
tem degradation (including reduction of vegetation cover, reduction in biomass, and
decrease of biodiversity), but desertification is only part of the process.

Table 1.1 Climate zones
classified by the aridity index

Climate zone arid index (AI)

Arid 0.05<AI<0.20

Semiarid 0.20<AI<0.50

Dry subhumid 0.50<AI<0.65

Humid >0.65

Note: AI¼ P/APE, where P is annual precipitation (mm) and APE
is the revised potential evapotranspiration (mm)
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1.1.2 The Term “Aeolian Desertification” and Its
Development

As mentioned above, the term “desertification” originated officially from the south-
ern Saharan region of Africa, and as the UN Conference on Desertification
described, its salient feature is that “desertification can lead ultimately to desert-
like conditions.”With the deterioration of the global ecological environment and the
expansion of the countries involved in the discussion, the scope of the discussion has
been extended from arid areas to dry subhumid areas, and the causes of land
degradation discussed are not limited to wind erosion but have involved water
erosion, secondary salinization, and other factors. Desertification no longer has its
original narrow concept; it now involves problems that are constantly growing, and
its meaning is constantly expanding. Therefore, the use of the term under different
national backgrounds requires a clear conceptual scope (Zhu 1994, 1999; Zhu and
Chen 1994; Ci 1995; Chen 2001, 2002).

China is suffering from serious desertification. As early as the late 1950s,
Professor Zhu noted that owing to anthropogenic causes, some former nondesert
land had changed into desert and approximately 530,000 ha of sandy grasslands in
Shaanxi and Inner Mongolia were “man-made desert” (Zhu 1959). He also stressed
that water is a weapon to conquer deserts, and we can use water to open oases in
deserts. Thus, researchers in China conducted studies on aeolian sand movement,
water balance, physiological and ecological characteristics of sand binders, and
vegetal sand stabilization measures. In these studies, special attention was given to
the environmental degradation and the spread of deserts caused by anthropogenic
factors. After the UN Conference on Desertification in 1977, the priority in desert
research in China gradually shifted to the study of desertification processes and their
control, and the studied regions gradually shifted from arid and hyperarid zones to
the semiarid and part of subhumid regions that had relatively better
eco-environmental conditions and higher productivity but were facing desertification
problems. According to the situation in China, desertification in China mainly
includes desertification from wind erosion, water erosion, soil salinization, and
freeze-thaw. In northern China, desertification mainly occurs from wind erosion,
which is now referred to as “aeolian desertification” or “sandy desertification.”
Although there has been international consensus on the concept of desertification
since the UNCCD, the concepts of “desertification” and “aeolian desertification”
have been used in contrasting ways for a relatively a long time in China, resulting in
very different research results, especially in terms of desertification areas or aeolian
desertification areas (Li 1994; Wang 1994; Zhu 1994, 1999; Zhu and Chen 1994; Ci
1995; Zhu and Zhu 1999; Chen 2001, 2002; Yi 2005).

In this book, we combined the research by Zhu and Chen (Zhu and Chen 1994)
and the UNCCD in 1994 and CCICCD (1994) and defined aeolian desertification as
land degradation in arid, semiarid, and dry subhumid regions with the occurrence of
blown sand processes (deflation, ground surface coarsening, sand dune formation,
etc.) in formerly nondesert areas as the main indicator, and the occurrence of this
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type of desertification has resulted from various factors, including overuse of land
and an imbalance in the fragile ecosystem under the dry and windy climate condi-
tions and loose sand surface.

1.2 Scope of Research on Aeolian Desertification

After the UN Conference on Desertification in 1977, scientific research on deserts in
China changed from being sandy desert-oriented to aeolian desertification-oriented.
Since that time, the process of aeolian desertification and its control mechanisms
have become important components of desert scientific research. At the same time,
some important information on aeolian desertification that is different from that on
sandy desertification has been clarified (Zhu and Liu 1981; Zhu and Wang 1992a;
Wang et al. 1999):

1. Aeolian desertification in China mainly occurred in the human historical period,
especially over the last 100 years; aeolian desertification is mainly distributed
where the earth’s surface is covered by loose sand materials and winds are
frequent in arid, semiarid, and even part of subhumid zones. This desertification
type occurs in limited areas and mostly in patches on farmlands and grasslands,
with simple and small aeolian sand features. Sandy desert is a barren area where
the ground is completely covered with sand dunes, plants are very rare, rain is
scarce, and the air is dry; sandy deserts are generally aeolian landforms such as
the Taklimakan Desert and the Badain Jaran Desert. Sandy deserts in China were
mainly formed during different stages of the Quaternary period; they are the
outcomes of the dry climate and abundant surface sand source, and they mainly
occur in arid zones, with large areas and complex aeolian landforms.

2. Aeolian desertification develops or reverses in a short period under the same
climatic conditions due to the negative or positive effects of human economic
activities. Recent climatic conditions and their variation amplitudes are insuffi-
cient to cause a large expansion or shrinkage of sandy deserts. In the past several
decades, aeolian desertification developed rapidly due to the influences of undue
human economic activities (overcultivating, overgrazing, overcutting, and
overusing water resources) rather than due to climate change. Sandy deserts
were formed under the influences of various natural factors, while the occurrence
of aeolian desertification is mainly due to anthropogenic factors in addition to
natural factors. Sandy deserts varied with the changes in the Quaternary climate;
in the dry-cold stage, they expanded and became mobile, but in the warm-wet
stage, they shrank and became fixed.

3. Aeolian desertification is a gradual process, and wind acts as the power to shape
the landscape of desertified land surfaces. Therefore, blowing sand, wind erosion,
and the morphological characteristics of wind-deposited surfaces can be used as
quantitative indicators of the degree of aeolian desertification development.
Aeolian desertification intensity and its spatial extent are related to the degree

1 Definition of Aeolian Desertification and Its Implications 7
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of drought and human and animal pressure on land. With the interaction of these
factors and the action of wind force, aeolian desertification can spontaneously
spread; it leads to sand dune encroachment, land biological productivity reduc-
tion, and available land resource loss, but it can also be reversed or self-restored,
depending upon natural conditions (especially water conditions), landscape com-
plexity, and human activity intensity.

In summary, studies on sandy deserts and aeolian desertification do not belong to
the same category in terms of time, space, cause, developmental trend, restoration,
and utilization. Research on aeolian desertification mainly includes the following
aspects:

• Occurrence and development processes of aeolian desertification and their types
in arid, semiarid, and dry subhumid zones in northern China, especially in regions
with fragile eco-environments and frequent human activities

• Studies on aeolian desertification status, distribution, causes, damage, and indi-
cator systems

• Establishment of restoration experiments and demonstration projects for different
desertified land types, i.e., examples at the margin of an oasis, in the desert steppe
zone, in the semiarid agropastoral ecotone, and in some other typical areas

• Remote sensing monitoring, field investigations, and aeolian desertification
mapping

1.3 Index System of Aeolian Desertification Monitoring

Aeolian desertification is a complex process of land degradation. During the process,
the physical and chemical properties of soils change with the variation in the
landscapes caused by sand movement. Therefore, establishing a set of identifying
indicators to monitor the developmental stages of aeolian desertification is impor-
tant. Although a set of indicator systems of aeolian desertification has been
established by the FAO and UNEP (FAO and UNEP 1984), a practical indicator
system for regional aeolian desertification monitoring and classification is still
needed because of large differences from place to place. It is generally accepted
that aeolian desertification indicators related to natural, human, and socioeconomic
factors should be identified. However, there is currently no recognized index system
of aeolian desertification in the world due to a lack of consistency in the selection of
indicators. There are several commonly used classification index systems in China:

1. An aeolian desertification index system based on symbols of the aeolian desert-
ification developmental phase (Table 1.2)

2. An aeolian desertification index system based on ecology (Table 1.3)
3. An aeolian desertification index system based on landscape configuration

changes (Table 1.4)
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4. An aeolian desertification index system based on different land types (Table 1.5)
5. An aeolian desertification index system based on dynamic status (Table 1.6)

The results from the different evaluation systems applied to the same region were
not completely consistent, which can cause confusion to in terms of the theory that
guides practice. To establish a universal index system of aeolian desertification
monitoring, the indicators selected should be representative and applicable and a
statistical quantum, represent environmental phenomena related to aeolian desertifi-
cation processes, or represent an existing specific environmental condition (Wang
et al. 1998). The indicators should (a) contain clear information that is easy to obtain
from observations; (b) be sensitive to variations in aeolian desertification status;
(c) be suitable for repeated use; and (d) be reviewed with a quantitative check.
According to the characteristics of aeolian desertification in northern China, we have
established a relatively universal indicator and classification system of aeolian
desertification (Table 1.7), which considers surface feature variations the main
factors and considers the changes in soil, vegetation, and ecosystems the supple-
mental factors. We supplement several indicators to evaluate the aeolian desertifi-
cation degree with the development of aeolian desertification.

Table 1.2 Degree of aeolian desertification based on developmental symbols (Wang 2011)

Degree

Percentage of
aeolian
desertification land Features of shapes

Aeolian desertifica-
tion-prone

�5 Patches of shifting sand sparsely scatter in
farmland and around water wells and residential
areas

Ongoing aeolian
desertification

6–25 Patches of shifting sand or blown land, farm-
lands suffer wind erosion

Intensively developed
aeolian desertification

26–50 Sheets of shifting sand dunes and blown shrub
sand dunes, interlaced with fixed and semifixed
sand dunes

Severe aeolian
desertification

>51 Predominant shifting sand dunes distribute
densely

Table 1.3 Degree of aeolian desertification based on ecological indicators (revised according to
Wang 2011)

Degree
Vegetation
cover (%)

Land
productivity (%)

Ratio of output to
input (%)

Biomass
(t/ha∙a)

Latent >60 of original >80 of original >80 of original 3.0–4.5

Ongoing 59–30 of
original

79–50 of original 79–60 of original 2.9–1.5

Intensively
developing

29–10 of
original

49–20 of original 59–30 of original 1.4–1.0

Severe 9–0 of original 19–0 of original 29–0 of original 0.9–0.0

1 Definition of Aeolian Desertification and Its Implications 9



In remote sensing monitoring, the percentage of eroded land or shifting sand areas
and its changes in a certain period are considered the key indicator (it is the easiest
factor to judge and use), and the other factors are considered supplementary indica-
tors. This is because the change in eroded land or shifting sand area is a combined
result of vegetation cover, biological production, soil properties, water content, etc.
Our classification system mainly relies on direct information on ground vegetation
cover, plant species, and microtopographic features (Fig. 1.1). Based on this indi-
cator system of aeolian desertification monitoring, the four types of aeolian desert-
ification in northern China have the following features:

1. Slight aeolian desertification: (a) the blowouts appear on the windward slopes of
sand dunes, there are some accumulative shifting sands on leeward slopes,
vegetation cover is 30–50% of the original cover, and patches of shifting sands

Table 1.4 Degree of aeolian desertification based on landscape configuration changes (Wang
2011)

Degree Synthetic landscape symbols

Slight aeolian
desertification

1. Blowouts appear on windward slopes, with shifting sand depositing
on leeward slope; rate of vegetation cover is 30–60% of nonaeolian
desertified land; areas with patches of shifting sand occupy 5–25%
2. Different scales of shrub sand mounds appear; shrubs grow abun-
dantly and thickly
3. A thin layer of sand deposits on the Earth’s surface, even with gravel
outcrops
4. In spring, farmland is eroded by wind, with less than a 50% loss in
humus, and output is 50–80% of original yields
5. Blowouts appear where fine soil is thick, with certain vegetation
cover

Moderate aeolian
desertification

1. The difference between a blown slope and slip slope is obvious;
vegetation cover is 10–30% of nonaeolian desertified land; area of
shifting sand accounts for 25–50%
2. The whole sand mound cannot be completely covered by shrubs,
with shifting sands on the windward slope
3. Small patches of shifting sand appear in the loess area, with much
coarser sand and gravel at the surface but still with sparse plant cover;
vegetation cover is 10–30% of the nonaeolian desertified land
4. Productivity is decreased due to wind erosion, with more than a 50%
loss in humus and less than 50% of original output
5. Blowouts are mostly bare; small steep ridges emerge at the ground
surface

Severe aeolian
desertification

1. The whole sandy desertified area is shifting sandy land-like, with
more than 50% of shifting sand and sparse vegetation, and vegetation
cover is less than 10% of the nonaeolian desertified land
2. Gravel desertified area appears gobi-like, vegetation cover is below
10% of the nonaeolian desertified land, and farmlands with gravel
desertification occurrence are deserted
3. Humus layer is almost blown away completely, calcic horizon or soil
parent material is outcropped, and most farmlands are deserted
4. Soil residues from wind erosion appear on the Earth’s surface

10 T. Wang
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occupy 25% of the area; (b) shrubs grow well, and sand mounds of different sizes
appear around shrubs; (c) there is a thin layer of shifting sands on the land surface;
(d) the ridges of the cultivated field are eroded, sands accumulate between ridges,
and the humus layer loss in the soil is less than 50%; (e) crop yield is 50–80% of
the initial stages of cultivation; and (f) shallow blowouts occur in the sandy area,
but some vegetation still exists; in addition, the blowouts gradually transform
without a visible steep bench.

2. Moderate aeolian desertification: (a) a distinct differentiation between eroded
slopes and slip faces appears, vegetation cover is 15–30% of the original cover,
and the area of shifting sand occupies 25–50%; (b) leaved shrubs cannot entirely

Table 1.6 Degree of aeolian desertification based on dynamic status (Wang 2011)

Degree Rate of annual increase in aeolian desertification land (%)

Reversed aeolian desertification Negative

Stable aeolian desertification <0.25

Developing aeolian desertification
Thereinto: Commonly developing
Intensively developing

>0.25

0.25–3.0

>3.0

Table 1.7 Index system of aeolian desertification classification (Wang 2011)

Degree Main indicators

Blown-sand
area (%)

Annual expan-
sion area (%)

Vegetation
covera(%)

Annual reduction in biomass
(%)

Slight (L) <5 <1 >60 <1.5

Moderate
(M)

5–25 1–2 60–30 1.5–3.5

Severe
(S)

25–50 25 30–10 3.5–7.5

Very
severe
(VS)

>50 >5 10–0 >7.5

Degree Supplementary indicators

Soil deflation
thickness (cm)

Accumulative
thickness (cm)

Soil deflation
rate (t/ha∙a)

Overload
population
(%)

Overload
livestock
(%)

Slight (L) <5 <5 >0.5 �50 to �31 �50 to �31

Moderate
(M)

5–10 5–10 0.5–1.0 �31 to 0 �31 to 0

Severe
(S)

10–20 10–20 1.0–3.0 0–31 0–31

Very
severe
(VS)

>20 >20 >3.0 >31 >31

aVegetation cover is calculated by the projection method, and the vegetation cover of the local
primary landscape is regarded as 100%
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cover sand mounds, and there are shifting sands on the windward side of the sand
mounds; (c) small patches of shifting sand occur on loessial farmland or land
surface covered by coarse sands or gravel, but minimal vegetation still exists with
a coverage of 10–30%; (d) there is obvious wind erosion on the cultivated land,
less than 50% of the humus layer has been blown away, and crop yield is 50% of
the initial stages of cultivation; and (e) blowouts are mostly exposed, and ridges
are easy to distinguish.

3. Severe aeolian desertification: (a) sandy land is in a semifixed state, the area of
shifting sands exceeds 50%, and vegetation coverage is less than 15% of the
original cover; (b) gobi landscape occurs, and vegetation cover is less than 10%;
(c) humus layer of the soil is eroded and almost blown away, calcic horizon is
exposed, and most desertified croplands are abandoned; and (d) deflation mounds
and pillars appear on the land surface.

4. Very severe aeolian desertification: (a) land loses its productivity completely;
(b) a mobile sand dune landscape occurs in the sandy lands; (c) gobi landscape
occurs in the gravel lands; and (d) yardangs occur in wind-eroded lands.

1.4 Conclusion

It is essential to scientifically define aeolian desertification. Different understandings
will lead to considerable differences in the area and distribution of aeolian desertified
land. More importantly, different perspectives will affect the places where aeolian
desertification prevention measures are implemented and the choice of prevention
measures. For example, treating natural dune fields as aeolian desertified land will

Fig. 1.1 Remote images (left) and field pictures (right) of different grades of aeolian desertification
in the Horqin Region, Inner Mongolia, China (provided by Hanchen Duan). (a) Slight aeolian
desertification. (b) Moderate aeolian desertification. (c) Severe aeolian desertification. (d) Very
severe aeolian desertification
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lead to unsustainable land use methods such as large-scale afforestation in dune
fields. A scientific and unified aeolian desertification discrimination index system is
also essential. Achieving the global goal of Zero Land Degradation requires a
scientific index system to evaluate whether the land is in the process of desertifica-
tion development or reversal. Without a unified scientific standard, it is difficult to
determine at a global scale whether zero land degradation has been achieved or the
case is far from it. This chapter only briefly introduces the concepts and classification
systems of aeolian desertification in China. A definition and evaluation system
suitable for aeolian desertification on a global scale also requires the joint efforts
and contribution of scientists across the world.
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Chapter 2
Environmental and Ecological Setting
in Northeast Asia

Tao Wang and Mandakh Nyamtseren

Abstract Northeast Asia, especially northern China and southern Mongolia, has
experienced severe aeolian desertification in the past several decades and is consid-
ered a primary source region of Asian sand-dust storms. Abundant sand, strong
winds, and minimal plant coverage are the three aspects that cause an area to be
prone to aeolian desertification and sand-dust storms. This chapter describes the
process through which abundant sand occurs (from where and how), climatic
systems and climate change, and land coverage and land use change due to climate
and human activities in northern China and southern Mongolia based on previous
studies, climatic data, and remote sensing.

Keywords Climate change · Land use and cover · Aeolian desertification · Northern
China · Mongolia

2.1 Climate of Mongolia

Its geographical location, especially remoteness from seas and oceans, high eleva-
tions, and surrounding mountain systems predetermine the harsh and distinct conti-
nental climate in Mongolia. The climate of Mongolia, therefore, is characterized by a
high variability in climatic indices both in terms of temporal and spatial distributions
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with high amplitudes of diurnal and seasonal temperatures and relatively low
atmospheric precipitation. Over the majority of the land, the climatic index distri-
bution follows latitudinal and altitudinal variations, and only in the easternmost
corner in the Khingan Mountains are small areas of longitudinal changes observed
due to the impact of the monsoon climate. According to the climate classification
(Fig. 2.1), approximately 40% of the total territory is classified as arid and semiarid,
and only 10–15% of the territory is classified as extra humid (Jambaajamts 1989).

Mean annual air temperatures differ by region; for instance, in the Altai, Khangai,
Khentei, and Khuvsgol mountainous regions, the air temperatures vary from �2 to
�4 �C, and over the large depressions and river basins, they decrease to a range of
�6 to �8 �C in the southern regions; the mean annual temperatures can exceed
+2 �C (Fig. 2.2). The recorded highest annual mean air temperature is 8.5 �C at the
Ekhiingol station. The mean air temperatures in winter range from approximately
�22 to�25 �C on average for the country. The lowest temperatures can be observed
in the mountainous regions of the Altai, Khangai, Khuvsgol, and Khentei mountains
and range from �30 to �34 �C. On the steppes and high plains, winter temperatures
are normally between �20 and �25 �С, and it is relatively warm to the south, where
temperatures range from �15 to �20 �С. The mean temperatures in summer are
approximately 15 �С in the mountain regions, 15–20 �С on the plains and in the
depressions, and 20–25 �С in the eastern and southern parts of the country. The long-
term minimum temperature recorded in Zuungobi, Uvs aimag, was �55.3 �C, and
the maximum temperature documented in Darkhan city, Darkhan-Uul aimag, was
44 � C.

The spatial distribution of precipitation in Mongolia is very specific due to the
complex impact of geographical factors, i.e., location, landforms, and surface rough-
ness. Typically, precipitation decreases from north to south and from east to west
(Fig. 2.3); however, the heterogeneity of the landforms influences the general

Fig. 2.1 Climatic regions of Mongolia (Jambaajamts 1989). Note: (1) Extra humid, cold region;
(2) humid, temperate region; (3) subhumid, cool region; (4) semiarid, warm region; (5) arid, hot
region
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distribution of precipitation. The annual total precipitation exceeds 400 mm only in
the high mountains of the Khangai, Khubsugul, and Khentei mountain regions, and
all other mountainous parts of the country, including the northeastern high plains,
receive 300–400 mm of precipitation annually. The majority of the territory, espe-
cially the middle part of the country occupied by grasslands, receives approximately
250–300 mm of precipitation over the year, which decreases to 100–150 mm/year in
the southern semidesert and desert regions. Due to the rain shadow effect of the Altai
Mountain, the territory to the south has a minimum amount of precipitation, ranging
between 50 and 55 mm/year.

On a temporal scale, approximately 70–80% of the total precipitation occurs
during the warm season (April to September), of which 50% falls only within July
and August. Special attention should be paid to winter snowfall because it defines
vegetation onset. The average duration of snow cover in the territory of the country
ranges between 100 and 150 days; however, in the middle and southern parts of the
country, snow cover occurs for only 50–100 days and be absent some years.

The major indicator of climate suitability is the level of the aridity index (AI),
which is calculated as the ratio of rainfall to potential evapotranspiration (UNEP
1992). According to the aridity index, 22.7% of the entire territory can be classified
as having a hyperarid and arid climate. Almost 60% of the land is considered to have
a dry and semiarid climate with an aridity index less than 0.2. A very small
proportion of land located in the northernmost and easternmost regions of the
country has aridity values higher than 0.5, which is assumed to be humid and very
humid.

Wind is another characteristic of the climate in Mongolia. Generally, steppe and
desert steppe regions of the country are considered regions with high-intensity
winds. The average wind speed in the northern part of Mongolia ranges between
2 and 3 m/s and increases to the south, where the mean annual wind speed is between
6 and 8 m/s (Jambaajamts 1989). According to national meteorological observation
records, more than 90 days in a year have windy days with speeds exceeding 4 m/s.
On a temporal scale, the wind regime in Mongolia has two maximums and two
minimums over the year. The spring maximum is in April–June when the average
wind speed ranges from 2.1 to 3.0 m/s in the north and from 4 to 6 m/s in the south.
The second maximum can be observed from September to October with an average
wind speed of 2–4 m/s. During these seasons, sand-dust storms may occur anywhere
in the country. According to recent studies, in the mountainous part of the country,
sand-dust storms occur on approximately 10 days, which increases to 50 days on the
plains. This number exceeds 90 days in the regions of Trans-Altai in the southwest
and Great Lake Depression in the west (Chung et al. 2004) (Fig. 2.4).
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2.1.1 Observed Climate Change and Its Future Scenarios
in Mongolia

The rate of global warming over the past 50 years has increased the fastest in
recorded history (IPCC 2014). The observed changes in climate, especially
warming, in Central Asia and Mongolia are at their highest levels. The observed
near-surface temperatures and their annual mean over Mongolia have increased by
2.24 �C since the start of meteorological observations at a country level (Dagvadorj
et al. 2014). The intensity of warming is higher in mountainous regions of the
country than in other areas and relatively low in the steppe and Gobi regions;
however, the country temperature means still exceed global warming averages.
According to studies, the hottest 10 years in history were observed after the 2000s,
specifically in 2001, 2009, and 2015, and these years are characterized by having the
longest duration of heatwaves leading to extended drought throughout the country
(Fig. 2.5).

In terms of precipitation, its change is not significant (Figs. 2.6 and 2.7). The
observed changes in precipitation showed an approximate 7% decrease over the
entire period of meteorological observations. The significant decrease in precipita-
tion observed in Mongolia occurred in its central regions; however, the amount of
precipitation is increasing in the Trans-Altai Desert region (Dagvadorj et al. 2014).
In addition to changes in the amount of precipitation, notable changes occurred in
rainfall patterns. The number of days with torrential rains has increased, leading to
an increased impact of water erosion on land (Khudulmur and Tsogtbaatar 2013).

The aforementioned observed changes in climatic indices indicate that the terri-
tory of Mongolia has experienced relatively rapid changes in aridity. The latter is
likely to threaten the livelihood and incomes of many households, which predom-
inantly depend on healthy and productive grazing lands. The increased aridity will
increase risks and reduce the resilience of communities to environmental changes,

Fig. 2.4 Number of days with sand and dust storms (1960–2008) (Chung et al. 2004)
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diminishing adaptive capacities in both natural and socioeconomic spheres. Almost
70% of the territory has experienced a decrease in the aridity index, and in other
areas, the climate has become more arid, especially in the Central Khalkha Plain,
Selenge-Orkhon River Basin, Mongol Daurian steppe, and Great Lake depression
(Fig. 2.8). According to the station-based analysis, 21 stations out of 61 analyzed had
a decreasing trend with relative changes varying between 13% and 57%
(Nyamtseren et al. 2018).

At a spatial scale, an observed increase in aridity occurs in the middle and
northern parts of the country, which contain steppe and dry steppe ecosystems.
With increasing aridity in these regions, the risks related to water deficiency might
increase significantly, which is likely to impact the largest water use sectors such as
urban development, agriculture, and livestock. In comparison to other climates of the

Fig. 2.5 Deviation in the mean annual temperatures compared to the climatic baseline
(1961–1990) (Batjargal 2018)

Fig. 2.6 Deviation in summer rainfall compared to the climatic baseline (1961–1990)
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world, arid and semiarid regions are more sensitive to water resource variability and
availability (Zhang et al. 2010). Moreover, the increase in aridity will definitely
exacerbate the extent and level of aeolian desertification (Tabari et al. 2014).

Consequently, significant changes have occurred in the distribution of climatic
zones. The area of semiarid and arid land increased by 18.2% and 25.3%, respec-
tively. The expansion of the semiarid climate indicates that the vast grassland of
Mongolia is threatened from both climate change and human activities. The overall
dryness of the land will lead to an increased occurrence of natural disasters,
especially for the middle part of Mongolia, which will mainly be represented by
the frequent occurrence of sand-dust storms.

The Fifth Assessment Report of the Intergovernmental Panel on Climate Change
(AR5, IPCC) included greenhouse gas (GHG) representative concentration path-
ways (RCPs) based on future socioeconomic development trends (IPCC 2014).
These RCPs were accounted for in the global climate model (GCM) and were
used to produce quantitative future climate change projections. Based on the results,
impact and risk assessments of different sectors have been performed, and finally,
adaptation actions have been developed to reduce vulnerabilities and risks. Many
international centers, institutions, and universities are involved in running GCMs
worldwide. Historical simulations from 1860 to 2005 and future projections from
2006 to 2100 have been performed by approximately 40 GCMs at 28 centers under
different GHG emission scenarios globally. There are four GHG emission scenarios,
which increase the radiation budget by 2.6, 4.5, 6.0, and 8.5 w/m2, and they
correspond to each RCP (Taylor et al. 2012). To assess climate change for Mongolia,
ten GCM scenarios were selected based on the assessment of model simulation
ability for the baseline climate period 1986–2005. The ranking was performed by
multicriteria analysis using pattern correlation and bias between model monthly
output and gridded observational data (Harris et al. 2013). The domain covers
Mongolia, from 41.5 to 52� latitude and 87.5- to 120.0� longitude. In future

Fig. 2.7 Deviation in winter precipitation compared to the climatic baseline (1961–1990)
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projections, the time slice was selected as near future from 2016 to 2035 and far
future from 2081 to 2100 under different RCPs.

The results showed that the temperature change directly depended on the intensity
of the GHG emissions. However, the winter temperature change was relatively low,
and the interannual variability was higher than that of the summer temperature
change (Fig. 2.9). The intensities of the temperature changes were similar for all
RCP scenarios until the first half of this century, and then, the scenarios had different
results, increasing yearly. In the near future of 2016–2035, seasonal temperature
change will range only 2.0–2.3 �C, but it will be expected to range by 2.4–6.3 �C
depending on each RCP scenario in the far future of 2081–2100.

For precipitation change, winter snow is expected to increase, and summer
rainfall has not significantly changed; there is only a slight increase of less than
10% for all scenarios (Fig. 2.10). Winter snow will increase by 10.1–14.0%
depending on each scenario in the near future and by 15.5–50.2% in the far future.

In light of the aforementioned changes in the future, it is interesting to note how
climatic zones will evolve. The results of future projections using the ECHAM5 and
HadGEM scenarios show that in the early twenty-first century, areas of arid,
semiarid, dry, and subhumid zones will still expand, which we are currently
experiencing. Even though the numbers vary between the two different scenarios,
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Fig. 2.9 (a) Winter and (b) summer temperature change, 2016–2100 (Batjargal 2018)
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it is evident that the current steppe and dry steppe zones will shrink in the near future.
Furthermore, the hyperarid zone is likely to cover approximately 3.3% of the total
territory, the arid zone is likely to cover 14.6%, the semiarid zone is likely to cover
approximately 28.1%, the dry-subhumid zone is likely to cover approximately
14.9%, and the humid region is likely to cover approximately 39.1% (Mandakh
2017). The predicted trend in the expansion of dry conditions towards the north is
expected to continue in the middle of the century. Compared to the early twenty-
first-century conditions, both scenarios predict that the area of the hyperarid zone
will slightly shrink, which is an interesting scenario overall for desert land. Although
such relatively positive changes might occur in the south of the country, the
homogenous dry climate condition will likely expand to the north, threatening
relatively productive steppe, forest-steppe, and even forest ecosystems in the
country.
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2.2 Climate in Northern China

2.2.1 Atmospheric Circulation Regimes Over Northern China

Arid climate is a necessary condition for the occurrence of aeolian desertification
(Zhu et al. 1980). Only in this specific climate can humans cause aeolian desertifi-
cation by excessive economic activities. A lack of precipitation or rarely occurring
precipitation that consistently occur is the essential reason for arid climates, and the
mechanism of airflows is the most important condition for precipitation.

As shown by data (Fig. 2.11), deserts and gobi areas of the world are concentrated
in zones between 15� and 25� latitudes southward and northward from the equator
and are controlled by subtropical anticyclone belts with planetary airflows depress-
ing steadily. However, airflow depression is the determining factor of arid climates,

Fig. 2.11 Schema of planetary atmosphere circulation
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and desert surfaces are not the only factor. Outside subtropical zones, deserts, gobi
areas, and many aeolian desertified lands are found elsewhere at higher latitudes. In
northern China, there are vast sandy areas located in the warm-temperate zone,
which are connected with those in Central Asia and the People’s Republic of
Mongolia, forming the largest temperate desert zone of the world.

Far away from oceans and surrounded by mountains and plateaus, northern China
is controlled by a temperate continental climate with intensive sunshine, infrequent
precipitation, large temperature differences, and a high sand-blown frequency. There
are three atmospheric circulation systems dominating the evolution of the sandy
areas in China: the East Asian monsoon, the north branch of the Westerly in East
Asia, and the Qinghai-Tibetan Plateau monsoon.

2.2.1.1 East Asian Monsoon

The East Asian monsoon is induced by the large difference in thermal properties
between the Pacific Ocean and the Eurasian continent. The land-sea thermal contrast
induces a zonal pressure gradient between the Asian continental low (East Asian
subtropical front) and the oceanic western Pacific subtropical high (Wang and Lin
2002). There is a distinct seasonal reversal in the pressure gradient, and the annual
cycle of the East Asian monsoon can be divided into warm-wet summer and cold-dry
winter monsoons (Fig. 2.12).

From a sea-land position, China is located in the east of the world’s largest
continent Eurasia and on the west coast of the Pacific Ocean. It is at a convergence
area between the Pacific subtropical high and the Siberia-Mongolia high. In summer,
the Pacific subtropical high gradually moves northward and stretches westward,
eventually to approximately 30�N latitude, where it stays. The warm-wet air current
coming from the southwest or southeast brings abundant precipitation to mainland
China. In the East Asian summer monsoon-affected area of China, the precipitation

Fig. 2.12 Diagram for air flow scenarios of the East Asian monsoon (Wang 2011)
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amount and duration decline from south to north following the monsoon track.
Northern China benefits from the humid air current at the end of summer with a
small amount of rainfall.

In winter, the Siberia-Mongolia high ridge always stretches out to northern China
with strong cold air flowing southward, causing extremely cold weather (Tao 1959;
Ding and Krishnamurti 1987; Ding et al. 1991; Gong and Wang 1999; Wang and
Ding 2006). The Siberia-Mongolia high generally forms in October of each year and
becomes the strongest in January of the next year. During this period, the sandy areas
in northern China are predominantly affected by dry and cold fronts, most often with
cold weather and arid and strong winds. Then, the Siberia-Mongolia high gradually
weakens until April, and then, the high pressure center disappears in the summer and
is replaced by a thermal low.

Thus, the kind of climate background in northern China presenting with a small
amount of summer precipitation and a long-term winter drought becomes the
essential preconditions for land desertification.

2.2.1.2 North Branch of the Westerly in East Asia

In comparison to that of the monsoon, the effect of the westerly on the climate in East
Asia is not as great, but in winter, its northern branch (the westerly from west to east
is separated into the southern and northern branches forced by the high Qinghai-
Tibetan Plateau), as an anticyclone, can move relatively freely in areas with broken
terrain (Fig. 2.13), forming a constantly stable high ridge over the courses of the
branches. The underlying climate is cold and dry, so there are vast barren areas
covering stony mounds and black gobi. Eastern Xinjiang and western Gansu

Fig. 2.13 Sketched map of the main directions of winds in the winter half-year for the sandy areas
in China (Wang 2011) (1) Plateau regions; (2) aeolian loess; (3) desert sands; (4) the northern
branch across the plateaus; (5) main direction of the wind flows; (6) the boundary of the main
directions of wind flows
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provinces are even regarded as the driest places on the Eurasian continent, and some
scholars call them “the extremely dry pole of the Eurasian continent.”

2.2.1.3 Qinghai-Tibetan Plateau Monsoon

Due to thermal differences between the Qinghai-Tibetan Plateau and the surrounding
atmosphere, the prevailing wind direction on the plateau is almost opposite in winter
and summer (a cold high in winter and a hot low in summer); this phenomenon is
called the “plateau monsoon.” The time, position, intensity, and height of the plateau
monsoon will influence the winter and summer monsoons, which in turn will affect
the climate in China.

First, the plateau monsoon increases the monsoon thickness in the lower tropo-
sphere layer both in winter and summer and greatly strengthens the winter monsoon
and summer monsoon. In winter, the plateau monsoon results in a much drier climate
in the western region of the sandy areas in China; in summer, it promotes the
northward expansion of the summer monsoon, resulting in increased transportation
of energy and water vapor. However, while the ground air rises because the plateau
surface warms rapidly under strong radiation in summer, this ground air is contin-
uously compensated by the air source around the plateau; in addition, the air column
high over the plateau becomes increasingly dense and thick, and consequently, the
world’s most powerful warmest high-pressure center forms over the plateau airspace
at 300 hPa (it is called the “Tibetan high”). The Tibetan high strengthens and
stabilizes the northern branch of the westerly.

Second, the variation in the Tibetan high position exerts different influences on
the climate of its eastern areas. If the position of the Tibetan high is to the south, then
northern China will experience drought, and central China will be rainy; if its
position is to the west, then it will be rainy in the middle and lower reaches of the
Yangtze River and in eastern Sichuan and Guizhou provinces, while less rain will
occur in western Sichuan and northern China.

Another manifestation of the dynamic action of the Qinghai-Tibetan Plateau is to
act as a barrier to the atmospheric circulations in East Asia. The plateau not only
prevents the eastward movement of the weather system from the west but also
directly blocks the exchange of cold and warm airflows in the lower troposphere
between the north and south in western China. Consequently, an extremely arid
desert climate occurs in northwestern China, mostly controlled by the arid cold high
in winter and minimally affected by the humid summer monsoon.

2.2.2 Climate Characteristics in Northern China

The sandy area in northern China is vast and has obvious regional differences, but all
the sandy areas occur based on a background of infrequent precipitation, dry air,
exposed ground surfaces, large daily and annual temperature variations, minimal
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clouds, relatively long sunshine, and strong and frequent wind flows. The climate in
these areas has remarkable characteristics compared with other arid desert areas in
the world as described in the following sections.

2.2.2.1 Infrequent Precipitation with Great Variability

Precipitation in the sandy area in northern China is much lower than the average
precipitation at the same latitude in the Northern Hemisphere. Annual precipitation
in most sandy areas in northern China is less than 400 mm, and even in alpine areas,
annual precipitation rarely exceeds 600 mm (Fig. 2.14). Except for some sandy areas
in the eastern semiarid region that are affected by the East Asian summer monsoon in
midsummer, which results in an annual precipitation of 200–400 mm, the annual
precipitation in western arid areas is less than 200 mm. In the western sandy basins
intersected by high mountains and plateaus, the precipitation decreases from the
periphery of the area to the center, and the hinterland is the most arid area. According
to historical records, the annual multiyear mean precipitation in Ruoqiang County
(86�450–93�450E, 36�–41�230N) in the southeastern margin of the Tarim Basin is
17.4 mm, Tuokexun County (87�1400500–89�1100800E, 41�2101400–43�1801100N) in
the western Turpan Basin has the lowest annual precipitation record in the country at
3.9 mm over 10 years, and the annual precipitation at Lenghu town (92�880–
94�300E, 37�460–39�180N) in the northwestern Qaidam Basin is 17.6 mm. The
triangular zone connecting Tuokexun, Ruoqiang, and Lenghu is called “the
extremely arid spot in the Eurasia continent,” and precipitation increases outward
from this triangular zone.

In addition to infrequent precipitation, the seasonal and annual variations are also
great in the sandy areas in China, and the less precipitation there is, the greater the
precipitation variation rate is. In the western sandy areas, the annual mean change
rate of precipitation is greater than 40%, and a record of no effective rainfall for
12 consecutive years was documented in Ruoqiang County in the southeastern
margin of the Tarim Basin. The seasonal distribution of precipitation is extremely

Fig. 2.14 Mean precipitation distribution map of sandy zones in China (Wang 2011)
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uneven; the precipitation in winter accounts for less than 10% of the annual total, and
that in summer accounts for more than 70% of the total. Moreover, summer rainfall
is usually concentrated over a few days, with almost no effect on plant growth.
However, it is worth noting that unlike tropical desert areas, there is a small amount
of snow in the desert areas of China owing to low winter temperatures. This limited
precipitation can also bring great benefits to vegetation in desert areas. The snow
melts in spring of the following year and moistens the sand, allowing a large number
of plants to germinate, grow, blossom, bear fruit, and complete their life cycles in
20–30 days. The vegetation coverage can increase by as much as 20% or more, and
vegetation plays an important role in the fixation of sand dunes.

In the eastern sandy areas, the annual mean change rate of precipitation is
25–40%. Situated at the weakened end of the East Asia monsoon, the seasonal
change in precipitation in the eastern sandy areas is alternatingly controlled by the
Pacific Ocean subtropical high and Siberia-Mongolia high, which are prone to
drought or unexpected floods.

2.2.2.2 Large Temperature Variations

The annual mean air temperature in the sandy areas in China varies within 0–10 �C,
and it decreases with increasing latitude and altitude (Fig. 2.15). The isotherms,
controlled by high mountains and plateaus, appear as closed circles or semiclosed
belts. In ranges from eastern Inner Mongolia through the Helan Mountains to the
plains on both sides of the Tianshan Mountains, the days with air temperatures
�0 �C and the accumulated temperature with a daily averaged value �0 �C vary
within 180–240 days and 2200–4500 �C, respectively; the active accumulated
temperature (�10 �C) changes from approximately 2000 to 4000 �C. In the driest
Turpan Basin, the �0 �C temperature occurs for 275 days, the �0 �C accumulated
temperature reaches 5500 �C, and the �10 �C active accumulated temperature
reaches 5400 �C.

Fig. 2.15 Mean temperature distribution map of the sandy zones in China (Wang 2011)
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The large seasonal variation in air temperature is a notable difference between the
sandy areas and tropical/subtropical areas in China. Chinese desert regions are cold
in winter and hot in summer, varying dramatically. The minimum monthly mean
temperature varies from –10 to �20 �C ranging from the western Northeast Plain to
the Odors Plateau and to northern Xinjiang, with the coldest temperature recorded in
China at�51.5 �C in Fuyun located in the northeastern margin of the Junggar Basin.
The maximum monthly mean temperature is approximately 24–26 �C in the Hexi
Corridor, Junggar Basin, and Tarim Basin, with the hottest record of 33 �C in the
Turpan Basin. Affected by the continental climate, the annual variation range of the
mean air temperature in the sandy areas of China is generally 30–50 �C; for example,
there is an annual range of 36.3 �C in the Taklimakan Desert hinterland to over 40 �C
in the Badain Jaran Desert to 41.3 �C in the Turpan Basin to far exceeding 18.9 �C in
the tropical Aswan Desert. Both spring and autumn in desert areas are short, with
generally “only two distinct seasons.” In contrast, the daily change in air temperature
seems to vary throughout the four seasons. The daily temperature differences are
generally in the range of 10–20 �C or more, with a maximum of 35–40 �C
(Fig. 2.16). The proverb “to wear a fur coat in the morning but wear only one single
thin shirt at noon and to eat watermelon around a heating stove in the evening”
vividly depicts the violent daily variation in air temperature in the temperate desert
regions of China. The Turpan Basin, with an extremely dry and hot climate in China,
is called “the Fire Continent.” In the Turpan Basin, although it is near the latitude of
43�N, the average temperature from June to August exceeds 30 �C, where an
extreme maximum air temperature of 48.9 �C and an extreme maximum ground
temperature of 82.3 �C have been recorded.

2.2.2.3 Strong Winds and Frequent Sand-Dust Weather

In the desert areas of China, there are many extremely aperiodic weather events, such
as extreme cold events, cold fronts, cyclones, and intense showers, which are much

Fig. 2.16 Daily range of the mean temperature distribution map for sandy zones in China (Wang
2011)
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more common than those in tropical deserts. During the extremely cold winter, the
arid regions in northwestern China are near the center of the Siberian high, which is
the most powerful anti-cyclone in the world; thus, chilly north winds blow strongly,
and the weather is extremely arid and cold. Both in spring and autumn, cold and
warm airflows vigorously alternate over desert areas, demonstrating abrupt changes
between warm and cold weather, especially when there are many windstorms. In
summer, the desert areas are controlled by a low pressure, with more vertical airflows
and hot tornadoes, in the piedmont with a foehn. The wind speed is usually the
highest in spring and early summer in the desert areas of China, as it is affected by
the increased transit of cold fronts and upper troughs and frequent confrontation of
cold and warm airflows.

The spatial distribution of wind speed in the sandy areas of China shows that wind
speed is stronger in the west than in the east and stronger in the north than in the
south, and it is influenced by the barometric distribution and atmospheric circulation;
affected by terrain, higher wind speed zones are found on steppes (the eastern sandy
areas), deeply weathered residual hills, and flat and the vast gobi areas, and lower
wind speed zones are found on the relatively lowlands. Strong wind centers mostly
appear along the northwestern borderline of the country, especially in some
intermountain passes and canyons with extraordinarily strong windy areas. There
are many well-known strong wind areas within the northwestern territory of China,
such as those that follow:

• Known as the “No.1 gale pass,” the Alataw intermountain pass is situated at the
eastern end of the Junggar Basin. There is an average of 164 days in a year with
wind speeds greater than 17.2 m/s (wind force: level 8), with a maximum speed of
55 m/s and an annual mean speed of 7 m/s. The nearby Ebinur Lake is also known
as a “wind lake.”

• Known as “continental wind stores,” the Turpan Basin is located in the central
part of Xinjiang (41�120–43�400N, 87�160–91�550E), where more than 95% of the
year has strong winds. There is an average of 100 days in a year with wind speeds
greater than 17.2 m/s, and wind speeds at 60 m/s were the record of a century.

• Known as the “world’s wind stores,” Guazhou County of Gansu Province is
located at the western end of the Hexi Corridor (94�45–97�000E, 39�520–
41�530N). The northeastern wind and the northwestern wind intersect in this
region, and there is an average of 80 days (the most 105 days) in a year with
wind speeds greater than 17.2 m/s. This scenario is referred to as “one wind a
year, from spring to winter” by the local people.

• Known as the “one hundred kilometers wind zone,” the Qijiaojing section along
the Lanzhou-Xinjiang Railway refers to the 123 km range from the Hongqikan
Station eastward to the Thirteen Room Station. Because of the “tunnel effect” of
the local terrain, the airflow accelerates through the passageway, and the wind
speed increases rapidly. There is an average of 320 days in a year with wind
speeds greater than 17.2 m/s, and winds above 32.6 m/s (wind force: level 12) are
also common.
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There is a large difference in the seasonal distribution of winds between the east
and the west in the sandy regions. In the west, particularly in the region with wind
gorges, although there are more strong winds, they are concentrated in the spring and
have small change amplitudes. In the eastern sandy areas, there are strong winds in
winter, spring, and autumn; the range of wind magnitudes is significantly large; and
the wind is fairly weak in summer.

Sand-blown activities are closely related to both wind force and ground surface.
In the western sandy areas, a large amount of dried and loose sand materials are
prone to blow, thus forming sand-blown weather; in the east, sand-blown events are
much less common than those in the west due to relatively vegetated surfaces.

There are generally 20–100 days with sand-blown events in the sandy areas of
China (Fig. 2.17), among which as many as 35–60 days are sandstorms. The
sand-blown event frequency and proportion of the three weather types, including
sand-blowing, dust-floating, and sandstorm, are closely related to the local airflow
field and terrain (Geng 1986). The northwestern wind system is the prevailing wind
direction in sandy areas of China, demonstrating that most of the sand areas face the
east-south direction. However, the multidirectional sand-blown activities in the
western sandy area are apparent in comparison with the unidirectional activities in
the eastern sandy area. For example, in the Tarim Basin, the airflow field is the
convergence of the north branch of the westerly with that from the Mongolia high
and that from the Plateau monsoon. They alternatingly play a leading role with
season change. The basin is frequently shrouded in floating dust, which lasts for
more than 100 days. However, the floating dust settles and is deposited locally and
does not affect areas outside the basin. In the Hexi Corridor, as an important passage
of the northern branch of the westerly, sand blown weather occurs year-round, sand
blown events occur on 60 days in the March–June windy seasons, and the highest
wind speed is often greater than 20 m/s. The western corridor is the area with the
most concentrated sandstorm events in China. There are vast gobi ground surfaces,
and the ground temperature rises sharply under strong sunlight, causing strong
thermal convection; winds roll sand/dust, forming a strong sandstorm. East of the

Fig. 2.17 Map of the annual frequency of sand-dust storms in the sandy zones in China (Wang
2011)
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corridor bypasses the Badain Jaran Desert and the Tengger Desert, with over
130 days a year being cloaked in blowing sand. Generally, the duration of sand-
storms is not long, but the damage is great. Strong winds deeply erode the ground
surfaces, and then, the settled sands occupy farmlands, bury water conservancy
facilities and transportation facilities, and cause a series of secondary disasters.
The northern side of the Yinshan Mountains, located in the middle of Inner Mon-
golia, is also a part of the “wind corridor” of the northern branch of the westerly.
Strong winds pass over the bare and loose land surfaces, resulting in sandstorms. In
the last few years, the sandstorms that threaten the Beijing-Tianjin area have mainly
originated from this area.

2.3 Land Cover and Land Use in Northern China

2.3.1 Basic Terrain Structure

Chinese geomorphology is divided into the north and the south by the Kunlun
Mountains-Qilian Mountains-Qinling Mountains. Deserts and desertified lands in
China are mainly distributed in the north. The geomorphological units in the north
generally contain two great plateaus (the Inner Mongolia Plateau and Ordos Plateau),
two major basins (the Junggar Basin and Tarim Basin), and their surrounding
mountains. The two great plateaus and two major basins in northern China are the
main areas that contain deserts, gobi, and desertified lands in China (Zhao 1990).

2.3.1.1 Two Great Plateaus

The Inner Mongolia Plateau and the Ordos Plateau, taking the Yinshan Mountains as
the “backbone” boundary, are the southeastern part of the Mongolian Plateau in the
middle of Asia.

The Inner Mongolian Plateau is a very broad area and is located to the west of the
Greater Hinggan Mountains and to the north of the Yinshan Mountains, with an
extent of more than 2000 km in the northeast-southwest direction and an elevation of
600–1500 m from the northwest to southeast. The Inner Mongolian Plateau can be
further divided into the Hulun Buir Plateau (in the undulated middle part distributed
with strips of sandy lands), the Xilin Gol Plateau (with the Hunshandake sandy land
in the south), the Ulan Qab Plateau, and the Alxa Plateau (with the Badain Jaran
Desert and the Tengger Desert at its southern rim and the Ulan Buh Desert at the
eastern margin) from east to the west according to the geomorphological
combination.

The Ordos Plateau, with an elevation range of 1200–1600 m, is almost a square
high land. Its western, northern, and eastern areas are surrounded by the Yellow
River, and the southern area is connected to the Jinshan (Shanxi-Shaanxi) Loess
Plateau. The land surface is undulating and covered by aeolian sand, loess, and
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lacustrine/alluvial gravel, with the most extensive aeolian landforms. The Hobq
Desert is in the north, and the Mu Us sandy land is in the south.

2.3.1.2 Two Major Basins

The western part of the northwestern arid area in China is occupied by two large
inland basins, namely, the Tarim Basin in southern Xinjiang and the Junggar Basin
in the north, and they are separated by the Tianshan Mountains.

The Tarim Basin is the largest inland basin in China. It is located between the
Tianshan Mountains and the Kunlun Mountains, with a greatest width of 520 km
from north to south and a maximum length of 1400 km from east to west. The basin’s
topography is high in the west and low in the east, inclined slightly northward. The
Tarim River is located in the north of the basin, and the water flows to the east. The
vast territory to the south from the Tarim River is the famous Taklimakan Desert.
With an area of approximately 330,000 km2, it is the largest desert in China and the
second largest mobile desert in the world. The desert covers the alluvial/pluvial
plains at the foot of the Kunlun Mountains and the ancient alluvial plain of the Tarim
River. The area of the deserts to the north of the Tarim River is limited, and these
deserts are distributed discontinuously in the front of the alluvial fans of the
Tianshan Mountains. The natural landscape of the Tarim Basin has circularly
distributed characteristics: its margin is gravel gobi connected to mountains, the
center is endless desert, and the transition part contains alluvial fans and alluvial
plains where oases are distributed.

The Junggar Basin is located between the Altay Mountains and the Tianshan
Mountains, the Junggar western mountainous area is to the west with a series of low
mountains at 2000–3000 m above sea level, and the eastward extension of the Altay
Mountains is to the east. The basin is inclined westward, slightly higher in the north
than in the south. Ebinur Lake in the southwest is the lowest point of the Junggar
Basin. The basin is approximately 450 m from north to south and approximately
700 m from east to west, with an area of 180,000 km2, and 30% of the area is
occupied by desert. There are several low altitude gaps on the west side of the basin,
such as the Ertix River valley, Emin River valley, and the Alataw intermountain
pass, and through the gaps, the moist westerly airflow brings precipitation to the
basin and its surrounding mountains. The landforms of the Junggar Basin can be
generally divided into three plain areas: (a) the plain at the southern piedmont of the
Altay Mountains extends south to the edge of the Gurbantunggut Desert. The main
characteristics of this plain area are that there are thin Cenozoic strata and large areas
of wind eroded lowlands with thin soil layers. (b) The plain at northern piedmont of
the Tianshan Mountains extends north to the southern margin of the Gurbantunggut
Desert. The soil layer gradually thickens from the south to the north, the gravel gobi
in the south is mainly used as the spring and autumn grasslands, and the fine soil
plain in the north is an important irrigated agricultural area. (c) The Gurbantunggut
Desert in the middle of the Junggar Basin is the third largest desert in China,
dominated by fixed and semifixed dunes, with mobile dunes accounting for
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approximately 3% of the area. The annual precipitation in the desert areas is
100–150 mm, and there is steady snow cover in winter. The vegetation coverage
is much higher than that on the desert in southern Xinjiang. It is approximately 20%
on semifixed dunes and 40–50% on fixed dunes, and pasture plants grow well in the
interdune depressions.

2.3.2 Hydrology and Water Resource Features

Water resources are basic natural resources, strategic economic resources, and the
controlling elements of ecology and the environment. The hydrological cycle and
water resources in the arid areas of China are generally characterized by the
following factors:

1. Each basin has its own runoff forming area, its own water system, and its own tail
lake or direct ending into the desert.

2. The water resource formation area is separated from the consumption and utili-
zation area, with rivers as a link to connect the mountain area with the basin plain;
the water cycle is considered the main body, and it is closely related to biology
and ecosystems, forming an independent and complete inland local water circu-
lation system (Chen 2010).

3. Water resources are sensitive to global warming, and their temporal and spatial
distributions are obviously uneven. Both surface water and groundwater originate
from mountainous areas and convert frequently to the other. Water resources
coexist in many forms, such as glaciers, snow cover, groundwater, lakes, and
surface runoff.

2.3.2.1 Runoff Depth Distribution in Northern China

Northern China has obvious regional and vertical variations (Fig. 2.18). There are
four zones: (a) the zone with no runoff due to infrequent precipitation and strong
evaporation and infiltration, mainly including the Taklimakan Desert,
Gurbantunggut Desert, Badain Jaran Desert, Tengger Desert, Qaidam Basin, Turpan
Basin, Hexi Corridor, and the border of Gansu and Xinjiang; (b) the dry zone with an
annual runoff depth of less than 10 mm, covering most areas of the piedmont plains;
(c) the low runoff zone with an annual runoff depth of 10–50 mm, located in the
middle of the Song-Liao Plain, the upper reaches of the Liaohe River, the south edge
of Inner Mongolian Plateau, most parts of the Loess Plateau, and the low mountains
and hills at the northern and western parts of the Qinghai-Tibetan Plateau; and (d) the
transition zone with an annual runoff depth in the range of 50 to 200 mm, including
parts of the Songnen Plain, Sanjiang Plain, the North China Plain, the plain at the
lower reaches of the Liaohe River, most parts of Shaanxi and Shanxi provinces, the
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middle of the Qinghai-Tibetan Plateau, and the mountainous areas of the Qilian
Mountains, Tianshan Mountains, and the western part of Xinjiang.

2.3.2.2 Rivers in Northern China

Rivers in Arid Regions

Except for the Ertix River that flows to the Arctic Ocean, the rivers in the arid region
of northwest China have developed in closed basins, and most rivers will eventually
become tail lakes or disappear in the desert naturally or under the influence of human
activities. In the mountainous area, the river network density is generally as high as
0.5 km/km2; in the plain area, its density is less than 0.1 km/km2. The rivers in the
northern inland arid areas have the following unique hydrological characteristics:

(a) The small and medium rivers are numerous, but the total water volume is small;
there are fewer large rivers, but they occupy the majority of the water resources
(Table 2.1). There are 676 inland rivers, of which only 20 have annual runoff of
�10 � 108 m3, accounting for nearly 3% of the total, but the water yield
accounts for 62.2% of the total runoff.

(b) The inland rivers are mainly recharged with ice and snow melt or have certain ice
and snow meltwater supply components. In the runoff formation area of the
inland river basin in China, there is a total glacier area of 35,390 km2, which is
mostly concentrated in the Kunlun (20.6%), Tianshan (15.5%), and Karakorum
(10.5%) Mountains and on the Pamir Plateau (4.5%) and is less concentrated in
the Qilian (3.25%) and Altay Mountains (0.47%).

(c) River runoff is concentrated in the warm season and has minimal interannual
variation due to the regulation of the alpine glacier “white reservoir” and the
subalpine forest shrubs “green reservoir.” The large and medium rivers, mainly

Fig. 2.18 The annual runoff depth in northern China (Wang 2011)
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recharged with ice and snow melt, have a late flood season and a concentration of
summer water, and the discharge accounts for 70% of the whole year from June
to September. The mixed recharge rivers with rain and snow melt are character-
ized by the summer flood just coming after the spring flood, and the maximum
runoff occurs in May–August or June–September, accounting for 60–80% of the
runoff of the whole year.

(d) Each inland river basin, with the surface and groundwater linked, forms an
independent and unified inland ecosystem in which there is a linked and
restricted relationship between the upstream and downstream.

Rivers in Semiarid Regions

The Inner Mongolia Plateau is 30.0 � 104 m2, with the smallest river network
density in China. The rivers there are relatively short. The rivers originate from the
surrounding mountains or hills; when entering the plain area, the rivers gradually
become winding rivers without obvious channels. Last, the rivers either disappear
into grasslands and deserts or overflow the river channels during flood periods,
forming many terminal small lakes and wetlands. The rivers often dry up in the
drought season (mainly in winter and spring). Rainwater is the main supply of river
runoff, which generally accounts for more than 60% of the annual runoff.

2.3.2.3 Lakes in Northern China

In the inland arid area of northern China (area of annual precipitation �200 mm),
there are more than 400 lakes with an area of more than 1 km2, and their total area is
approximately 1.70 � 104 km2. Among them, there are more than 80 lakes with
freshwater or brackish water with salinities of 1–5 g/L, which are estimated to have a
capacity of 300 � 108 m3 for water storage. These lakes are situated in the upper
reaches of rivers and cover an area of 0.35 � 104 km2, which is less than 10% of the
total area of freshwater lakes (�1 km2) in China. There are two larger freshwater
lakes (�1000 km2): Bosten Lake in southern Xinjiang and Hulun Lake in Inner
Mongolia. Bosten Lake, Kaidu River being its main supply, has a salinity level of
approximately 1.3 g/L. The water quality of Hulun Lake, mainly recharged by
surface runoff and groundwater recharge in addition to atmospheric precipitation,
is dependent on an increase (appears to be a freshwater lake) or decrease (appears to
be a brackish water lake) in the lake water volume.

Most lakes in arid northwestern China have developed as salty or saline lakes due
to minimal surface runoff replenishment and strong evaporation. The lakes devel-
oped in the sandy desert regions are small and shallow, so lake water easily
evaporates and with accumulated salt remaining in it. These small lakes restore
some of the water area in the rainy season but dry again in the drought season. Some
lakes become underground lakes due to encroachment of blown sand. The available

42 T. Wang and M. Nyamtseren



lake water resources are extremely poor, which makes it difficult to meet the needs of
industrial and agricultural production and people’s lives.

2.3.2.4 Groundwater in Northern China

The abundant loose sediments in Cenozoic tectonic basins are not only the material
base of desert formation but also good storage sites for interstitial water. Therefore,
the groundwater in arid basins of northwestern China is rich. In a natural state, before
flowing into the plain region, most small rivers are transformed into seasonal flood
channels through evaporative loss and infiltration into underground runoff, with the
exception of some large rivers that still have a certain runoff flow into the plain
directly; some runoff from medium rivers infiltrates the alluvial fan in front of a
mountain to form underflow, and the underflow is exposed again in the form of
spring water at the leading edge of the alluvial fan and converges into river runoff.
After entering a plain area, surface water recharges groundwater and replenishes soil
moisture to supply plants and crop growth through natural infiltration or irrigation.
Groundwater recharge in plain areas mainly depends on leakage from natural/
artificial rivers and farmland irrigation. However, in the basin center, groundwater
is often mineralized because of strong evaporation and inappropriate development
and utilization. A large amount of river water being blocked or diverted increases
evaporation consumption, decreases the downstream runoff component, and
changes the water resource distribution pattern and the water cycle degree; the
overexploitation of groundwater changes its transportation route and circulation
rate, affecting the participation of groundwater in ecological processes and the
dynamic equilibrium characteristics of groundwater (Hu et al. 2002). There are
unique characteristics of the groundwater regimes in different groundwater basins
in northern China (Wang 2011).

In the Tarim Basin, there are approximately 149 rivers that are fed by precipita-
tion and snow melt. Sloping gravel plains, fine earthy plains, sandy desert plains, and
salt desert plains exist from the mountain foot to the center of the basin. The
thicknesses of the sand/gravel layer in the piedmont, the clay/sand layer on the
clay plain, and the sandy layer on the sandy desert plain are approximately
50–300 m, 800–1000 m, and 300–500 m, respectively. The Tarim Basin has a
groundwater resource of 292.7 � 108 m3, of which 203.22 � 108 m3 is in the
piedmont. The fresh groundwater amount is 121.6 � 108 m3 (including the part that
also serves as surface water). In the Taklimakan Desert and its marginal regions,
groundwater resources have been widely developed in recent years and are mainly
used as injection water for oil field exploitation and greening water for the estab-
lishment of wind-sand prevention systems. As a result of overexploitation, the
groundwater level continuously drops, and the groundwater mineralization degree
has increased.

In the Junggar Basin, the sediment is 2000–6000 m thick in the Ebinur Lake
region, 800–3000 m thick near Karamay, and 2000–4000 m thick in the Karameili
region, providing an ideal storage site for interstitial water. There is shallow
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groundwater and deep confined water in the middle and lower parts of the alluvial
fans in front of the Tianshan Mountains, where the aquifer consists of pebbles,
gravel, and sand, and the water table is deeper than 50 m. In the western part of the
Shihezi region, there are six layers of confined water within a depth of 200 m. In the
central part of the basin, there is shallow phreatic water with a water table ranging
from 1–4 m in most of the areas to 5–10 m in the northern part of the desert. Under
the plain in the northern piedmont of the Tianshan Mountains, there is an
80� 108 m3 groundwater resource, of which approximately 80% is cycled as surface
water. At present, the main mechanisms of groundwater consumption in most
regions are still overflow of a spring, water evaporation, and vegetation transpiration.
However, with the rapid increase in agricultural and industrial water consumption on
the plains, the groundwater level in some places has largely decreased, and the
ecological environment has deteriorated, especially in the lower reaches of the
Urumqi River.

The Qaidam Basin is widely covered by loose Quaternary sediments. There are
four types of groundwater, namely, mountain fissure water, phreatic water in allu-
vial/diluvial sand-gravel layers, phreatic water in diluvial lacustrine layers, and
confined water under lacustrine plains. The groundwater resource is approximately
40.7 � 108 m3, and its development degree is not high at present.

In the Hexi Corridor, there are four large basins: the Yumen, Jiuquan, Zhangye,
and Wuwei basins, where there are approximately 56 rivers, with the main rivers
including the Shiyang River, the Heihe River, and the Shule River. The Hexi
Corridor has deep and loose Cenozoic sediments. The aquifer is mainly composed
of sand and gravel, and the corridor plain is the most important groundwater aquifer.
Groundwater is mainly recharged by the infiltration of the river courses, canal
systems, and farmlands in alluvial fan zones and the direct replenishment of lateral
runoff in mountainous areas. The Hexi Corridor has groundwater resources of
44.7� 108 m3, of which infiltration from river courses, canal systems, and farmlands
accounts for 89%, and only 5 � 108 m3 is an unduplicated natural supply of water
resources. Overexploitation of groundwater has resulted in a sharp decrease in the
water table in the Hexi Corridor, especially at the lower reaches of the Shiyang
River, where the exploitation rate of groundwater has reached 70%.

On the western Inner Mongolian Plateau (the Alxa Plateau), there is a substantial
amount of phreatic water in the deep and loose Quaternary sediments on the plain,
confined water in the Tertiary and Cretaceous layers, and fissure water in the
bedrock. The groundwater on the plain region mainly originates from the seepage
of the Ejin River (also the lower reaches of the Heihe River). In the Badain Jaran
Desert and the Tengger Deserts, no runoff forms, but rainstorm infiltration and a
small amount of condensation water in deserts are also favorable to the replenish-
ment of groundwater. On the eastern Inner Mongolian Plateau, with an annual
precipitation of 200–350 mm, there are some short inland rivers and several inland
lakes. The total annual runoff is approximately 10 � 108 m3. Bedrock fissure water
exists in lower hills, and phreatic and confined water exists in valleys between hills.
Natural groundwater resources are 27.7 � 108 m3 and are mainly distributed in
basins and ancient river courses.
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On the Ordos Plateau, the Hobq Desert is to the north, the Mu Us sandy land is to
the south, hilly gullies are to the east, and the middle and western areas contain
mound and erosion depressions. There are extensive no-flow areas, few rivers, and
many saline lakes. The groundwater level in depressions between sand dunes is
below 2–3 m. The Hetao Plain is the largest Yellow River diversion irrigation area in
China. The irrigation area is 50 � 104 hm2, and the annual channel water from the
Yellow River is 56 � 108 m3. The groundwater is mainly recharged by the infiltra-
tion of farmlands. However, the topography is not conducive to the discharge of
groundwater, land salinization is severe, and at least 50% of irrigated farmlands have
suffered from salinization. The annual replenishment rate of groundwater is approx-
imately 41.42 � 108 m3, and extractable resources are 26.8 � 108 m3.

On the western Liaohe River Plain, where the Horqin sandy land occurs, there is a
total annual runoff of 22� 108 m3. The groundwater, recharged by the western Liao
River, is plentiful and fresh. Due to vegetation degradation and serious water
erosion, the upper reaches of the western Liaohe River are the main sediment-
producing region; the Horqin sandy land is covered by a thick layer of Quaternary
sand deposits. The aquifer thickness increases from approximately 5 m at the
northern margin to nearly 150 m at the southern edge of the sandy land.

2.3.3 Vegetation Components and Their Distribution

Desert and aeolian desertification areas in northern China cover arid, semiarid,
subhumid, and humid climatic zones, which also include various natural zones
such as desert, grassland, and forest. Therefore, there is complex and diversified
vegetation in these areas.

The plants in sandy desert regions of China belong to the Holarctic flora kingdom.
The most important subregion is the Asian desert plant subregion, followed by the
Eurasian grassland plant subregion (Wu and Wu 1999). The main flora are
(a) components of Central Asia, including xerophytes, strong xerophytes, and
hyperxerophytes. Most edificators in Chinese desert regions, especially in its middle
and western parts, belong to central Asian components. (b) Components of the
Tethys-sea region are the species of Tethys-sea flora that have an important position
in the vegetation of the middle and western desert regions of China. They are either
edificators or dominant species in some deserts, desert steppes, and sandy lands.
(c) Components of Black Sea-Kazakhstan-Mongolia and Dawuli-Mongolia belong
to the components of Eurasian steppes, mainly distributed over the Hulun Buir
Desert, the Horqin Desert, the Hunshandake Desert, the Mu Us sandy land, and
their surrounding areas. They include xerophytes and mid-xerophytes, dry meso-
phytes, and halophytes. (d) Components of East Asia are the plants in semiarid,
subhumid, and humid regions of China and are primary and secondary forests and
shrubs, and they belong to the main components of the East Asia flora, with
mesophytes as principal features. (e) Endemic components are endemic plant species
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that are low in number; however, most components are the dominant species, and
some endemic species are ancient relict species.

Sandy desert areas of China exhibit both zonal and azonal distribution features.
First, they show an obvious horizontally distributed pattern from east to west: the
temperate deciduous and broad-leaf forest (in the Huang-Huai-Hai sandy lands), the
middle-temperate forest grassland (in the Song-Nen sandy lands), the typical middle-
temperate steppe (in the Hulun Buir, Horqin, Hunshandake sandy lands, and their
surrounding areas), the middle-temperate desert steppe (in the Ulanqab-Wulate
grasslands), the typical warm-temperate steppe (in the Hobq Desert and the Mu Us
sandy land), the warm-temperate desert steppe (in western Hobq Desert and the
Hedong sandy lands in Ningxia), the temperate desert (west to the line from Helan
Mountains-Wushao Mountains-Qilian Mountains), the warm-temperate desert
(in the Kumtag Desert, the Taklimakan Desert, and the surrounding areas), and the
high-cold vegetation (in deserts and sandy lands of Qinghai-Tibetan Plateau).
Second, these areas also show a distinct, vertically distributed pattern from low to
high altitudes: the mountainous steppe above the basal vegetation zone,
the xeromorphic grass-steppe and deciduous broad-leaf bushes on sunny slopes,
the forest vegetation on shady slopes in middle-high mountainous regions, and the
typical meadow in high-mountainous regions. The vertical zonality of vegetation is
still influenced by local climate in addition to mountain altitude because the moun-
tains are situated in different natural zones.

The azonal distribution of vegetation has two characteristics. One is that vegeta-
tion is distributed under different water conditions; some hygrophytes, hydrophytes,
and desert riparian vegetation are distributed along banks and beaches of inland
rivers and lakes. The other characteristic is that they are distributed in different soil
types; the physical and chemical properties of soils in sandy lands are greatly
different from those in zonal soils. Therefore, in comparison to zonal vegetation,
azonal vegetation has the following specific features: (a) the components and
structure of plants are simple and easily influenced by seasonal precipitation and
easily renewed after implementing artificial control measures; (b) in comparison to
surrounding zonal vegetation, vegetation in the arid and semiarid sandy lands tends
to become mesophytes, and the life forms of the edificators are higher than those in
the surrounding zonal vegetation; (c) the vegetation in sandy lands in subhumid to
humid regions tends to become xerophytic compared with surrounding zonal veg-
etation; and (d) plants only inhabit the interdune depressions where groundwater
rises to near the surface, whereas the surrounding desert or gobi regions are bare.

2.3.4 Soil Characteristics in Northern China

According to the Soil Classification System of China, Sandic Entisols are the main
soil types in desert and aeolian desertified regions of China. Sandic Entisols refer to
soils that possess sandy sediment characteristics. The Sandic Entisols are formed
under a background of arid climate and aeolian sands as their parent materials. In the
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previous soil classification, these soils correspond to aeolian sandy soils (Xiong and
Li 1987; Chen et al. 1998; Chen and Li 1999). In the present research, shifting sands
are also Sandic Entisols because they have vital movements (including microbes)
and soil fertility in shifting sands. To avoid misunderstandings from different soil
classification systems, Table 2.2 shows some different information about soil system
classification and soil genetic classification.

Based on water content or temperature, Sandic Entisols in northern China can be
divided into four types as follows:

(a) Cold Sandic Entisols. The soil temperature is low or even below 0 �C. They are
mainly distributed over the Qinghai-Tibetan Plateau, especially over those
regions where the elevation is over 4000 m a.s.l. and the annual mean temper-
ature below 0 �C. Cold Sandic Entisols mainly occur in the high terraces of
lakes, where the parent material comes from aeolian sand and the silt and clay
content is usually less than 100 g/kg. In these regions, the zonal vegetation is
mainly high-cold steppe and high-cold desert steppe.

(b) Arid Sandic Entisols. The water content of the soil is low. This soil is mainly
distributed over the northwestern Ordos Plateau, in the middle and eastern part of
the Hexi Corridor, and in the Junggar and Tarim basins, where the annual
precipitation is in the range of 50–200 mm, the annual mean temperature is
3.5–10.0 �C, and the dryness is approximately 4–8.

(c) Semiarid Sandic Entisols. The water content of the soil is moderate. These soils
are widely distributed in the Hulun Buir Desert, the river paleochannels of the
Huang-Huai-Hai Plain.

(d) Humid Sandic Entisols. The water content is relatively high, and at least one
layer (�10 cm) within a 50 cm depth has the characteristics of oxidation and

Table 2.2 References between system classification and genetic classification of some major soils
in desert and aeolian desertification regions of China

Soil genetic classification
(1978–1992) Soil system classification (2000)

Aeolian sandy soil Freezing/dump/arid/semiarid/wet Sandic Entisols

Oasis soil, anthropogenic alluvial soil,
anthropogenic desert soil

Weak salt/mellow/water tillage/speckle/general anthro-
pogenic alluvial/arid tillage/artificial soil

Chestnut soil Calcic/gley/semiarid/embryonic soil

Brown calcic soil Calcic/gley normal arid soil

Gray brown soil Calcic/gley normal arid soil

Gray desert soil Calcic/saline/sliming/gley normal arid soil

Gray brown desert soil Gypseous/gley normal arid soil

Brown desert soil Gypseous/saline normal arid soil

Takyr soil Gley normal arid soil

Saline soil Arid/dump normal saline-sodic soil

Marshy soil Organic/black/perch gley soil

Meadow soil Gley/black/tint/speckle/dump embryonic soil
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reduction. They are mainly distributed in the interdune depressions where there
are high groundwater levels.

In addition to the principal Sandic Entisols, there are some other common soil
types in northern China. They are distributed with the Sandic Entisols, and most of
these soils appear on the rims of deserts and mainly include (a) irrigation-warping
aridic soil, which is widely distributed in the arid and semiarid irrigated farming
regions, with an obvious irrigation-warping diagnostic horizon of �50 cm and a
thickness as high as 2 m as a result of long-term cultivation with irrigation;
(b) common aridic soil, which represents the soil occurring in aridic regimes, with
an aridic epipedon but not a cold soil temperature condition; its counterpart in soil
genetic classification includes sierozem, desert gray soil, gray-brown desert soil,
brown desert soil, and takyr; (c) halogenic soil, which is also called salt-affected soil
or saline-sodic soil in the soil genetic classification system, where the soil profile
generally contains saline or alkaline horizons; it occurs at low-flat basins,
semienclosed depressions, river deltas, and dry deltas in extensive arid, semiarid,
and desert regions of China; (d) gleisoil, which is a marshy soil in the soil genetic
classification system; the soil profile contains at least one �10 cm gleization-
featured layer, and it often occurs in various lowlands, such as a depression at a
rim of an alluvial fan, lake depression, river confluence, and paleochannel;
(e) udorthent, which a relatively newly named soil type that corresponds to the
chestnut soil in the soil genetic classification system; this soil mainly occurs in
semiarid hills and high plains with the annual precipitation at approximately
250–400 mm and the steppe vegetation; and (f) aquic embryonic soil, which
corresponds to the meadow soil in the soil genetic classification system. The soil
profile has at least one oxidation-reduction layer, and this type of soil is mainly
distributed in the depressions and littoral lands of rivers and lakes.

2.4 Land Cover and Land Use in Mongolia

Stretching 1259 km from north to south and 2392 km from east to west, Mongolia’s
landforms and natural landscapes distinctly change with latitude, longitude, and
altitude due to the surrounding mountain ranges (Dorjgotov 2009).

Based on its terrain composition, Mongolia is a mountainous country. Its terrain
consists of mountains, hills, and elevated, denuded plains that form the three main,
historically formed regional tiers of its surface. Mountains (1500–3000 m) account
for more than 40% of its total area, hills and hummocks (1000–1500 m) account for
40% of its total area, and denuded plains account for approximately 15% of its total
area. If we exclude the high mountains (3000 m), which account for only 3.6% of the
total area, then the vast majority of the country is located within altitudes ranging
from 1000 to 3000 m; i.e., in Mongolia, the prevailing terrain type is mid-mountain
and low-mountain (hilly). There are few accumulative plains in Mongolia and no
lowlands. The average height of its surface above sea level is 1580 m. Within
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Mongolia, mountains occur mainly in the northern and western parts of its territory,
while denuded plains occur the southeastern part; hills and hummocks are equally
present throughout the territory but are primarily developed to the south from the
watershed of the desert areas. Generally, it can be assumed that the northwestern part
of Mongolia is mountainous and the southeastern part is a complex of hills, hum-
mocks, and flat plains. The latter area is mainly formed due to its lithology, which in
many ways predetermined the morphological differentiation of these plains and hills.
The main orographic elements of Mongolia are the mountain system of the Mongo-
lian Gobi Altai, the Khangai and Khentei highlands, the Khubsugul riftogenic
highlands, the Orkhon-Selenge erosional mid-mountains, the basin of large lakes,
Valley of Lakes, Dzungarian Gobi (Barun-Khurai depression), Trans-Altai Gobi, the
Central Gobi peneplain, and the southeaster and eastern Gobi plain. These structures,
given their close correspondence to geological structure, are also the largest mor-
phologic and structural elements of the terrain (Dash and Mandakh 2018).

The geography of this country, e.g., location, terrain, and distribution of climatic
indices, predefined the existence of both latitudinal zones and altitudinal belts in the
territory of Mongolia. According to Dash (2013), seven natural zones and belts can
be distinguished as shown in Table 2.3 and Fig. 2.19.

2.4.1 Land Cover and Its Change

To monitor land cover and its change to evaluate both the cause and impact of global
change on ecosystems, Mongolia has developed its own land cover system in 1995
using available remote sensing techniques and data. Land cover mapping practices in
Mongolia are based on annual NDVI time series phenology characteristics. Based on
the classification of isoclusters, the national land cover classification was divided
into 19 classes, as shown in Table 2.4 and Fig. 2.20 (source: National Remote
Sensing Center).

According to the land cover change analysis using a confusion matrix,
27758.97 km2 of the forest, 33651.83 km2 of the grassland, 3163.84 km2 of the
cropland, and 4183.64 km2 of the wetland are considered degraded or affected by
desertification (Table 2.5).

Table 2.3 Natural zones and
belts of Mongolia

Name of the zone or belt Area (km2) Percentage

High mountain belt 56394.0 3.6

Mountain taiga belt 70492.5 4.5

Forest-steppe zone 238108.0 15.2

Steppe zone 535743.0 34.2

Gobi zone 366561.0 23.4

Desert zone 299201.5 19.1

Total 1566500.0 100.0
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The majority of the desertification is associated with deforestation and vegetation
loss. Relatively high degradation rates occurred in wetlands. Urbanization caused
degradation to occur in an area of 330.24 km2.

2.4.2 Land Use and Land Use Change in Mongolia

Almost 90% of the total territory of Mongolia is located in arid, semiarid, dry, and
subhumid climatic regions, which are areas prone to aeolian desertification. Geo-
graphically, the country is located in a transition area between Siberian taiga forests
and Central Asian deserts, and this area defines the sensitivity of the country to both
climate change and changes related to social development strategies, land use, and
natural resource use (Batjargal 1997). The warming process occurring in Mongolia,
the drastic increase in livestock, unsustainable mining industry development, and
other direct and indirect impacts are the critical factors affecting desertification and
exacerbating land degradation. According to a recent nationwide assessment, 76.8%
of the land area has been degraded, and of these lands, severely degraded lands
account for 22.9%. The total desertified area accounts for 64.7% of the country
(Fig. 2.21).

Table 2.4 Land cover/land use classification system

Level 1 Level 2/ESA CCL
National LC/LU
classes

Forestland Forest tree cover Evergreen forest
Mixed forest

Grassland Pasture and natural grassland
Shrubland, bushland, and heathland
Sparsely vegetated areas
Natural vegetation associations and mosaics

High mountain steppe
Steppe
Shrubland
Dry steppe

Cropland Medium to large fields of rain-fed herbaceous cropland
Medium to large fields of irrigated herbaceous cropland
Permanent crops, agricultural plantations
Agricultural associations and mosaics

Cropland fallow
Permanent croplands

Wetlands Open wetlands Riparian meadow

Settlements Urban and associated developed areas Urban

Other land Barren land
Permanent snow and glaciers

Glacier
High mountain taiga
Desert steppe
Barren land
Semidesert
Desert
Sand
Abandoned cropland

Water
bodies

Inland water bodies, coastal water bodies, seas Lakes and rivers
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According to the national land use classification system of Mongolia, approxi-
mately 70% of the total land area is used for grazing, 0.2% is used for extractive
industries, and 0.3% is used for roads and transportation. The main land use types
that have an adverse effect on land health are uncontrolled grazing and mining
activities.

Mongolia has a long tradition of raising livestock. Pastoral nomadism is the
prevailing form of land use. Currently, approximately one-third of Mongolia’s
population lives as nomads and carries out livestock husbandry (Dagvadorj et al.
2009). Currently, there are approximately 52 million heads of livestock, with
approximately 23.3 million sheep and 22.0 million goats in addition to several
other kinds of livestock (National Statistical Office (NSO) 2015). Total number of
livestock in Mongolia is estimated on the basis of sheep forage units (National
Statistical Office (NSO) 2013). Studies on changes in the livestock number per unit
of grazing area show that the number of livestock per 100 ha pasture was 40 sheep
forage units in 1980–2000, and then, this value increased to 60–70 sheep forage
units by 2000–2015 (Fig. 2.22).

According to Tserendash (2006), the total carrying capacity of grassland pastures
is 80–90 million sheep head units or 50–60 sheep units per unit ha of pasture. From
1980 to 1990, the number of livestock was consistent with the given capacity.
However, livestock heads have steadily exceeded pasture capacity, even after several
droughts and zud (Mongolian for “severe winter conditions”) that have been
observed since 1991.

Regarding the spatial distribution of livestock, a sharp increase in livestock has
been observed in the eastern and central regions. The number of livestock per unit
area of pasture increased by 50–70 sheep forage units per year in Darkhan, Orkhon,
Tov, and Arkhangai provinces and around Ulaanbaatar city over the last 15 years. In
other regions, such an increase is also pronounced, and the increase has been
estimated to be approximately 10–30 sheep forage units per year (Fig. 2.23).

In terms of spatial distribution, approximately 32% of the total livestock of
Mongolia graze on the forest steppe and steppe, 29% graze on the mountain steppe,
15% graze on the eastern steppe, 14% graze in the semidesert, and 9% graze on the
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Fig. 2.22 Change in sheep forage units per ha (Mandakh 2017)
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dry steppes of Mongolia. Livestock density is relatively sparse throughout the
nation. High-density areas are concentrated around economically viable cities such
as Khovd, Erdenet, Darkhan, and Ulaanbaatar. Overall, the dynamics of livestock
density remain the same as that in the 2000s, except for the formation of new
hotspots in the Gobi Desert that might be linked to the development of the mining
industry.

Mining is another type of land use that is considered to highly contribute to land
degradation and aeolian desertification because most of the operating mining sites
employ open-pit technology. Degradation due to the extractive industry occurs
independently of the other drivers. As the economic development policy of the
country since the 1990s has mainly been directed to achieve growth through
developing the mineral industry, the Government of Mongolia has granted 3580
licenses covering 13.9 million has of area (approximately 8.9% of the total territory);
0.9% of these licenses were exploitation licenses, and 8.0% were exploration
licenses (www.mrpam.gov.mn). Even though the mining companies were required
to restore the land during and after their operations, another threat from this industry
is unrestored open pits, which directly contribute to land degradation. According to
the Ministry of Environment, by 2018, 27405.46 ha of land formerly used for mining
were considered degraded, of which 8871.8 ha needed to be restored to sustain
ecosystem integrity (Saran 2018).
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Chapter 3
Spatial Distribution and Temporal
Dynamics of Aeolian Desertification

Tao Wang and Mandakh Nyamtseren

Abstract This chapter describes the spatial distribution of aeolian desertification
and its temporal change in northern China and Mongolia using remote sensing
images and the aeolian desertification index. In northern China, aeolian desertifica-
tion mainly occurs in semiarid and subhumid agropastoral ecotones, arid and
semiarid pure pastoral regions, and arid oases in inland river basins. The area of
aeolian desertification in northern China rapidly increased from 13.7 � 104 km2 in
the 1950s to 38.6� 104 km2 in 2000 and then slowly decreased to 37.6� 104 km2 in
the 2010s. Human activities are the main driving forces of aeolian desertification and
its restoration in northern China. Aeolian sands cover approximately 2% of the total
territory of Mongolia and are distributed through aeolian processes. In terms of
aeolian desertification, the latest studies indicate that approximately 68% of
degraded lands are caused by wind erosion, i.e., deflation, transportation, and
accumulation of sand. Aeolian desertification is mainly linked to the rapid decline
in vegetation cover, decreases in surface roughness, and increases in the aridity of
the climate.
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3.1 Introduction

Aeolian desertification not only leads to the loss of land resources, reduces land
productivity, reduces biodiversity, and influences the global climate but also seri-
ously affects the social economy in terms of food availability, economic and political
stability, peace between different regions, sustainable development, and human
health. Aeolian desertification is not a regional issue limited to the developing
countries suffering from it but a global economic, social, and environmental issue.
Most areas in Northeast Asia are seriously affected by aeolian desertification. Many
desertified lands are concentrated in northern China and southern Mongolia. Anal-
ysis of the spatial-temporal evolution of aeolian desertification based on maps of
desertification in different periods can provide distribution characteristics and evo-
lutionary trends. Based on the research results, it should be reasonable to propose a
key control target area and control recommendations for aeolian desertification and
provide a decision tool for determining aeolian desertification control and regional
ecological environment restoration and reconstruction.

3.2 Aeolian Desertification in Northern China Over the Past
Five Decades

The history of aeolian desertification can be traced to the origination of human
culture. Drought is the basic cause of land desertification, but unsustainable human
behavior is essentially the main cause of aeolian desertification. In China, only 5.5%
of the 38.6� 104 km2 of aeolian desertified land occurred due to the advancement of
sand dunes (Wang et al. 2004a). Aeolian desertified land excludes deserts, gobi, salt
deserts, and cold deserts formed in geological periods. The study of aeolian desert-
ification in China started in the late 1950s, and prior to 1977, this type of desertifi-
cation was mainly studied to investigate its distribution and methods to control sand
damage to railways. The United Nations Conference on Desertification in 1977
raised global concerns about desertification. Since 1978, the study of desertification
in China has been characterized by research on desertification status, development
processes, change trends and predictions, and control measures (Zhu 1989).

3.2.1 The Spatial Distribution of Aeolian Desertification
in Northern China

Aeolian desertified land in China is mainly distributed in the northwestern and the
northern parts of China, covering 18 provinces, autonomous regions, and munici-
palities (Fig. 3.1). The total aeolian desertified area in northern China was
37.6 � 104 km2 in 2010 (Wang 2014). Chinese researchers started studying aeolian
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desertification in the late 1970s and summarized the following spatial distribution
characteristics (Zhu and Liu 1981; Zhu et al. 1981a, b; Zhu and Chen 1994; Zhu
1999; Wang 2002, 2011, 2014; Wang et al. 2003, 2004a, b):

1. Aeolian desertified lands are concentrated in semiarid regions.

In the 2000s, aeolian desertified land covered 201,326 km2 in semiarid regions,
accounting for 52.2% of the total desertified land in China, according to data from
Landsat TM Imagery (Wang 2011). The area influenced by aeolian desertification in
the semiarid zone mainly covers the following geographic units: the Hulun Buir
steppe, Horqin steppe, Xilin Gol steppe, Hunshandake steppe, Qahar steppe,
Ulanqab steppe, Erdos steppe, Mu Us sandy land, and sandy land on the eastern
side of the Yellow River in Ningxia; the Bashang area in Hebei Province; the
Qianshan area and Tumd Plain in Ulanqab Meng of Inner Mongolia; and northwest-
ern Shanxi Province. On the one hand, there are natural factors, such as the
synchronous occurrence of dry seasons and windy seasons, thick and loose sandy
deposits, and the erodibility of loose sediments in pastures and agropastoral eco-
tones, that promote the development of aeolian desertification in semiarid areas. On
the other hand, the population density in these areas is relatively high, with an
average of 50–100 person/km2, and the resulting overcultivation, overgrazing, and
overcutting due to population pressure accelerate the process of land degradation in
such fragile environments. For example, 85% of farmlands are cultivated by
reclaiming undulating fixed sand dunes or sandy lands in the Houshan area to the
north of the Yinshan Mountains in Inner Mongolia and on the Horqin steppe and the

Fig. 3.1 Map of desert and aeolian desertified land in northern China (Wang 2011). Note: The
international boundary is based on standard China Map No. GS (2016) 1570
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Bashang pasture area to the north of Hebei Province. When winter begins, the soil is
severely eroded by strong winds, and the content of fine particles and organic matter
decreases sharply; consequently, the soil becomes barren within approximately
3 years. Therefore, this area has not only serious aeolian desertification but also
rapid land desertification.

2. Aeolian desertified lands in arid regions are patchily distributed around oases and
in the marginal area of the Gurbantunggut Desert with extensive fixed and
semifixed sand dunes.

Aeolian desertified land in arid regions covered 122,000 km2 in the 2000s,
accounting for 31.4% of the total desertified land in China (Wang 2011). Aeolian
desertified land in arid regions occur in the geographic units of the Tarim Basin,
Junggar Basin, Tu-Ha Basin, and Yili Basin in Xinjiang Uygur Autonomous
Region; the Hexi Corridor, front area of the Qilian Mountains, and the marginal
area of Tengger Desert in Gansu Province; the Yinchuang Plain and Zhongwei Basin
in Ningxia Hui Autonomous Region; the Alxa Plateau, Hetao Plain, and area along
the Yellow River; and the Inner Mongolian Plateau (Houshan area) in Nei Mongol
[Inner Mongolia] Autonomous Region. Most of the aeolian desertified lands are
distributed around desert oases. Northwestern China has a concentrated distribution
deserts with 90% of deserts in China, and these mainly include the Taklimakan
Desert, the Badain Jaran Desert, the Gurbantunggut Desert, the Tengger Desert, the
Kumtag Desert and, the Ulan Buh Desert. There are many oases either supported by
ground water in pluvial fans at the edge of deserts or fed by runoff of rivers flowing
into desert hinterlands. In arid regions, populations settle near oases and areas along
rivers with available water, where the population density is generally up to 200–400
person/km2. Frequent human development activities on the fixed and semifixed
dunes around the oases result in sand dune encroachment and sandstorm damage.
In the long history of humans, humans have searched for lush grass plants and
adequate water sources, so desertified lands exist around modern oases and in the
vicinity of ancient oases. In the ancient oasis regions, moving barchan dunes and
chains and shrub-coppice dunes developed on the aeolian desertified land through-
out history; in addition, there are also ruins of city walls, castles, houses, passage-
ways, religious towers, and temples in these areas.

Moreover, some fixed and semifixed dunes in desert areas are also developed due
to petroleum exploitation. A typical example is the aeolian desertification strongly
developed in the marginal area of the Gurbantunggut Desert. A large number of fixed
and semifixed dunes near oil extraction points and along the transportation lines are
destroyed and shift. At the southwestern edge of the Gurbantunggut Desert, the
width of developed sand dunes has increased to 5–10 km, stretching more than
350 km.

3. Aeolian desertified lands are mainly scattered in pluvial fans and along old
riverbed banks in semihumid regions.

The characteristics of aeolian desertification in semihumid areas are obviously
different from those in arid and semiarid regions. In semihumid areas, the climate is
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mainly controlled by the East Asian Monsoon, and land aeolian desertification
commonly occurs due to soil wind erosion on farmland and has obvious seasonal
changes. The aeolian desertified lands in these areas are concentrated in floodplains
and deltas, and more than 80 counties experience aeolian desertification in their
ancient deltas at the lower reaches of the Yellow River; the other aeolian desertified
land occurs on the piedmont alluvial plains or in the floodplains of the Yongding
River and the Chaobai River, the Luan River delta and lower valley, and the
Songhuajiang Plain and the Nenjiang Plain, covering provinces of Heilongjiang
Province, Jilin Province, Beijing City, Tianjin City, Hebei Province, Henan Prov-
ince, Shandong Province, Jiangsu Province, Shaanxi Province, and An’hui Province
in northern China. In the semihumid regions, the area of aeolian desertified land
covers 24,660 km2, accounting for 6.4% of the total desertified land in China during
the 2000s (Wang 2011).

In summary, aeolian desertified land is the product of the interaction of
unsustainable human activities and fragile ecological environments. This type of
land is not limited to regions with drought indices in the range of 0.50–0.65 but is
widely distributed across all kinds of natural systems in China. According to
statistical data in 2010, there are 37.6 � 104 km2 of aeolian desertified land in
northern China, and this type of land is mainly distributed in the middle of Inner
Mongolia (the middle and western parts of the semiarid zone and desert steppe
zone), where reactivated fixed dunes and shifting sand spread; in regions of the
Otindag sandy land, Horqin sandy land, Bashang area of Hebei Province, and
Houshan area of Inner Mongolia (the farming-grazing mixed regions, rainfed farm-
ing regions in the eastern semiarid zone, and part of the subhumid zone), where wind
erosion and sand sheets are striking features; and in western Inner Mongolia, the
Hexi Corridor, and the lower reaches of the Tarim River (the oasis margin in arid
zone and the lower reaches of inland rivers), where fixed dunes are the main feature
(Wang 2014).

3.2.2 The Temporal Dynamics of Aeolian Desertification
in Northern China Since the 1950s

Aeolian desertification is a dynamic process, and the distribution scope and charac-
teristics of these surficial landforms were variable during different periods. To study
the modern process of this aeolian desertification that is closely related to human
activities, the scope of aeolian desertified lands in northern China since the 1950s
was assessed based on aerial photos (1:50,000) obtained from the mid-1950s,
mid-1960s, mid-1970s, and mid-1980s, with Landsat TM images obtained in 2000
and 2010. It was concluded that the aeolian desertified land area generally continued
to expand before 2000 and has been decreasing since 2000. The total amount of
aeolian desertified land in northern China was 13.7 � 104 km2 in 1955, and it
increased to 17.6� 104 km2 in 1975, 33.4� 104 km2 in 1987, and 38.6�104 km2 in
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2000 and decreased to 37.6 � 104 km2 in 2010 (Fig. 3.2), with an expansion rate of
1560 km2/a in the late 1950s to 1975, 2100 km2/a in 1975–1988, and 3600 km2/a in
1988–2000 and a decreasing rate of 1375 km2/a in 2000–2010 (Wang 2002, 2014;
Wang et al. 2003, 2004a, b).

Regionally, the dynamic changes in aeolian desertification are significantly
different in the arid western part and the semiarid eastern part of China. Aeolian
desertification has developed mainly in three regions of northern China in the past
five decades (Fig. 3.3): (a) the agropastoral ecotone of the semiarid and subhumid
regions account for 40.5% of the total aeolian desertified land of northern China;
(b) the sandy grassland zone or pure pastoral semiarid region accounts for 36.5%;
and (c) the arid oasis edge and lower reaches of inland rivers account for 23%.

Fig. 3.2 Aeolian desertification area in China

Fig. 3.3 Spatial distributions of aeolian desertified land in northern China in the 1950s, 1987, and
2000 (Wang et al. 2008; due to restoration policies, aeolian desertification was reversed in some
areas in northern China by the end of the 1990s). Human activities also pushed the agropastoral
boundary northward by approximately 200 km from the 1950s to 2000
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Remote sensing data also show that approximately 10% of aeolian desertified
land maintained a stable state or exhibited a reversed trend. Since the start of the
desertification control project in 1991, some relatively complete ecological protec-
tion systems have been established in arid areas, and the development of aeolian
desertification has been reversed to some extent (Zhong 2003). Taking the Tarim
River Basin as a typical example, the evolution of the Tarim River can well reflect
the process of aeolian desertification along a river. The Tarim River is the longest
continental river in China, with a length of 1280 km as its main stem (from the
Xiaojiake River station to the terminal Taitema Lake, Fig. 3.4). By the 1960s, the
Tarim River was still a perennial river, and boats could sail along the river. In the
1950s–1960s, water consumption in the middle and upper river reaches rose sharply
due to large-scale land reclamation, resulting in the lower reaches being cut off after
the 1960s, and its original terminal lake, Lop Nur, rapidly dried. After 1972, the
lower reaches of the Tarim River were completely cut off. At the same time, aeolian
desertification gradually developed from the lower reach to the upper reach, and the
oasis shrank toward the riverhead. Starting in 2010, transporting water for ecological
purposes into the lower reaches of the Tarim River effectively alleviated serious
ecological degradation in the Tarim River Basin. Until November 11, 2019, the
action of water transportation was carried out 20 times, with a cumulative transpor-
tation of more than 81.0 � 108 m3 of water for ecological purposes. Therefore,
50.0 � 108 m3 of water was transported into the degraded Populus euphratica forest
area, ecologically improving these areas (Fig. 3.5). The area of vegetation restoration
and improvement in the downstream area was 2285 km2, including 362 km2 of new
vegetation cover and 854 km2 of restored sandy land, and the plant species increased
from 17 to 46 (http://www.tahe.gov.cn/xwzx/lylw/mInEFz.htm).

Modern aeolian desertification in the agropastoral ecotone in the semiarid region
has expanded since the middle twentieth century due to overcultivation, overgrazing,
overcutting, etc., and the dynamics mainly manifested in the following three ways:

Fig. 3.4 The Tarim River system and oasis distribution
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first, the expansion of aeolian desertified lands on the Ordos and Horqin grasslands
resulted in the integration of patchily distributed aeolian desertified lands, and the
proportion of moving sand dunes on the Horqin grassland increased from 2% to
3.74% in the 1980s. Second, aeolian desertification tended to develop toward the
Ulanqab steppe and the Bashang grassland, and the area of lands affected by modern
aeolian desertification increased from 25% in the 1950s to 40% in the 1980s as a
result of large-scale reclamation of grasslands. Third, 42.3% of the total pasture area
experienced aeolian desertification because of overgrazing. At the turn of the twenty-
first century, the rapid development of aeolian desertification in most agropastoral
interconnected areas was controlled and even reversed, benefiting from the “West
Development” plan implemented by the Chinese government.

3.3 Aeolian Desertification in Mongolia

3.3.1 Distribution and Origin of Aeolian Sands

Aeolian sands occupy an area of approximately 40,000 km2 or 2.5% of the total
territory of Mongolia. The distribution of sands over the territory of Mongolia is very
scattered and is not confined to a particular geographic location; however, the impact
of geology is obvious. An interesting hypothesis on the dynamics of aeolian sand
was proposed by Fedorovich (1950), who assumed that the sand originated due to
weathering of ancient sediments and volcanic rocks that were constantly transported
by surface water to lakes and from the shores of lakes to adjacent territories by wind.

Fig. 3.5 Photo of the green corridor in the lower reaches of the Tarim River (photo by George
Steinmetz)
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This might have occurred within a short time during the postglacial period in the
western part of Mongolia. The distribution of sands, for instance, in Central Mon-
golia, was linked with dryness during the preglacial period.

In the territory of Mongolia, we can delineate three different regions of aeolian
sand: (1) western; (2) Gobi Desert; and (3) northern. All three zones differ from each
other in terms of sand depth, accumulation type, and modern surface forms
(Fig. 3.6).

The majority of sands are located in western Mongolia. The researchers mainly
linked this distribution to the late Pleistocene when a major transformation in ancient
lakes occurred (Dgebuadze 2013). Most researchers consider that the glaciation in
the Altai and Khangai Mountains corresponded to the pluvial and interglacial
periods and to arid climate in the western depressions. According to Kuznetsov
and Murzaev (1963), in Central Asia during the Pleistocene glaciation, a special
period of lake development occurred. Devyatkin (1981) also noted that the peak of
the pluvial period in these areas coincided with the end of the interglacial period and
the first half of the glaciation. During the maximum and second half of the glaciation,
the climate conditions were more arid, which was facilitated by the large masses of
water that were “preserved” in the glaciers. A slight but smaller increase in humidity
was associated with a period of degradation of mountain glaciers. The interglacial
period was characterized by a general increase in temperature, an increase in
evaporation, and, consequently, a decrease in river flow and regression of lake
basins, which is ongoing to date (Devyatkin 1981).

In general, the landforms of the basins in the western part of the country and the
distribution of corresponding sediments, especially sand, indicate significant distri-
bution ranges in the past. However, it is not always possible to determine the exact
time of the maximum lake transgression in certain regions of Mongolia during the
Pleistocene. This is especially difficult for the early Pleistocene because the sedi-
ments were mostly either not separated from the middle Pleistocene or not traced at
all. At the same time, there is no reason to believe that at the beginning of the
Pleistocene, there were no lakes in the Basin of the Great Lakes, the Transaltai
depressions, the Valley of Lakes, and other large depressions in the northern and
central parts of Mongolia.

Undoubtedly, lakes existed here, but there is a lack of surveys related to sedi-
mentation. The sediments, in some cases, may have been washed away by erosion
and denudation processes and, in some places, probably buried under younger strata.
The existence of lakes in these regions of Mongolia in the early Pleistocene may be
proven by indirect data. For instance, the northern foots of the Khan-Khukhii
Mountain range have thick alluvial and alluvial fan deposits from the lower Pleis-
tocene, whose height can reach up to 25 m in the Uvs lake depression. As noted by
Devyatkin et al. (1989), their composition and position in the relief are comparable
to those of the Eopleistocene.

Lower Pleistocene deposits of alluvial and alluvial fan origins were also found in
the valleys and basins of the Selenga, Kherlen, Tuul, Onon, and other rivers, as well
as near the Tori lakes, but they do not indicate the nature of the lake basins that may
have existed at that time. Undoubtedly, there were small lakes in the early
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Pleistocene in the south and in the Gobi regions of the country, but almost nothing is
known about the structure and thickness of deposits of the lower Pleistocene, except
dense gray cover (“upper Gobi”) conglomerates possibly related to this age.

Substantially more complete information is available for the middle Pleistocene,
during which lake basins reached maximum sizes in the Great Lakes Depression, in
the Valley of Lakes, in the Transaltai depressions, on the northeastern plains, and in
the other lowlands of Mongolia. In the middle of the Pleistocene, glaciation covered
most of the mountain structures of Mongolia, primarily the Mongolian and Gobi
Altai, Khubsugul, Khangai, and Khentei Mountains. Traces of glaciation in the
mountains of Mongolia have been noted by many researchers (Berkey and Morris
1927; Obruchev 1947; Murzaev 1952; Marinov 1957; Sinitsyn 1959; Kuznetsov and
Murzaev 1963; Nikolaeva and Shuvalov 1967; Marinov 1970; Devyatkin 1970;
Selivanov 1972; Devyatkin et al. 1978; Devyatkin 1981).

Numerous rivers that originated from the aforementioned mountains carried large
amounts of water into the Great Lakes Depression, the Valley of Lakes, and other
basins of Mongolia, which caused a sharp increase in the level of lake reservoirs. The
traces of ancient lake development are perfectly preserved in most of the major
depressions of Mongolia. In terms of the Great Lake Depression, its northern part,
where the largest rivers, the Khangai and Altai, flow in, the leading processes were
lacustrine and alluvial accumulation, while in the south, alluvial fan and slope
sedimentation dominated (Devyatkin et al. 1989). Sedimentation is the central part
of the depression and is linked to lacustrine and lacustrine-takir sediments. In the
subsequent late glacial and postglacial periods, lacustrine sediments of the Great
Lake Depression were subject to aeolian processes, which resulted in the formation
of the largest area of aeolian sands in Mongolia.

In conclusion, the formation of aeolian sands in the territory of Mongolia was
homogeneous even though their spatial distributions may differ from each other. All
paleogeographic studies show the spatiotemporal dynamics of paleolakes, and the
late glaciation period with highly arid interglaciation periods predefined the modern
distribution of sands in Mongolia. These predominantly lacustrine, alluvial, and
sometimes alluvial-alluvial fan-originated sands are highly disturbed by aeolian
processes in modern times, which should not be linked to current wind erosion-
related deflation observed in many parts of the country. The latter is linked to soil
erodibility, land use/land cover, and climate change, especially the land-climate
nexus.

3.3.2 Aeolian Desertification in Mongolia

Aeolian desertification is a form of land degradation predominantly defined as a
product of wind erosion in drylands (Wang 2004). This topic has not been well
researched in detail over Mongolia. According to research conducted during the
1990s by T. Baasan (2003), sandy land covering approximately 2.5% of the total
territory is the main source of aeolian desertification in the country. The dynamics of
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sand movement are estimated to be 1.6 m/year for the western part of the country and
0.9 m/year for the eastern part (Baasan 2003). According to the first national
aeolian desertification assessment, implemented by the joint Mongolia-Turkmen
expedition, the area of wind-blown sands in Mongolia is expanding, and the major
factors of such critical processes can be attributed to the degradation of fixed and
semifixed sand massifs located in the Great Lake Depression, the territory between
the Altai and Khangai Mountains. The estimated area of land affected by aeolian
desertification is 19,945 hectares (Baasan et al. 1992). Considering these research
results, it can be said that approximately 1–2% of the territory potentially has a high
risk of aeolian desertification due to its geological structure, soil erodibility, and
fragile vegetation cover. However, the current scenario in relation to changes in
climate, land cover, and land use is different from that in during previous
researchers’ studies.

The assumption of previous researchers was that only the sandy lands in drylands
should be considered a hotspot of aeolian desertification. Considering the soil cover
of Mongolia, however, most of the soil types, especially on elevated plains, along
large river basins are highly susceptible to wind and other disturbances. According to
Mandakh et al. (2016), approximately 60% of the territory covered by soils is highly
susceptible to wind erosion, of which the Great Lake depression, Valley of Lakes,
and eastern Gobi region should be considered hotspots (Fig. 3.7). Thus, the soil
cover in the abovementioned regions is a direct factor in aeolian desertification due
to high erodibility and low vegetation cover for fixing topsoil.

In all other parts of the country, the soil erodibility factor ranges between 1.5 and
2.0 tons ha�1; however, due to increased aridity and wind gusts, the areas affected by
wind erosion are increasing. The dynamics of wind-induced degradation have
become increasingly critical in the middle parts of the country and have been caused
by changes in climate indices as well as by changes in land use, especially due to
increased livestock, expansion of extractive industries, and increased use of unpaved
roads. According to the latest assessment of desertification in Mongolia (Khudulmur
and Tsogtbaatar 2013), wind-induced degradation accounts for approximately 60%
of the total land, of which increased degradation occurs in the eastern parts, in
Dornogobi, Dundgobi, Gobisumber, and Sukhbaatar aimags (Fig. 3.8).

The spatial distribution of aeolian desertification in Mongolia can be summarized
as follows:

1. Aeolian desertification in semiarid and arid regions: The degradation is mainly
defined by the arid climate and strong winds. Spatially, aeolian desertification
occurs in the territories of Khovd, Gobi-Altai, Zavkhan, Bayanhongor,
Dornogobi, and Sukhbaatar aimags that have natural sand dunes and sandy
sediment. The main mechanism of degradation is overgrazing on highly suscep-
tible lands caused by the increased occupation of barren soils that are easily
denuded by winds.

2. Aeolian desertification along old, large riverbeds: This type of degradation is
pronounced in the basins of the Orkhon, Selenge, Kherlen, and Tuul Rivers. With
an increased number of rainfed arable land areas as well as overgrazing, the onset
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of vegetation cover is prolonged, leading to an increase in windblown topsoil,
especially during the spring season.

3. Aeolian desertification with sporadic distribution: This type of degradation occurs
in the areas of the eastern Mongolia steppe. Aeolian desertification in this region
is highly interlinked with drought. Unfortunately, the frequency of drought in this
region is increasing, causing a decline in the aboveground biomass, which
decreases the surface roughness, thus leading to an increased risk of aeolian
desertification.
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Chapter 4
Driving Factors of Aeolian Desertification

Tao Wang, Xian Xue, Bing Liu, and Heqiang Du

Abstract This chapter reviews the natural features and driving factors of aeolian
desertification in northern China. Drought, strong winds, and loose sandy surfaces
are the main environmental factors that cause aeolian desertification in northern
China, and these factors cause arid, semiarid, and dry subhumid lands to be sensitive
to climate change and human activities. Climate change in the past 2000 years,
50 years, and the next decades is also introduced to explain the climatic driving
forces of aeolian desertification. Human activities such as overgrazing, overfarming,
overlogging, and inappropriate water management are analyzed as the driving forces
of aeolian desertification. In northern China, there are three aeolian desertification
regions. The agropastoral ecotone is located in semiarid and subhumid areas, where
overfarming is the leading cause of aeolian desertification. Overgrazing and
overcutting result in aeolian desertification in the pure pastoral regions located to
the north of the agropastoral ecotone. In the irrigation oases of arid northwestern
China, unsustainable water management and use are the fundamental causes of
aeolian desertification. Different measures to address aeolian desertification should
be developed based on regional characteristics.
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Desertification is the process of land degradation caused by climate variability and
human activities. Aeolian desertification is one of the main desertification types and
is characterized by wind and sand activities. The driving forces of aeolian deserti-
fication include climate variability and human activities. In recent years, climate
abnormalities such as droughts caused by global warming, increasingly heavy
precipitation events, and reduced average wind speeds have greatly affected the
development and reversal of aeolian desertification. Increasing populations increase
food demand. Improvements in land productivity and technological advancements
also positively and negatively affect the desertification process. This chapter mainly
takes the northern region of China as an example to analyze the driving forces of
desertification development and reversal in terms of climate variability and human
activities. Before analyzing the driving forces, we introduce the natural features and
ecological vulnerability of northern China and explain the sensitivity of arid and
semiarid regions to climate variability and human activities.

4.1 Natural Features of Aeolian Desertification

Desertification is a process of land degradation that occurs in arid, semiarid, and dry
subhumid areas. The most significant feature of the arid area is infrequent and highly
variable precipitation, intense evaporation, and windy conditions. Together, drought
and strong winds cause sparse vegetation and poor soil quality. In particular, most
arid areas consist of paleolacustrine sediments, and sandy sediments dominate the
soil. These constitute the natural features of aeolian desertification in northern China.

4.1.1 Climate Characteristics

The geographical location, atmospheric circulation, and geomorphic environment of
northern China determine that the region’s climate characteristics are dominated by
drought and strong winds. Controlled by the subtropical high-pressure airflow, the
arid areas in the world are mainly concentrated at 30�S–30�N. The climate is humid
in other areas north of 30�N. However, the uplift on the Qinghai-Tibetan Plateau
blocks the warm and humid airflow from the Indian Ocean and cuts off the westerly
circulation but exacerbates the East Asian monsoon circulation; thus, the area north
of 35�N in northern China is controlled by the influence of the Mongolian high. In
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addition, the eastern, southern, and western sides of the arid zone in northern China
are surrounded by mountain ranges of varying heights, blocking the penetration of
the warm and humid summer monsoon from the Pacific Ocean. The north is the open
and flat Gobi Desert and desert grassland of the People’s Republic of Mongolia, and
this area is conducive to the northern dry and cold air moving southward. Together,
these factors drive the climate of northern China that is characterized by drought and
wind (Zhao 1990; PGSC 2000).

Meteorological data show that the precipitation in northern China gradually
decreases from 500 mm in the east to approximately 20 mm in the west, which is
much lower than that at the same latitude level in the Northern Hemisphere. Because
precipitation occurs at the end of the summer monsoon, precipitation is greatly
affected by the strength of the monsoon. In some years, the summer monsoon occurs
in the arid area. However, the monsoon does not occur in the arid area some years,
which results in unstable interannual precipitation. The average annual change rate
of precipitation in most areas is 25–40%, and in some areas, it exceeds 50%. The
seasonal distribution of precipitation is also extremely uneven. Precipitation in
winter accounts for less than 10% of annual precipitation, while in summer, almost
70% of annual precipitation occurs. Although the total rainfall amount in summer is
large, it is often concentrated within a few days, making it difficult for plants to
utilize the precipitation.

Westerly winds are blocked by the Qinghai-Tibetan Plateau, bypassing the Altai
Mountains to the north and moving south at the Sino-Mongolian border, forming a
northern branch of airflow. This airflow merges with the airflow generated by
Mongolian high pressure, often causing windy conditions (Geng 1986). Therefore,
strong winds are another major climatic feature in the arid regions of northern China.
According to meteorological records, the number of wind-blown-sand days in
northern China is generally 20 to 100 days, with sand and dust storms occurring
on as many as 35 to 60 days and floating dust occurring on over 100 days. Wind
characteristics vary in different regions. Although there are many strong winds in the
western region, they mainly occur in the spring. In the eastern area, there are strong
winds in winter, spring, and autumn, and the wind is weak in summer. Sand-dust
storm activity is directly related to the magnitude of wind force and is also restricted
by the nature of the ground. The dry, loose ground sand material in the western
region is susceptible to wind blowing and forms aeolian sandy land. The total wind
force in the eastern part is greater than that in the western part during the whole year,
but the plant coverage is better than that in the western part. Therefore, the sand-dust
storm activity is much less than that in the west.

Therefore, the climate is arid, precipitation is extremely unstable, and windy
weather is the primary feature of the climate in the arid area of northern China. These
are the main climatic features and dynamic conditions underlying the occurrence of
aeolian desertification.
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4.1.2 Hydrological Characteristics

Most of the runoff replenishment in northern China is from rainfall, so its distribu-
tion is consistent with the annual precipitation and has longitudinal and vertical
zonal characteristics. However, due to the influence of natural geographical factors,
runoff replenishment also has regional characteristics. According to the depth of
runoff, the sand area in northern China can be divided into four subareas. They are
extremely arid areas without runoff, arid areas with annual runoff depths of less than
10 mm, semiarid areas with annual runoff depths of 10–50 mm, and dry semihumid
areas with runoff depths of 50–200 mm (these areas are defined based on runoff
amounts that differ from the definition system based on the aridity index).

In the northwestern arid area, the rivers are called inland rivers. The inland rivers
usually originate from the mountains and disappear in the desert hinterland. Along
the river, some natural or artificial oases are irrigated by inland rivers. Due to the
replenishment of glaciers and snowmelt water and mountain precipitation, the main
characteristics of the runoff are mainly spring floods and summer floods. The flood
seasons mostly occur from April to June every year. Various reservoirs have been
built in the upper and middle reaches of these inland rivers, and the runoff has been
mainly controlled manually (Xiao 2000).

In the semiarid grassland areas, many rivers are seasonal. Seasonal rivers are
shorter in length, generally less than 400 km; the catchment area is also small; and
there is no fixed channel. During flooding, seasonal rivers overflow both banks,
forming many inland lakes and wetlands. Because the river is wide and shallow, it is
not recharged by groundwater.

The dry subhumid area has a climatic transition, so it has many different river
hydrological characteristics. Due to the instability of climate and hydrological
systems, river hydrology is very sensitive to environmental changes. The overall
performance is as follows: (1) the annual runoff variability is large, the flood peak
variation coefficient is large, and there are many drought and flood disasters.
(2) Runoff is concentrated in summer, and there is less runoff in spring. (3) The
river has a large amount of sediment transport and high sediment content, and the
regional differences are obvious. (4) There is a special connection between river
water and groundwater.

In addition to surface water, northern China also has abundant groundwater
resources. Groundwater is mainly stored in the Meso-Cenozoic tectonic basin in
the form of loose sediment pore water. Groundwater characteristics also differ
significantly from west to east. In the west, large thick gravel layers are deposited
in the piedmont zone on the edge of the basin, an important place for storing
groundwater. The Quaternary sediments in the eastern grassland area are extremely
thick and rich in groundwater. Since the 1970s, due to the increase in cultivated land
area and the popularization of machine well technology, the development and
utilization of groundwater in northern China have been very high. Therefore, in
terms of groundwater resources, consumption is greater than recharge, and the
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groundwater level is declining. In addition, the reuse of groundwater in arid areas has
also led to increased salinity levels and decreased water quality (Xue et al. 2015).

4.1.3 Soil Characteristics

The soil types in northern China are diverse but mainly consist of Sandic Entisols
distributed continuously from east to west. Relatively new sandy facies are a kind of
soil with lithological characteristics of sandy sediments in new facies, also known as
aeolian sandy soils. The soil is mainly distributed in inland basins and plateaus
between 35�–50�N and 75�–125�E (Chen and Li 1999).

Sandic Entisol is a common product of an arid climate and aeolian sand. Aeolian
sand has a wide range of material sources, including alluvial river deposits (dry
deltas or alluvial fans), alluvial lake deposits, alluvial deposits, and weathered
bedrock residues. Due to the arid climate and sparse vegetation, biological effects
have a slow impact on the formation of sandy soil. Therefore, the formation process
of sandy soil is long, and it is closely related to the process of natural vegetation
growth and succession on sandy land. The evolution of aeolian sand into sandy soil
can generally involve three stages: fine soil accumulation, crust formation, and
organic matter accumulation. With the completion of these three stages, mobile
sand or dunes gradually evolved into semifixed sand, fixed sand, and sandy grass-
lands (Chen et al. 1998).

Because the process of soil formation is slow, the content of organic matter is low,
the water holding capacity is poor, and the soil easily blows away. Therefore, sandy
soil provides the sand source for the development of aeolian desertification in
northern China.

4.1.4 Vegetation Characteristics

Due to the arid climate and barren soil, vegetation in northern China is sparse. Forest
cover is low, and its coverage rate is less than 5%. Forests are mainly distributed in
the Daxinganling, Xiaoxinganling, and Changbai Mountains in eastern China, the
Taihang Mountains in central China, and the Qilian Mountains in western China.

In most areas outside the mountains, grassland is the dominant ecosystem in
northern China. Grassland type is consistent with the distribution of precipitation. At
the same time, grasslands are also affected by temperature and show characteristics
based on longitude and latitude. Meadow steppe, typical steppe, desert steppe, and
steppe desert are distributed from east to west. From south to north, the warm
temperate zone transitions to the moderate temperate zone. The Son-Nen Sandy
Land is located in the moderate temperature, forest-steppe zone in the temperate
steppe area. Hulun Buir, Horqin, Hunshandake, and other sandy areas and their
surrounding areas are in the moderate temperature typical steppe zone.
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Ulanqab-Wulate is a moderate-temperature desert steppe. The eastern half of the
Hobq Sand Belt and the Mu Us Sandy Land are in the typical warm temperate
steppe. The western half of the Hobq sand belt and the Hedong Sandy Land in Ning
Xia are in the warm temperate desert steppe (Liao and Jia 1996).

In those places west of the Helan Mountains, Wushaoling, and East Qilian
Mountains, the annual precipitation is less than 200 mm. The vegetation type is
temperate desert. The Ulan Buh Desert, Tengger Desert, Badain Jaran Desert,
Western Hexi Corridor, Qaidam Basin Desert, Gurbantunggut Desert, and surround-
ing areas are in the moderate-temperature desert zone. Eastern Xinjiang, southern
Xinjiang, the Kumtag and Taklimakan Deserts, and their surrounding areas are in
warm-temperature deserts. Vegetation types gradually change from xerophytes to
severe xerophytes and ultra-xerophytes from east to west in the region.

Vegetation is an essential factor in protecting surfaces from wind erosion, and the
influence of vegetation is especially obvious in grasslands dominated by annual
species. Temperature and precipitation greatly determine the greening season of
grasslands in northern China. In the years when there is less precipitation in spring,
the vegetation turns green later, and the large sandy surface is directly exposed and
partly exposed. At the same time, spring is also the season of frequent strong winds
in northern China. Wind force acts directly on the surface of the sand, resulting in
aeolian desertification (Wang 2011).

According to the above brief introduction to the climate, soil, hydrology, and
vegetation, we can see that the aeolian desertified areas in northern China are
characterized by drought, strong winds, loose surface materials, and sparse vegeta-
tion. These characteristics make the ecosystem extraordinarily fragile and sensitive,
and its ability to resist climate fluctuations and the impact of human activities is low.
When influenced by external factors, aeolian desertification occurs extremely easily.

4.2 Climatic Driving Force of Aeolian Desertification

Under vulnerable natural conditions, it is difficult for the ecosystem to withstand the
impact of climate change and human activities, so aeolian desertification occurs to
varying degrees. Since the Western Han Dynasty, aeolian desertification occurred in
northern China, and it has aggravated or been reversed based on cyclical climate
changes (Zhu and Chen 1994). Understanding the driving mechanism of climate
change helps forecast aeolian desertification development in the future and develop
prevention strategies in advance. This section mainly reviews climate change in
northern China during the historical period and the past 50 years.
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4.2.1 Historic Climate Change and Its Impact on Aeolian
Desertification

Climate change over the past 2000 years in northern China has mainly occurred as
changes in temperature and precipitation. By analyzing historical documents, tree
rings, ice cores, lake sediments, and stalagmites, Ge et al. (2013, 2015) proposed
four warm periods and four cold periods in northern China (Fig. 4.1). The four warm
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Fig. 4.1 Temperature changes in different regions in the past 2000 years (Ge et al. 2013). (a)
Winter half-year temperature changes in the central and eastern regions of northern China; (b)
temperature changes indicated by the sediments of Sugan Lake in Qinghai; (c) national temperature
changes reconstructed based on multiple pieces of evidence; (d) Northern Hemisphere subtropical
temperature changes reconstructed based on multiple pieces of evidence; and (e) reconstruction
based on evidence of temperature changes in the Northern Hemisphere
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periods were in 1–200, 550–760, 950–1300 AD, and the twentieth century. The cold
periods were in 210–350, 420–530, 780–940, and 1320–1900 AD. The historic
precipitation change was different between the eastern and western areas (Fig. 4.2).
The boundary line of dry and wet conditions in northern China was approximately
105�E. The west to the line was dry, and the east was wet.

The sandy lands in the semiarid regions of northern China are very sensitive to
climate change (Lu et al. 2005, 2013; Mason et al. 2009; Yang et al. 2013, 2015).
The sandy lands in the eastern part of northern China have experienced several large
fixations and activations in the past 2000 years. For example, the Hulun Buir and
Horqin sandy lands have experienced three reversals (0~210, 770~1050, and
1170~1440 AD) and three expansions (210~770, 1050~1170, and 1440 AD). The
expansion of the sandy lands in these periods was aeolian desertification (Zhu and
Chen 1994). The reversal period of aeolian desertification was closely related to the
warm and humid climate, and the expansion of aeolian desertification was related to
the cold and dry climate (Li et al. 2018). Wu and Lu (2005) and Zhang et al. (2012)
found that sandy soils, peat, and river-lake sediments developed in the Hunshandake
Sandy Land during the Medieval Warm Period (700–1300 AD), which implicates
the reversal of aeolian desertification. Sand-dust storm activity has occurred fre-
quently again since the Little Ice Age. In the Mu Us sandy land, aeolian sand-
paleosol deposition experienced three stages of aeolian desertification with high-
frequency dust storm events in 440–570, 840–960, and 1525–1890 AD (Bai and Cui
2019). The climate in all three periods was cold and dry. During the previous two
periods, climate was the dominant driver because of minimal human activities. In the
third period, the human population and activity intensity gradually increased. The
dominant driving force of aeolian desertification transitioned from climate to
unsustainable human activities.

In the arid western part of northern China, the climate has experienced changes
over the past 2000 years. Multi-index analysis of the core of Lake Ungertu in the
southeastern Tengger Desert showed that since 988 AD, the regional climate has
exhibited the characteristics of alternating changes in cold and wet and warm and dry
(Cao et al. 2018). The overall climate from 988 to 1383 AD was relatively cold and
wet. During 1383 to 1560 AD, the climate became warm and arid. In the period of
1560 to 1700 AD, the climate was at its coldest with increased precipitation. Then, a
warmer climate appeared again from 1700 to 1900 AD. On the northeastern margin
of the Tibetan Plateau, Stauch (2016) found that there have been six periods of
enhanced sandstorm activity at a 100-year scale in the past 2000 years, namely,
1630–1725, 1450–1530, 1250–1350, 750–950, 390–540, and 50–225 AD. These
periods belong to the Little Ice Age, when the sandstorm activity was strong.

The desert and its neighboring areas in the monsoon marginal zone of northern
China have experienced two warm and humid climate periods (0–200 and
900–1300 AD) and two cold and dry climate periods (700–1000 and 1400 AD),
which is consistent with the two cold and two warm climate change conditions
shown by temperature integration in the Northern Hemisphere. During the warm and
wet periods, aeolian desertification reversed. When the climate became colder and
dry, wind and sand activities occurred, and aeolian desertification developed.
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4.2.2 Recent and Future Climate Change in Northern China

Extreme weather and climate events accompanying warming in China have recently
become increasingly stronger. The melting of the cryosphere is accelerating, and the
level of climate risk is increasing. However, the regional difference in climate
change was very obvious from 1961 to 2018. For example, the rate of temperature
increase in northern China was significantly greater than that in the south, and the
rate in the western region was greater than that in the eastern region. The highest rate
of temperature increase on the Qinghai-Tibet Plateau was 0.37 �C/10 a. During this
period, the average precipitation in China showed a slight increasing trend, the
regional variation in precipitation change was also obvious, and precipitation
showed a significant increasing trend on the Qinghai-Tibetan Plateau, a weak
decreasing trend in the southwest area, and a substantial fluctuation with no obvious
change trend in other areas (Xue et al. 2012).

Based on China’s climate change over the past few decades, scientists have used
climate models to simulate climate change in northern China in the coming decades.
The results show that in the next few decades, near-surface temperature and precip-
itation in northern China will increase significantly, the frequency of extreme arid
climate will increase, the scope of influence will expand significantly, and there will
be significant differences between regions (Hu et al. 2015). Northern China will be
the region with the most significant warming and will experience the greatest
warming on mainland China from 2015 to 2025. By 2030, the winter temperature
increase in northern China will increase by 2.5 �C relative to the multiyear average
temperature (1961–1990). In the summer of the next 10 years, northern China will be
in a clear water vapor convergence zone, and summer precipitation in northern China
will increase significantly (Hu et al. 2015).

According to the simulation results (Fang et al. 2020), the climate in the
agropastoral ecotone zone of northern China shows a warming and humidification
trend from 2006 to 2050. The average increase rate of the temperature will be
0.2–0.5 �C/10 a, and the annual precipitation rate of change will be
1.49–15.59 mm/10 a. If greenhouse gases are not effectively controlled, then the
instability in the regional climate system will increase significantly. For example, as
the concentration of greenhouse gases increases, the rate of temperature increase in
the agropastoral ecotone zone of northern China will increase from 0.25 �C/10 a to
0.48 �C/10 a, and the rate of change in precipitation will increase from 3.97 mm/10 a
to 14.58 mm/10 a (Fang et al. 2020). The Loess Plateau in northern China will also
increase significantly with obvious seasonal variation in the next 100 years. The
spatial variation coefficient of the average winter temperature is the largest under the
same RCP scenario, and the overall trend in the rate of temperature increase
gradually from south to north will increase; under the same RCP scenario, the spatial
variation coefficient of spring rainfall will be the largest, and the rate of increase in
precipitation will gradually increase from north to south (Ren et al. 2019).

By 2030, the average temperature in the western part of northern China will
increase by approximately 1.67 �C. The maximum increase will be 1.79 �C and will
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occur in the western part of Tianshan Mountain and southern Xinjiang. The mini-
mum increase will be 1.56 �C and occur in northern Xinjiang. The eastern region
(including western Inner Mongolia, most of Gansu, and central and northern Qing-
hai) will have a temperature increase between the previously stated values, and the
temperature increasing range will be 1.65 �C. The spatial and temporal distribution
of precipitation will be more complicated. Overall, precipitation in the western
region will increase and relatively decrease in the northern and eastern regions.
Overall, drought in northwestern China will increase significantly in the next
10 years (Feng et al. 2019).

4.3 Anthropogenic Mechanism of Aeolian Desertification

As mentioned above, aeolian desertification is mainly caused by unsustainable land
use activities in the context of climate variability. Several factors mainly control
unsustainable land use. First, excessive land use is often associated with an increase
in population. The increase in population will inevitably lead to an increase in
demand for food, water, and other necessary materials for living. When the produc-
tivity per unit area of land remains unchanged, the increased demand can only be
addressed by increasing the use of land resources, such as expanding the area of
cultivated land and increasing the number of animals per unit area. Land use is often
directly related to state policies. The government will encourage people to change or
exacerbate land use due to various needs. For example, at the end of the Qing
Dynasty, to pay war compensation, the government encouraged farmers to reclaim
the northern grasslands. In the 1930s, the US government promulgated various land
policies to attract farmers to carry out reclamation. To build the cotton base in
Central Asia, the former Soviet Union called on local people to use the Amu
Darya and the Syr Darya to plant vast fields of cotton (Xue et al. 2015). Facts
show that land use supported by policies is the most critical factor leading to
desertification because the scale of policy is more significant than personal behavior.
Changes in the original traditional production methods and improvements in levels
of technology will also possibly cause aeolian desertification. When people gradu-
ally change from a nomadic civilization to a farming civilization, land reclamation
occurs. The increase in drilling for water has made the use of groundwater possible,
which has led to the continuous expansion of irrigated agriculture in arid areas. The
unrestricted expansion of irrigated agriculture is likely to cause desertification of
the land.

The human driving force behind the occurrence and development of aeolian
desertification in northern China is also determined by the population size, policies,
and production methods. The specific human activities are overfarming,
overgrazing, overlogging, overmining, and unsustainable exploiting of water
resources. According to research (Wang 2011), aeolian desertified land caused by
inappropriate land use accounts for approximately 95% of the total aeolian desert-
ification area in northern China. However, in different regions, the leading factors

4 Driving Factors of Aeolian Desertification 85



are different. The aeolian desertified land in northern China is mainly divided into
agropastoral ecotones, pure pastoral zones, and irrigation oasis zones in inland river
basins. The following sections introduce the driving mechanisms of aeolian desert-
ification in these three regions.

4.3.1 Agropastoral Ecotone

The agropastoral ecotone in northern China mainly refers to the transition zone
between the agricultural zone and the pastoral zone in northern China. In this
transition zone, planting and grassland animal husbandry are spatially staggered
and overlap in time. Land uses shifted with time. In different historical periods, the
geographical scope of the agropastoral ecotone in northern China was not the same.
Before the Qing Dynasty, the area was mainly distributed on both sides of the Great
Wall, but now it is more distributed north of the Great Wall. During the historical
period, factors such as climate change and ethnic migration often led to the north-
ward or southward invasion of the agropastoral ecotone. At present, the pattern of the
agropastoral ecotone is more controlled by changes in policies and land use methods.

At present, the agropastoral ecotone in northern China is mainly located to the
north of the Great Wall and is a semiarid temperate zone. The ecotone consists of the
Horqin region, the regions in southern Inner Mongolia and northern Hebei Province
(SIM and NH), and the Ordos region (Fig. 4.3). The precipitation in this ecotone is
about 200–400 mm, and the evaporation is 2000–2500 mm. The natural landscape is
mainly dry steppe, including part of a sparse forest steppe and desert steppe. Almost
all the regions were nomadic pastures 200 years ago. From the perspective of
geographical area, the ecotone is located at the junction of semiarid and subhumid
areas. From the perspective of population and cultural distribution, the ecotone is
located at the junction of the Han population with a farming culture and a minority
population with nomadic culture. Because this ecotone is at the edge of the monsoon,
the interannual and intra-annual changes in precipitation in this area are quite
significant. When the monsoon is strong, it often produces abundant precipitation,
and when the monsoon is weak, the opposite occurs. These characteristics are
concrete examples of the vulnerability and sensitivity of the geographical environ-
ment in the agropastoral region, and this vulnerability and sensitivity serve as the
main sources of the generation and development of land desertification.

The inhabitants of the agropastoral ecotone 200 years ago were pastoral minority
populations, and grazing was dominant because strong winds, drought, and a loose
soil surface were not conducive to cultivation. However, since the eighteenth
century, agriculture has gradually replaced animal husbandry (Wang et al. 2015).
According to research (Yang and Ta 2002), farmland increased from 50,200 km2 in
1952 to 82000 km2 in 1998 in Inner Mongolia. The same research also showed that
the farmland area increased by 1150 km2 from 1915 to 1928 and reached 13,330 km2

in 1949 in the Ordos region. Other studies have shown that farmland increased from
700 km2 in 1948 to 7300 km2 in the late 1980s and natural pasture decreased from
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8700 to 2700 km2 in the same period in northern Hebei Province (Han and Han
2003; Sheng et al. 2003). Consequently, land use conversion extended farmlands
northwestward and pushed the boundary of the historical agropastoral ecotones
northward by an average of 180–220 km into the Booe typical steppe or desert
steppe (Fig. 4.4) (Wang et al. 2008).

Reclamation activities have created favorable conditions for surface sandy parti-
cles to be blown, transported and accumulated under the force of the winder, which
caused a significant change in the original landscape of the sandy grassland. There-
fore, reclamation is the main cause of aeolian desertification in grassland ecosys-
tems. As mentioned above, land use patterns mainly occur based on two situations:
one is the change in the natural environment, and the other is the change in national
policies. Changes in the natural environment often cause farmers to spontaneously
change land use patterns. When the climate is dry and cold, agricultural plantations
will be replaced by animal husbandry due to limited conditions. When the climate
changes toward warm and humid conditions, people usually reclaim grasslands for
crop plantations.

Studies have shown that there is often a period of increased crop planting area
after a wet year (Xue et al. 2005a). However, when farmers reclaim grasslands
spontaneously, they often overlook the geographical characteristics of the land they
inhabit differently from those of other areas. These overlooked characteristics are
large precipitation variability, loose surface material, and frequent strong winds.
People forget that abundant rainfall is only temporary. The year after abundant
precipitation is often a dry year. With a reduction in precipitation, there is not
enough water to continue to support the growth of crops. Cultivated land must be
abandoned (Zhu and Liu 1981). For example, in Yijinhuoluo County in the Ordos
region, the total area converted from pasture to farmland was 700 km2, but only
300 km2 of the farmland remained after 20 years (Jia et al. 2003). When cultivated
land is abandoned and grass has not yet grown, the loose surface is exposed directly
to the wind. Fine particles and nutrients are thus eroded in these regions, and the
sediment moves to the downwind regions. Aeolian desertification occurs in these
downwind regions. The large precipitation variability in the semiarid area provides a
good natural background for aeolian desertification. In the other areas, there are also
long-term or short-term precipitation changes, but such precipitation changes will
not have a substantial impact on land use. For example, in the region with an annual
average precipitation greater than 800 mm, the change in precipitation of
100–200 mm will not change the local agriculture. Similarly, in the desert hinterland
with an average annual rainfall of approximately 50 mm, a certain year or years with
rainfall of 100 mm will not turn desert into farmland. However, in the agropastoral
ecotone with rainfall of approximately 400 mm, small precipitation changes may
lead to landscape changes and a shift in land use (Xue et al. 2005a).

Being aware of the vulnerability and sensitivity of the geographical environment
and formulating long-term and sustainable land uses that adapt to environmental
changes are not determined by the ability of some individuals but must rely on
national policies. Large-scale army reclamation during the Qin and Han Dynasties,
subsidy reclamation in the late Qing and the Republic of China, migration
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reclamation in the 1950s and 1960s, and the conversion of farmland to forests and
grasslands after the 1980s are all nationally dominated land uses. When land use
changes are coordinated with the evolution of the natural environment, the human-
land system is at an equilibrium, and it has a strong resistance to external interfer-
ence. The reversal of aeolian desertified land in some areas of northern China in the
past 20 years mainly comes from the implementation of the policy of returning
farmland to forest and grassland. In contrast, when policy development only con-
siders short-term economic benefits and ignores long-term ecological and social
benefits, it leads to an unbalanced relationship between people and land. When the
external conditions change slightly, various ecological problems, economic prob-
lems, and even social problems will appear in the system, such as aeolian deserti-
fication in the agropastoral ecotone before the 1980s.

4.3.2 Pure Pastoral Region

Pure pastoral areas refer to areas where grazing is the only or dominant land use
activity. China’s pure pastoral areas are mainly distributed in the temperate grass-
lands in the north and the alpine grasslands on the Qinghai-Tibetan Plateau. Aeolian
desertification of the alpine grasslands on the Tibetan Plateau is largely affected by
climate change (Xue et al. 2009). The pure pastoral area discussed here refers to the
temperate grassland north of the agropastoral ecotone in northern China (Fig. 4.3).
The precipitation in this area ranges mostly from 100 to 300 mm. Landscape types
include typical steppe, dry steppe, desert steppe, and steppe desert. Overgrazing is
the main cause of aeolian desertification in pure pastoral areas. In recent years, with
the popularization of solar energy and wind energy, overlogging has been effectively
resolved. However, before the end of the last century, of the aeolian desertification
caused by the range of human activities, that caused by excessive woodcutting was
the largest.

There are two reasons for overgrazing in pure pastoral areas. On the one hand,
because the original grassland was reclaimed to farmland, the grassland area was
greatly reduced. Even when the number of livestock remained unchanged, the
livestock load per unit of grassland increased significantly. This scenario is often
referred to as relative overgrazing. On the other hand, the total number of livestock
has also increased significantly, which is called absolute overgrazing. Inner Mon-
golia is the main distribution area of pure pastoral husbandry in northern China.
Research (Wang 2011) shows that the livestock amount in Inner Mongolia increased
from 2447.3 � 104 sheep units in the 1950s to 6460.14 � 104 sheep units at the end
of the last century. In the 1990s, the theoretical livestock carrying capacity in Inner
Mongolia was 4837 � 104 sheep units, and the overload rate reached 33.56%.
Overloading was even more severe in other regions. For example, overload rates
in the same period were 135.70% and 138.93% in Gansu Province and Ningxia
Province, respectively. In addition to the increase in livestock amount, a decrease in
grassland productivity also resulted in overloading in the pure pastoral regions.
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According to our investigation in Xiuzhumqin Qi (county) of Inner Mongolia,
0.54 ha of grasslands could support one sheep in 1955, but the data showed that
1.09 ha of grasslands could support one sheep in 1982 and 2.45 ha of grasslands in
2000 (unpublished data).

Overgrazing mainly occurs because an increase in the number of people and
improvements in living standards increase the demand for products such as meat,
milk, wool, and cashmere. In addition, improvements in herdsmen’s own living
standards and an increasing emphasis on education have prompted them to expand
their livestock scales as much as possible to obtain increased economic benefits.
These are the main reasons for the current overgrazing issue. Notably, herdsmen’s
instincts for pasture protection and the grazing experience will not cause severe
damage to pastures due to overgrazing. However, frequent climate fluctuations in
recent years have often resulted in unpredictable consequences. The abundant
precipitation in the spring increased grassland biomass, and the number of livestock
increased rapidly. However, when the next year’s drought arrived or the rainy season
was postponed, the productivity of the vegetation decreased, and the grassland was
overeaten by the increased livestock, making it difficult to recover it in the short
term. For example, in 2000–2001, the drought of Sunite Zhuo Qi (a county of Inner
Mongolia) decreased the livestock carrying capacity of a grassland by approximately
half, which made the region become one of the most severely aeolian desertified
regions in northern China.

For both absolute overgrazing and relative overgrazing, the number of livestock
exceeds the carrying capacity of a pasture. An excessive load on a pasture will not
only decrease the vegetation coverage but also induce wind erosion. More impor-
tantly, over browsing by livestock destroys the root system, reduces the number of
seeds and germination capacity, and inhibits vegetation restoration, which reduces
the stability of the ecosystem. In addition, under heavy trampling of livestock, the
surface crusts are broken, sands are exposed, and wind erosion increases. Remote
sensor monitoring shows that the aeolian desertification occurred in 25–35% of the
pure pastoral region in 2010.

The aeolian desertification process caused by overgrazing is more obvious around
wells. Field investigations show that within a radius of 500 m around a water well or
livestock habitat, native vegetation is destroyed and presents a sandy or gravel
textured surface. Within a radius of 500–1000 m, only uneatable or even poisonous
weeds grow. Forage grass gradually appears 1000 m away from wells. Therefore, the
emergence of this kind of landscape with different types of grasslands centered
around water wells usually represents the emergence of aeolian desertification. In
addition to wells and livestock habitat sites, this aeolian desert landscape caused by
overgrazing is also distributed around some small lakes.

In a grassland area, after excessive browsing and trampling damage the surface
vegetation and crusts, wind erosion begins to occur. As the degree of wind erosion
increases, wind erosion dens first appear on the surface. The sizes of wind erosion
dens continue to increase, and sometimes large wind erosion pits are formed. Fixed
dunes or semifixed dunes with higher vegetation coverage, affected by overgrazing
and overlogging, will be gradually activated and eventually form mobile dunes.
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Therefore, fixed sand dune activation and sandy grassland wind erosion are the two
main types of land desertification that occur in pure pastoral areas. The particles
eroded by wind can be transported and accumulate several meters to hundreds of
meters downwind. Fine silt and clay particles easily become airborne and form dust
storms in downwind areas (Liu et al. 2008). Sandy grasslands might be one of the
principal dust sources for Beijing and its surrounding area. Furthermore, sand
particles move downwind along the land surface and form sand patches or active
dunes when they encounter barriers. After long periods of wind erosion, the land
becomes coarse and loses productivity.

In the process of aeolian desertification of grasslands, overfarming and
overgrazing affect each other, and they are closely related.

4.3.3 Irrigation Oasis Zone in Inland River Basins

Because irrigation oases provide habitats for animals and humans in drylands
(Mainguet 1991), they are vitally essential for people living in drylands (Reynolds
et al. 2007; UNCCD 2008). Irrigation oases only occupy 4–5% of arid northwestern
China (Fig. 4.5) but support 90% of the local population and produce 95% of social
wealth (Li et al. 2007). Water is the most fundamental resource for the sustainability
of oases because it sustains the lives of local people, livestock, and agriculture, as
well as environmental health and ecosystem services. However, unsustainable water
use is widespread at almost all these oases are also the leading cause of aeolian
desertification in these areas. Mainguet (1991) said, where is the wrong management
method, where there is wind erosion.

Irrigation oases in northwestern China are distributed in a beaded pattern along
the inland rivers from the middle reaches to the lower reaches (Fig. 4.5). The rivers
originate in the mountainous areas in the upper reaches and flow through oases and
deserts, which make up the inland river catchment or watershed. Environmental
factors such as hydrology, climate, soil, and vegetation in the same catchment, as a
subsystem, are interconnected and interdependent. By changing one or several
subsystems, an entire river basin system can be changed. In addition, various natural
geographic processes are consistent, and various human activities occur in a water-
shed system. This also means that land use in the upstream region of a basin system
is closely related to environmental change in the midstream and downstream
regions. A reduction in upstream water intake is sometimes controlled by natural
factors, but often, a reduction is due to an excessive use of water resources from the
unrestricted expansion of farmland. This conflict of water resource use in basins has
occurred consistently for more than 2000 years and reached its peak in the 1980s
(Xue et al. 2005b, 2015).

During the 1970s–1980s, the central and local governments called for the con-
struction of irrigated oases in the northwest that transformed the area into a base of
commercial grain and cotton. Encouraged by the policy, reservoirs were built in the
upper and middle reaches to block floods and expand cultivated land. This caused
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the water volume in the lower reaches of the basin to continually decrease. Consid-
ering the Shiyang River Basin (Fig. 4.5), which is located on the easternmost side of
the Hexi Corridor, as an example, from 1971 to 2000, overfarming in the middle
reaches led to an accumulated reduction of 30� 108 m3 in the water flowing into the
downstream oasis, with an average reduction rate of 0.83 � 108 m3 year�1. In 2000,
the per capita water consumption was 1552 m3 in the middle reach oases but only
537 m3 in the downstream oasis. The shortage of fresh river water and the increase in
farmland irrigation forced local farmers to dig wells and extract groundwater to
irrigate their crops in the downstream oasis (Xue et al. 2015). Groundwater has been
used to flood irrigated cropland over many years. Frequent flood irrigation has led to
a decrease in the groundwater table and an increase in the salinity of the groundwater
because of intense evaporation and high salt concentrations. Field surveys and
literature analysis show that the average value of total dissolved salt content (TDS)
in the downstream oasis groundwater increased from 0.7 g l�1 in the 1950s to
2.5 g l�1 in 2005. In the northern oasis region, TDS reached 6–10 g l�1 and even
as high as 16 g l�1 in the northern end area of the oasis (Li et al. 2006; Zhu et al.
2007). Similar patterns in water quantity and quality degradation from the overuse of
water resources also exist in other arid areas (Wada et al. 2010), such as the Heihe
Basin, the Sule River Basin, and the Tarim River Basin in northwestern China and
the Aral region in Central Asia.

Therefore, unsustainable water use and management first led to a decline in
groundwater levels and deterioration of water quality. After the groundwater table
lowered, natural and artificial vegetation dried, and shelter forest systems protecting
oases became degraded because the tree roots could not absorb water from the
shallow soil layer. Without the protection of the shelter forest, dunes moved toward
the oases and buried farmlands and settlements (Xue et al. 2015). Since the 1950s,
desert areas located in the north of the Shiyang River Basin have encroached
southward into the oasis by 50–70 m and destroyed 400 ha of farmland. Desert
areas located in the west have moved east by 30–60 m and have destroyed 467 ha of
farmland (Zhang et al. 2004; Sun et al. 2005; Dong et al. 2010). Irrigation with saline
or high-sodium water resulted in the formation of alkaline soil, damaging the soil
structure. The farmland areas were abandoned because of their high salinity levels
and low productivity. Saline wasteland and abandoned farmland areas increased the
danger of wind erosion and aeolian desertification. According to research conducted
in the downstream oasis of the Shiyang River Basin, 70% of local farmland has been
affected by aeolian desertification, and 85% has been affected by different degrees of
salinization (Sun et al. 2007). Based on satellite remote sensing, aeolian desertifica-
tion rapidly developed from the 1970s to the 1990s in the lower part of the Shiyang
River Basin. Aeolian desertified land has increased by 1.13 � 104 ha at the margins
of the downstream oasis (Zhang et al. 2004). Severe aeolian desertification has
resulted in the lower reaches of the Shiyang River Basin becoming one of the
primary sources of sand-dust storms in China (Wang et al. 2004).
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4.4 Conclusion

Although climate variability and human activities are the leading causes of aeolian
desertification, the natural environment of areas with aeolian desertification also
plays an important role. The vulnerability and low carrying capacity of ecosystems
are the main characteristics of the natural environments in arid areas. Generally, the
vulnerability of ecosystems in arid areas makes these areas more prone to degrada-
tion than humid areas when short-term climate variability occurs. The lower carrying
capacities of arid ecosystems result in human activities having a larger impact there
than in other areas. This scenario indicates that land use and management in arid
areas need more attention than those in other regions. Given global warming,
extreme events can cause the arid ecosystem to become degraded rapidly. Develop-
ing sustainable land management policies to cope with future climate change is
essential and urgent.

In addition, when carrying out aeolian desertification prevention and control,
appropriate policies and measures should be developed according to regional char-
acteristics. For example, in dry subhumid areas, reducing excessive farming may be
the main means to control aeolian desertification, but in semiarid areas, a reasonable
animal number based on the local carrying capacity and future climate change needs
to be determined. Sustainable water use and management are the fundamental
solution for aeolian desertification in the irrigated oases of arid areas.
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Chapter 5
Aeolian Desertification Processes

Tao Wang, Xueyong Zhao, and Tonghui Zhang

Abstract Aeolian desertification is a dynamic process that involves quantitative
and qualitative changes, including changes in landform features, patterns, and
landscape types and changes in plants, soil animals, and microbes, which are the
physical processes and biological processes of aeolian desertification, respectively.
The physical processes of aeolian desertification are marked by wind-sand activities
and can be generally classified into four types: the sand dune (sandy land) mobili-
zation process, the aeolian desertification of grassland shrubs process, the soil-layer
wind erosion and coarsening process, and the badland formation process resulting
from uneven wind dissection. The biological processes of aeolian desertification are
dominated by primary vegetation being replaced by pioneer sandy vegetation and
sandy vegetation, and in most cases, this process begins with a decrease in vegeta-
tion due to overuse, deforestation, overgrazing, fuel wood collection, and other uses
of plant for survival and producing resources. Under favorable environmental
conditions, aeolian desertification can undergo reverse succession. Therefore, it is
very important to address the physical and biological processes of aeolian deserti-
fication and restoration.
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5.1 Introduction

Aeolian desertification involves processes related to not only primary vegetation
replacement by pioneer sandy vegetation and sandy vegetation but also soil coars-
ening and barrenness, which are considered the physical processes and biological
processes of aeolian desertification, respectively. The evolution of aeolian desertifi-
cation is a process that involves quantitative and qualitative changes. With the
increase in the degree of aeolian desertification, the threshold wind speed of sand
movement decreases, the sand transport capacity increases, and the near surface of
sandy land has a relatively high wind energy environment. The aeolian desertifica-
tion process is dominated by the activation of fixed sand dunes, which leads to the
fragmentation of landscapes and the appearance of extensive moving sand in many
areas. At the same time, the risk of soil wind erosion caused by land reclamation
cannot be ignored. Under favorable environmental conditions, the process of aeolian
desertification can undergo reverse succession.

5.2 Physical Processes of Aeolian Desertification

5.2.1 The Formation of Aeolian Landforms

The development of aeolian sand geomorphology is the result of the interaction
between air flow and sandy surfaces and is affected by surface fluctuations, sand
source supply and water content, vegetation condition, etc. (Zhu and Chen 1994).
Generally, there are two dynamic processes: the wind erosion process and the wind
deposition process. Wind erosion and wind deposition may occur when the wind
blows across loose, dry, and exposed sand surfaces, resulting in different sand
landforms.

5.2.1.1 Wind Erosion Process and Landforms

Wind erosion is the separation of surface matter from its place under the action of
wind. Wind erosion can be generally divided into three processes (Fig. 5.1): defla-
tion, namely, winds blow away sand particles; abrasion, namely, wind-ferried
particles hit a highly cemented ground surface and rock surface; and attrition,
namely, the collision between moving sand grains, which plays a relatively small
role in the formation of wind erosion landforms compared to the first two. Deflation
and abrasion can create large wind erosion landforms such as yardangs, ventifacts,
and wind-scoured depressions (Livingstone and Warren 1996). Abrasions on the
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surface of large rocks may form niches; if the objects subjected to abrasion are
clasolites, then ventifacts may be formed; and when abrasion occurs in a vast region,
yardang landforms may be formed.

Wind erosion geomorphology has two controlling factors, namely, erosivity and
erodibility. Erosivity is a function of wind energy and time, while erodibility is the
erosion degree of a land surface or object, which is related to many factors, such as
the size of surface particles, vegetation coverage, soil water content, soil crust, and
land terrain. Gillette et al. (1982) ranked the surface erodibility of deserts in the order
of strong to weak as follows: loose soil! dune sand! deluvial and dry deposits!
loose salty soil ! playa beach ! playa center ! desert gravel. Wind erosion
landform types mainly include yardangs, wind-scoured depressions, ventifacts,
and stone pavement.

Yardang—“Yardang” is a Uygur word. The shapes of yardangs include deflation
mushrooms, deflation columns, and deflation residual hills (Fig. 5.2). Yardang
landforms are common in arid zones. At present, there are still considerable debates
about their formation mechanism. It is generally believed that when abrasion occurs
in a vast area, yardang landforms may be formed, and deflation is also a factor in

Fig. 5.1 Wind erosion processes and wind-eroded landform types

Fig. 5.2 Typical shapes of yardang landforms in arid areas (left) and semiarid areas (right) (Wang
2011)
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shaping yardang landforms. However, some scholars believe that abrasion does not
play a leading role in the formation of yardangs.

Wind-scoured depression—Wind-scoured depressions refer to saucer-like
depressions formed in arid zones. They are generally formed on erodible ground
surfaces; in South Africa, they mainly occur on sand beds, and in Australia, they
mainly occur on dry riverbeds or lake beds. In some cases, they coexist with
yardangs. The size and depth of wind-scoured depressions are significantly different,
and barchan dunes or small sand ridges, which mainly consist of clay materials,
commonly appear on downwind edges (Fig. 5.3).

Ventifact—Ventifact refers to rocks scattered in a desert or gobi that have
experienced long-term sand abrasion (Fig. 5.4). The prominent feature of a ventifact
is that it has a polished surface or edges; there are pits and scratches on the surfaces,
and the edge line is often close to the wind direction. The in situ shape of a ventifact

Fig. 5.3 Distribution relation among wind-scoured depressions, barchan, and other dune types in
the Kalahari region (Wang 2011)

Fig. 5.4 Ventifact (left) and stone pavement (right) in the Qaidam Basin (photo courtesy of Xian
Xue)
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is related to the shape of the original stone in addition to the number of stone
reversals or changes in the wind direction. However, a ventifact is mostly three-
sided and shaped like a small pyramid. The sizes of the smooth surfaces are also
different due to the different times of wind erosion. Wind-tunnel experiments by
Miotke (1982) show that tens to several hundreds of years are required to form
ventifacts, and the abrasion rate varies in the range of 0.001–20 mm/a.

Stone pavement—Stone pavement refers to a stone mantle or eroded gobi in
central Asia that cover the surface of sandy and clay lands and are formed through
wind deflation (Fig. 5.4). Stones are often small and multiangular. It has also been
suggested that deflation may not be the only cause of stone pavement, and its
formation is also related to other factors, such as freezing and thawing, crystallizing,
and flowing water.

5.2.1.2 Wind Deposition Process and Landforms

When the wind speed decreases, wind-sand flow is in a supersaturated state, and the
sand particles carried by the wind will be deposited to form aeolian landforms. Many
other factors can cause sand deposition, such as vegetation and topographic obstruc-
tion. The most important landforms formed during wind deposition processes are
sand dunes.

There are many classification systems for sand dunes, but there are two main
classifications: one is based on the relationship between dune shape and the wind
environment or sand source, and the other is based on the genetic principle.

According to the relation between dune strike and the main wind direction, there
are three major dune types: a longitudinal dune, an oblique dune, and a transverse
dune (Fig. 5.5). According to the genetic classification, there are five major types of
dunes, i.e., a barchan dune, linear dune, reverse dune, star dune, and parabolic dune,
based on their shape and slope number. Except for the single type, sand dunes
usually appear as composite and complex types. Compound dunes refer to two or
more sand dunes of the same type that are linked or overlap, and complex dunes are
composed of two or more different types of dunes. Approximately 46.6% of the

Fig. 5.5 Dune types divided according to the relation between dune strike and main wind direction
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current sand sea is covered by compound or complex sand dunes according to
statistical data (Fryberger and Goudie 1981).

In addition, there are also some other sand depositional landforms in the sand sea,
such as sand sheets; narrow and long dunes without sandfall slopes known as zibars,
phytogenetic dunes, or coppice dunes; and obstacle anchored dunes known as echo
dunes, climbing dunes, and falling dunes.

5.2.2 Physical Processes of Aeolian Desertification
Development

The physical processes of aeolian desertification development involve changes in
landform features, patterns, and landscape types. Generally, the modern aeolian
desertification process marked by wind-sand activities can be divided into four
types: the sand dune (sandy land) mobilization process, aeolian desertification of
grassland shrubs process, soil-layer wind erosion and coarsening process, and the
formation of badlands process resulting from uneven wind dissection (Zhu and Chen
1994).

5.2.2.1 Sand Dune (Sandy Land) Mobilization Process

Sand dune (sandy land) mobilization refers to the process of sand being removed
after the destruction of vegetation in fixed deserts formed in the historical period.
However, the modern aeolian desertification process has mainly been caused by
human activities. Therefore, sand dune (sandy land) mobilization occurs mainly near
sandy farmland, residential areas, and livestock drinking water areas and along
traffic routes.

The aeolian landforms formed in the process of sand dune (sandy land) mobili-
zation are restricted by their original forms, but they are not the reappearance of the
original forms. In addition, most have new morphological characteristics. The
formation and development of parabolic dunes are the most typical representations
(Fig. 5.6).

In the process of sand dune (sandy land) mobilization, the decrease in vegetation
cover and plant species is obvious, and the succession of different vegetation types
has the same trend: community structure evolves from complex to simple; the level
gradually decreases; plants are gradually low and sparse, and the biomass decreases;
and plant quality changes from superior to inferior, mainly in the decrease in edible
species. In addition, the soil humus layer formed in the fixed stage is continuously
lost by wind erosion, and the whole soil layer is sorted by wind, resulting in fine
particles being continuously lost. As a result, soil nutrients decrease, and the soil
becomes increasingly barren.
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5.2.2.2 Aeolian Desertification of Grassland Shrubs

Grassland shrub aeolian desertification refers to the process of formation, growth,
sand enrichment of coppice dunes on sandy grassland, and the final formation of
sandy desert (Fig. 5.7). A coppice dune is a kind of aeolian landform formed by the
accumulation of sand particles when wind-sand flow is obstructed by shrubs. Its
formation and evolution are mainly affected by wind, sand sources, vegetation, etc.
The wind must be strong enough to cause sand flow but not exceed the sandbreak
capacity of shrubs, the vegetation acts as the sand trapper, and the sand source is the
material forming the wind-sand flow and composing the coppice dunes.

Coppice dunes mostly appeared as shield, dome, strip, and compound shapes.
Field observations and wind-tunnel experiments have shown that coppice dunes
have formed through the following stages (Fig. 5.8):

Fig. 5.6 Form and development of parabolic dunes (Wang 2011)

Fig. 5.7 Coppice dunes in southern Xinjing (photo taken by Xian Xue)
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Sand-strip stage: A sand strip is mainly composed of fine grains and extends in
the wind direction, with the ratio of the length to the width being dozens of times and
with the height being a few centimeters. This stage is rarely seen in natural settings
because of the short process time and the lack of stable unidirectional winds.

Sand-spit stage: A sand spit is a shortened sand strip, and the plane shape is an
isosceles triangle with shrubs at the bottom. In arid grasslands, the height of the sand
spit generally does not exceed 35 cm; its widest height is approximately 50–60 cm,
and the length-width ratio ranges from 5:1 to 10:1.

Sand-mound stage: The downwind extended part of a sand spit is continuously
shortened, and the height increases, finally forming an oval-shaped sand mound,
with its large head facing the main wind direction. Its longitudinal profile shape is
streamlined, and the length-width ratio is less than 2:1.

Sand-heap stage: The shape of a sand heap changes less compared to that of a
sand mound. However, it gradually grows increasingly larger as the vegetation
multiplies and entirely covers the dune due to water storage in the heap, and
eventually, mature coppice dunes are formed.

The evolution of individual coppice dunes is not endless; when entering an
equilibrium state, it shows a very strong zonality in relation to the habitat charac-
teristics, such as in relation to the wind regime, sand source, water condition, and
vegetation type. For example, a Caragana sinica coppice dune in a semiarid sandy
grassland can grow to 1.5 m in height and 3 m in diameter; however, in an arid desert
and gravel grassland, its height is only 20–30 cm, and its diameter is less than 3 m; a

Fig. 5.8 Process of coppice dune formation in wind-tunnel experiments (Zhu and Chen 1994)
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Tamarix ramosissima coppice dune on the edge of the Taklimakan Desert generally
can be as tall as 7–8 m and 10 m or more in diameter.

5.2.2.3 Soil-Layer Wind Erosion and Coarsening Process

The process of soil-wind erosion and coarsening refers to the destruction of surface
soil structure by wind erosion, the loss of fine grains, the increase in coarse grains,
the loss of soil fertility, the deterioration of soil performance, and the decline in land
productivity, leading to the degradation of the whole ecosystem and the occurrence
of aeolian sand microgeomorphology.

Erosion factors depend on natural environmental conditions such as local wind
force, ground cover conditions, and water state. In his study of soil erosion on the
western Great Plains of the United States, Chepil (1945) referred to sand grains <
0.84 mm as an erodible factor through a large number of observations and experi-
ments. Chen et al. (1995) determined that the erodible factor was <0.8 mm on the
Beijing Plain of China; some results in Inner Mongolia showed that the nonerosion
factor of grains is larger than 1.0 mm, and in desert areas, grains with a larger than
2.0 mm nonerosion factor are present. A wind-tunnel experiment showed that sand
can be moved by wind only if the water content in the sand is below 1% (He 1988).

Soil-layer coarsening can be demonstrated as aeolian desertification and
gravelization in different zones. In the sandy loess area, wind erosion is the loss of
the dust, and the remaining area is sand grains; here, aeolian desertification occurs.
Near gobi areas, the wind force is strong, and the remaining particles are mainly
larger than 2 mm in diameter. Here, the surface exhibits gravelization, such as the
gravel mantle formed in the piedmont diluvial plain or undulate eluvial plain.

With the development of soil-layer wind erosion and coarsening processes, the
soils become barren rapidly. For example, in the farming area of the Bashang region
in Hebei Province and Ulanqab Banner in Inner Mongolia, the soil organic matter
content of newly reclaimed land was between 2% and 4%, and it decreased to below
1% after 5–10 years of repeated cultivation and wind erosion; crop yields also
decreased significantly, and the crop yield decreased by more than half after
9–20 years of cultivation.

5.2.2.4 Uneven Land-Wind Dissection: The Formation Process
of Badland

The formation of badlands often occurs from a wind erosion blowout in the
deposition area, with the soil stratum being relatively uniform and mainly consisting
of silt-fine sand, subsand, or even clay. The vortex formed in the blowout produces
uneven cutting on the ground, making the ground more undulated and similar to the
“yardang” landforms such as niche and earth pillars.

Badlands, according to their location, can be divided into three types: (a) the
depression, distributed in relatively wide intermountain depressions, is composed of
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limnetic and aeolian facies sediments, with more mud-calcium and obvious hori-
zontal bedding in strata. (b) The shallow ravine depression mostly occurs in the
middle of gently undulating plains in interdune depressions. The deposition is
dominated by aeolian sediments, and vertical bedding joints similar to loess depo-
sition are well developed (Fig. 5.9). Usually, at the junction of two branch ravines,
airflows easily form eddy currents, where uneven land-wind dissection is most
developed. (c) The piedmont type is distributed on windward slopes on hilly land
and is composed mainly of slope deposits. The lower soil layers are mixed with
gravel, and the paleosol layer parallel to the slope is obvious. Wind plays a primary
role in the formation of this third type of badland. However, the formation of most
badlands in the grassland region of eastern China is related to cutting by running
water, especially in the wide, shallow ravine depression type; extensive human
activities such as excavating sand, digging soil, and building roads in dry farming
regions also trigger the development of badlands.

5.3 Biological Processes of Aeolian Desertification

The biological process of aeolian desertification refers to the processes dominated by
changes in plants, soil animals, and microbes due to land desertification and/or
restoration in arid, semiarid, and subhumid regions. In most cases, the aeolian
desertification process starts with vegetation reductions due to overuse, deforesta-
tion, overgrazing, fuel wood collection, and other use of plants as livelihood and
production resources. Therefore, it is very important to discuss the biological
processes of aeolian desertification from individual plants to communities.

Fig. 5.9 Wind-eroded badland in northern Shangdu County of Inner Mongolia (Wang 2011)
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5.3.1 Changes in Biodiversity in the Aeolian Desertification
Process

Biodiversity is an important trait of plant communities degraded to desertified land
or restored from desertified land; here, in the eastern part of China, biodiversity
changes mainly refer to those from restoring desertified grassland. An increase in
biodiversity to some extent could promote the stability of restored ecosystems;
therefore, plant coverage, diversity, productivity, and habitat traits from 60 commu-
nities were measured and analyzed. The results showed that biodiversity and bio-
mass increased along the habitat gradient from shifting dune to semishifting dune to
fixed dune to dry grassland to wet grassland to riverbank wash land (grassland on the
flood plain along rivers). Plant diversity showed a significant and positive relation to
restoration (Fig. 5.10) (Zuo et al. 2012), and the habitat factors landform and soil
traits significantly influenced the community composition and productivity. Habitat
factors first influenced community composition, and then, the composition
influenced the synergic change in diversity and productivity (Fig. 5.11) (Zuo et al.
2012).

Fig. 5.10 Sixty species were divided into 6 communities (minimum stress values first axis/
dimension ¼ 49.13, R2 ¼ 0.28, P ¼ 0.004; second axis/dimension ¼ 31.66, R2 ¼ 0.42,
P ¼ 0.004).,shifting dune;▲, semishifting dune; ◆, fixed dune; ■, dry meadow; ▼, wet meadow;
●, riverbank grassland (Zuo et al. 2012)
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5.3.2 Soil Function and Microorganism Diversity Change
with Restoration

Vegetation restoration is the primary stage of ecosystem restoration, and soil com-
position and structure restoration are a crucial process for the sustainable restoration
of ecosystems in desertified regions (Raven and Johnson 1986). Therefore, when
adopting biological measures for aeolian desertified land restoration, it is very
important and highly necessary to take measures to enhance soil restoration in

Fig. 5.11 Sandy grassland biodiversity, composition, and productivity (n ¼ 60) (Zuo et al. 2012)

110 T. Wang et al.



desertified areas. Therefore, an experiment on the restoration of a degraded grassland
with water and fertilizer additions was carried out in the Horqin Sandy Land. This
experiment occurred in a degraded grassland, mainly due to overgrazing, with the
goal of determining how the degraded grassland was restored with the water and
nutrient additions. The results showed that N and water additions increased both the
aboveground and underground biomass of the aeolian desertified land during resto-
ration (Tables 5.1 and 5.2). That is, there is a possibility of promoting the restoration
of degraded soil by fertilization and water addition, but the prioritized amounts of
added N and water need more in-depth research, particularly when economic costs
and benefits are also taken into consideration.

Different water addition amounts and times (winter and summer) led to differ-
ences in soil respiration. The experiment showed that a water addition in summer
could lead to a significant increase in the soil respiration rate in all N-addition plots
and the soil respiration rate increased by 20% in 2010 and by 29.2% in 2011. Water
addition through snow in winter could lead to an increase in the soil respiration rate,
but this increase was only significant in 2011 by 11.8% (Fig. 5.12).

Integrative research has found that there are different relationships between soil
respiration and soil temperature and soil moisture. The soil thermal sensitivity (Q10)

Table 5.1 Effects of fertilizer application (g m�2) on root biomass, shoot biomass, and soil
moisture

Treatment Fertilization

Root biomass (g m�2)

Shoot biomass
(g m�2)

Soil moisture
(%)0 cm–10 cm

10 cm–

20 cm

CK (Control) 74.9 (23.5)a 35.9 (16.9)a 87.2 (22.8)a 6.826 (0.349)a 5.660
(0.234)ab

N (N addition) 112.7 (26.3)a 25.1 (18.9)a 98.3 (25.5)a 6.868 (0.290)a 6.097 (0.239)a

P (P addition) 79.8 (21.4)a 24.0 (15.4)a 113.8
(20.8)a

7.052 (0.295)a 5.277 (0.234)b

NP (N and
P addition)

80.5 (21.4)a 28.2 (15.4)a 115.9
(20.8)a

6.940 (0.290)a 5.551
(0.245)ab

Table 5.2 Effects of water addition on root biomass, shoot biomass, and soil moisture

Treatment
Water
addition

Root biomass (g m�2)

Shoot biomass
(g m�2)

Soil moisture
(%)

0 cm–

10 cm
10 cm–

20 cm

CK 79.5 (11.6)a 28.3 (8.3)a 103.8 (11.3)
a

6.294 (0.258)b 5.083 (0.204)b

Winter 85.7 (11.0)a 45.6 (7.9)a 103.6 (10.6)
a

6.496 (0.258)b 5.450 (0.208)b

Summer 91.4 (11.2)a 42.3 (8.0)a 127.2 (10.9)
a

7.935 (0.281)a 6.403 (0.206)a

Data represent the means, and the values in the brackets are standard errors. Means with different
lowercase letters in the same column are significantly different at P < 0.05
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was in the order of summer water addition (W) > winter water addition (snow
manipulation ¼ S) > control. In comparison to soil temperature, soil moisture
contributed more to soil respiration. This result is in accordance with those of
other studies in this area (Table 5.3).

5.3.3 Changes in Soil Structure with Restoration

Habitat change includes near-ground climatic changes, soil changes, and other
related plant or plant community changes. Here, the changes in soil and soil moisture
are defined as the principle change in desertification and are discussed. The near-
ground microclimatic changes on dunes will be discussed in other chapters.

Near-ground climatic traits changed along the desertification restoration gradient
such that soil surface temperature was decreased by soil and plant moderation and
soil moisture also decreased due to vegetation restoration leading to water consump-
tion. The air temperature near the ground at less than 50 cm also decreased during
vegetation restoration. It is clear that restoration of aeolian desertification in Horqin
Sandy Land can lead to an improvement in the ambient environment of dunes,
including temperature, moisture, and wind velocity (Harazono and Li 1999).

Organic matter is not only an important constituent of soils but also a structural
component of water and nutrient supply. Soil C accumulation in the process of sandy
land restoration plays an important role in maintaining soil carrying capacity,
including nutrient and water holding capacity, together with soil texture. Measure-
ments of the texture and soil organic matter content showed that in an enclosure after
8 years, the coarse sand (2–0.1 mm) content at a depth of 0–20 cm decreased from
73% to 51%, fine sand (0.1–0.05) increased from 20% to 36%, and silt and clay
(<0.05 mm) increased from 7% to 13% (Fig. 5.13).

Fig. 5.12 Soil respiration in response to different water additions in 2010 and 2011. Bars with
different letters are significantly different (P < 0.05). Error bars indicate one SE of the mean
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The light soil organic C, easily decomposed, increased from 0.7% to 1.39%
(Fig. 5.14a) but without a significant change in the averaged C content before and
after enclosure (Fig. 5.14b), while the total soil C content at a depth of 0–20 cm
increased from 2.87 g kg�1 to 4.45 g kg�1. In terms of the C reserve, the light soil
organic C increased from 221.0 gC m�2 (increased by 84%), and the soil total
organic C reserve increased by 435 gC m�2 (increased by 55%).

There were linear relationships between the content of soil total organic C, light
dry matter content, fine sand, and silt + clay (Fig. 5.15).

Analysis of soil moisture in relation to precipitation is crucial to providing
theoretical support for plant selection for vegetation restoration and land
management.

Continued observations over 4 years found that the soil moisture increased with
increasing precipitation; in particular, the shifting dune soil moisture increased
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significantly following large amounts of precipitation. When the precipitation
amount was 34.4 mm, 35.1 mm, 47.1 mm, 56.3 mm, and 47.4 mm, the soil moisture
increased by 126.9%, 81.7%, 122.4%, 90.7%, and 45.1%, respectively, after rainfall
events at depths of 0–20 cm. The increasing pattern at depths of 20–160 cm was
similar to that at depths of 0–20 cm, but the magnitude of the increase decreased with
increasing depth. When the rainfall event was greater than 40 mm or the accumu-
lated precipitation in the following few days was greater than 40 mm, the soil
moisture at depths of 140–160 cm presented an increasing trend (Fig. 5.16). Corre-
lation analysis showed that soil moisture at a depth of 0–100 cm was significantly
related to precipitation (R¼ 0.239 ~ 0.438, P< 0.05) and the soil moisture at a depth
of 0–40 cm was significantly related to precipitation intensity (R ¼ 0.284, 0.244,
P < 0.05). It was found that the soil moisture at a depth of 0–20 cm was negatively
related to the precipitation intervals (R ¼ �0.293, P < 0.05). The above analysis
deductively showed that when precipitation was greater than 10 mm, precipitation
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could be effective for plants after sufficiently wetting the soil and precipitation
amounts greater than 40 mm could enough provide water to reach the groundwater.
That is, precipitation could be recharged into groundwater and used relatively stably
by plants with root systems down to depth (Liu et al. 2015, 2016).

Continued observations over 4 years found that when rainfall was less than
20 mm, the potential water replenishment from rainfall to underground water bodies
was consistent, and when rainfall was greater than 30 mm, the replenishment
significantly increased. The potential underground water replenishment was signif-
icantly related to rainfall magnitude (R ¼ 0.907, P < 0.001) and intensity
(R ¼ 0.659, P < 0.001) but not to the interval of rainfall events.

Fig. 5.16 Precipitation (mm) and soil moisture over 4 years (Liu et al. 2015, 2016)
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5.3.4 Impacts of Land Use/Cover Change on Soil C
and Texture

Land use change is the primary driving force for land degradation and aeolian
desertification. Restoration through modifications of land use could, to a large
extent, enhance aeolian desertification restoration, by improving soil texture and
increasing soil C and N.

Compared to that in nonaeolian desertified land, the soil C content of a restored
woodland over 30 years, which was originally a severely desertified grassland,
increased by 74% at a depth of 0–5 cm in the Horqin Sandy Land, while the soil
C content of a cropland and grazed land increased by 16.9% and 39.2% over
approximately 30 years, respectively. The soil C content of the grazed grassland
increased by 44.6%. There was a significant relationship between land use and soil
texture (Fig. 5.17). The soil C reserve decreased by 121 g m�2 from the grassland to
the cropland and increased by 261 g m�2 from the grassland to the woodland within
30 years. After 16 years of being enclosed, the soil C reserve increased by 111 g m�2

when the severely aeolian desertified grassland (Li et al. 2012).

5.3.5 Physiological Adaptation of Plants to Different Aeolian
Desertified Lands

Revegetation is an important means of restoring degraded land or ecosystems, and
the proper selection of plants and adaptive patterns of plant layouts are critically
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important for sustainable desertification reversal. To properly select plants and
design adaptive plant patterns for restoration, a series of physiological studies have
been carried out, and the research showed that different landforms due to aeolian
desertification, such as a shifting dune (SD), semishifting dune (SSD), semifixed
dune (SFD), fixed dune (FD), and interdune grassland (IDG), have different
water, N, and pH values and sustain different vegetation types. N concentrations
in green leaves (Ng) and senesced leaves (Ns) and the gas exchange characteristics of
35 species of shrubs and herbs (some species existed in several habitats) were
measured across the above five habitats. To further analyze the physiological
responses to soil drought and rewatering and the influence of fertilization, 2 annual
herbs, Setaria viridis (L.) Beauv. and Digitaria ciliaris; 2 perennial herbs,
Pennisetum centrasiaticum Tzvel. and Calamagrostis pseudophragmites (Hall. f.)
Koel.; and 2 shrubs, Caragana microphylla Lam. and Hedysarum fruticosum Pall.
var. lignosum (Trautv.) Kitagawa, were planted in 30 pots for each plant species with
different irrigation and N fertilization treatments.

The Ng, Ns, net photosynthetic rate (Pn), water use efficiency (WUE), and
intrinsic water use efficiency (WUEi) decreased; leaf nitrogen use efficiency
(NUE) and photosynthetic nitrogen use efficiency (PNUE) differed significantly;
and nitrogen resorption efficiency (NRE), transpiration rate (E), and stomatal con-
ductance (gs) did not differ across the five habitats with decreasing N content. The
Ng, Ns, Pn, WUE, and WUEi decreased, and leaf NUE and PNUE increased
significantly with decreasing soil N status across the above habitats. There were
low Ng, Ns, and Pn values and high NUE and PNUE values for the SD and SSD,
while there were high Ng, Ns, and Pn values and low NUE and PNUE values for the
IDG, FD, and SFD.

For all species in the five habitats, there were significantly correlated relationships
among different leaf nitrogen and water use traits. Ng correlated positively with Ns

but correlated negatively with leaf NUE and PNUE, and leaf NRE was not affected
by Ng. Leaf PNUE correlated positively with leaf NRE, leaf NUE, WUE, andWUEi,
while it correlated negatively with Ns. In addition, leaf mass per area correlated
negatively with leaf NRE, Pn, gs, E, WUE, and WUEi.

To compare the capacity of drought tolerance of different species from arid and
semiarid regions, annual grasses, P. centrasiaticum, Tribulus terrestris, and Bassia
dasyphylla, from shifting and semishifting dunes were adopted as sample species for
measuring the photosynthetic traits. The results showed that compared to the
unfertilized plants, fertilized plants had increased leaf FV/FM, ET0/CS0, and PICS
in well-watered and light drought conditions, and fertilization exacerbated fluctua-
tions in the chlorophyll, a fluorescence characteristic during the drought period.

Biomass and biomass allocation between shoots and roots are key indicators of
vegetation productivity and mass and energy activity. Irrigation and fertilization can
promote degraded vegetation restoration, such as restoring shifting dunes to fixed
dunes.

The total biomass, belowground biomass, and root/shoot ratio were significantly
affected by nutrient and irrigation regimes, as well as their interactive effects

118 T. Wang et al.



(Tables 5.4 and 5.5). Aboveground biomass was highly significantly affected by
nutrient regimes (Chen et al. 2019a).

Approximately 1.03% to 5.88% of the variation in the total biomass, below-
ground biomass, and root/shoot ratio was explained by irrigation regimes. Nutrient
regimes explained 42.16%, 31.18%, 36.93%, and 16.76% of the variation in the
aboveground biomass, belowground biomass, total biomass, and root/shoot ratio,
respectively. Irrigation regimes�nutrient regimes explained 5.36%, 2.15%, and
5.56% of the variation in the belowground biomass, total biomass, and root/shoot
ratio, respectively. Both irrigation regimes and irrigation regimes�nutrient regimes
had no significant effect on the aboveground biomass (Table 5.5). Typically,
research shows that biomass decreases along gradients from interarea > fixed
dune > shifting dune. Irrigation and fertilization could change the variation in plants
but not the general trend in the changes during the slow vegetation restoration from
dune to fixed dune when disturbance is moderated.

The relative water content (RWC) of the leaves decreased with time, and the
RWC of T. terrestriswas higher than that of B. dasyphylla. The RWC of T. terrestris
leaves under different treatments decreased by 18.26–30.28% (Fig. 5.18a, b). At the
same time, the RWC of B. dasyphylla decreased by 26.22–47.64%. The RWC was
reduced slightly in the first phase of 1–4 D, decreased rapidly from 4 D to 7 D, and
then decreased in the last phase of 7–10 D. The RWC differences in 1 D between the
control, P addition, and P reduction were not significant (P > 0.05). In comparison
with the control, when P was reduced by 30% and 60%, the RWC decreased and
was significantly different between 7 D and 10 D after the treatment, and when P was
added at 30% and 60%, the content was higher than that in the control. When P was
reduced by 60% on 10 D, B. dasyphylla had the lowest RWC at 43.95%, whereas
that of T. terrestris was 62.20%. The RWC differences in the control, P addition, and
P reduction were significant (P < 0.05).

MDA is one of the key enzymes used by plants in response to drought stress, and
its content in T. terrestris increased continuously over the whole drought-stress
period. When precipitation was reduced by 60%, the content was 2.927 mmol.
g�1 FW on the seventh day of the experiment, and it was higher in T. terrestris
than in B. dasyphylla, with the latter occurring in most cases from shifting dunes.
This result showed that in comparison to T. terrestris, B. dasyphylla is more tolerant
to drought.

Table 5.4 Biomass (aboveground, belowground, and total) and the root/shoot ratio for
P. centrasiaticum. Values are means �SE (n ¼ 3) (N and water addition or cross treatment; also
refers to Table 5.3)

Total
biomass

Aboveground
biomass

Belowground
biomass

Root/shoot
ratio

N0W0 (No N andWater added) 5.65 � 0.50 1.56 � 0.20 4.10 � 0.31 2.67 � 0.16

N0W1 (No N added but
Watered)

4.46 � 0.20 0.80 � 0.04 3.66 � 0.17 4.57 � 0.11

N1W0 (N added but no water) 57.58 � 5.11 21.86 � 3.07 35.72 � 2.54 1.69 � 0.21

N1W1 (N and Water added) 36.19 � 2.08 19.45 � 3.28 16.74 � 1.24 0.93 � 0.19

5 Aeolian Desertification Processes 119



T
ab

le
5.
5

S
um

m
ar
y
of

G
L
M

ex
am

in
in
g
th
e
ef
fe
ct
s
of

ir
ri
ga
tio

n
re
gi
m
es

an
d
ni
tr
og

en
re
gi
m
es

on
bi
om

as
s
an
d
bi
om

as
s
al
lo
ca
tio

n
be
tw
ee
n
sh
oo

ts
an
d
ro
ot
s,

A
N
O
V
A

df
A
bo

ve
gr
ou

nd
bi
om

as
s

B
el
ow

gr
ou

nd
bi
om

as
s

T
ot
al
bi
om

as
s

R
oo

t/s
ho

ot
ra
tio

F
S
S
(%

)
F

S
S
(%

)
F

S
S
(%

)
F

S
S
(%

)

Ir
ri
ga
tio

n
re
gi
m
es

1
0.
50

0.
27

ns
46

.5
3

5.
88

**
16

.5
8

2.
69

**
11

.1
0

1.
03

**

N
ut
ri
en
t
re
gi
m
es

1
74

.9
3

42
.1
6*

*
24

6.
73

31
.1
8*

*
22

7.
47

36
.9
3*

*
18

1.
29

16
.7
6*

*

Ir
ri
ga
tio

n
re
gi
m
es
�

nu
tr
ie
nt

re
gi
m
es

1
0.
14

0.
08

ns
42

.4
1

5.
36

**
13

.2
5

2.
15

**
60

.1
4

5.
56

**
*

T
ot
al

42
.1
6

42
.4
2

41
.7
7

23
.3
5

N
ot
es
:T

he
in
te
rc
ep
tw

as
in
cl
ud

ed
in

th
e
m
od

el
.d

f¼
de
gr
ee
s
of

fr
ee
do

m
.S

S
(%

):
pr
op

or
tio

n
of

su
m

of
sq
ua
re
s
to

th
e
to
ta
ls
um

of
sq
ua
re
s
(T
yp

e
I)
.A

st
er
is
ks

de
no

te
si
gn

ifi
ca
nc
e
at
P
<

0.
05

(*
)
an
d
P
<

0.
01

(*
*)

120 T. Wang et al.



The POD activities of T. terrestris and B. dasyphylla were weak, and the rate was
less than 1H2O2.g

�1 FW.min�1 (Fig. 5.19a, b), but the POD activity of T. terrestris
was higher than that of B. dasyphylla. The POD activity of T. terrestris increased in
the first phase (1–4 D) and then decreased in the second phase (4–7 D) and increased
in the last phase (7–10 D) except for when P was added at 60%. When P was reduced
by 60%, the POD activity was maintained at its highest rate (0.668 and 0.709) on 4 D
and 10 D, respectively, and had a significant difference from that of the control and P
addition (P<0.05). The POD activity of B. dasyphylla first decreased (1–4 D) and
then increased (4–7 D); in the last phase, the POD activity decreased (7–10 D),
except for P addition at 60%. When P was reduced by 60% on the 7 D and 10 D, the

Fig. 5.18 Influence of different rainfall treatments on the RWC of T. terrestris (a) and
B. dasyphylla (b) and the MDA of T. terrestris (c) and B. dasyphylla (d). Values were assigned
as the mean � SE (one-way ANOVA and Fisher’s LSD test at P < 0.05)
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Fig. 5.19 Influence of different rainfall treatments on antioxidant enzymes. (a) POD of Tribulus
terrestris; (b) POD of Bassia dasyphylla; (c) SOD of Tribulus terrestris; (d) SOD of Bassia
dasyphylla; (e) CAT of Tribulus terrestris; and (f) CAT of Bassia dasyphylla. Values were assigned
as the mean � SE (one-way ANOVA and Fisher’s LSD test at P < 0.05)
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POD activity was the highest (0.709); was 6.70 and 7.09 times that of the control,
respectively; and had a significant difference from that of the control and P addition
(P < 0.05). The difference in the POD activity between the control and P addition at
60% was not significant (P > 0.05). The SOD activity of T. terrestris was signifi-
cantly higher than that of B. dasyphylla.

Plants can successfully adaptively mitigate changes in osmotic regulatory sub-
stances in stressed habitats. To assess the adaptability of sandy land plants, an
experiment on changes in osmotic regulatory substances of T. terrestris and
B. dasyphylla was carried out, and the results showed that the soluble protein of
T. terrestris was significantly higher than that of B. dasyphylla (P < 0.05)
(Fig. 5.20). During the study period, the soluble protein of T. terrestris was
23.212–40.733 mg/g FW, and the soluble protein of B. dasyphylla was
9.541–23.171 mg/g FW. The soluble protein content of T. terrestris first increased
(0–7 D) and then decreased (7–10 D). On 7 D, when P was reduced by 60%, the
soluble protein (40.733 mg/g FW) was significantly higher than in the other treat-
ments (P < 0.05). When P was reduced by 30% or 60%, the soluble protein of
B. dasyphylla increased. From 4 D to 10 D after rain, the soluble protein content of
the P reduction treatment was significantly higher than that of the P addition
treatment (P<0.05). When P was reduced by 60% on 10 D, the soluble protein
(23.171 mg/g FW) was the highest. From 0 D to 7 D after rain, the soluble protein of
the control ranged from 13.998 to 14.132 mg/g FW, and the differences were not
significant (P > 0.05). When P was added at 60%, the soluble protein continuously
increased from 11.406 to 12.262 mg/g FW, and the differences were not significant
(P > 0.05).

On 4 D, in comparison to the P addition and P reduction treatments, the control
resulted in higher levels of soluble sugars in T. terrestris and B. dasyphylla
(Fig. 5.20c, d). The soluble sugar content of T. terrestris continuously increased.
Between 4 and 10 D after rain, the soluble sugar contents of the control increased
from 25.556 to 27.986 μg/g FW, and the differences were not significant (P> 0.05);
however, the differences were significantly higher than those 1 D. On 10 D, the
soluble sugar of the P addition treatment was significantly lower than that of the P
reduction treatment and higher than that of the control (P < 0.05). When P was
reduced by 60%, the soluble sugar (48.145 μg/g FW) was the highest and had
significant differences with that in the other treatments (P < 0.05). When P was
added at 30% and in the control, the soluble sugar content of B. dasyphylla increased
continuously. When P was added at 60% and P was reduced by 30% or 60%, the
soluble sugar content first increased (0–7 D) and then decreased (7–10 D). The
soluble sugar content in the control was lower than that in the P reduction treatment
and higher than that in the P addition treatment. On 7 D, when P was reduced by
60%, the soluble sugar content was 53.945 μg/g FW and was significantly different
from that of the other treatments (P < 0.05).

The free proline content of T. terrestris was significantly higher than that of
B. dasyphylla (Fig. 5.20e, f). When P was reduced by 60%, the free proline content
of both plants increased, but the content of B. dasyphylla was significantly lower
than that of T. terrestris. On 7 D, when P was reduced by 60%, the free proline
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Fig. 5.20 Influence of different rainfall treatments on osmotic adjustment substance. (a) Soluble
protein of Tribulus terrestris; (b) soluble protein of Bassia dasyphylla; (c) soluble sugar of Tribulus
terrestris; (d) soluble sugar of Bassia dasyphylla; (e) free proline of Tribulus terrestris; and (f) free
proline of Bassia dasyphylla. Values were assigned as the mean � SE (one-way ANOVA and
Fisher’s LSD test at P < 0.05)
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content was 6.35–18.76 times that of the other treatments. On 10 D, when P was
reduced by 60%, the free proline content was 4.50–10.63 times that of the other
treatments. From 4 D to 10 D after rain, when P was added at 60% and in the control,
the free proline content was not significantly different from that of the control
(P > 0.05). On the tenth day, when P was reduced by 60%, the free proline content
was 5.54 times that on 7 D and was 6.27–20.99 times that of the other treatments.

From the above analyses, it is clear that plants, either on dunes or fixed dunes,
become more adaptive or resistant to stresses by mitigating physiological process
and utilizing their functional traits if proper management measures, such as fencing
and revegetating in combination with moderating interferences, are adopted (Chen
et al. 2019b).

5.4 Human Activity Impacts on the Development
and Reversal of Aeolian Desertification

According to related research, desertification processes in the last 100 years were
mainly caused by land use changes, particularly in eastern China and Mongolia. In
approximately 1872, cropland was cultivated around the lakes of the Horqin Sandy
Land and along rivers in a general pattern of patches from the southeastern and
southern part of China, and some Korean and Japanese farmers managed paddy rice
lands using this pattern. Later, the expansion of cropland continued and caused an
increase in population and livestock, leading to the overuse of plants, water,
and land.

Increasing populations and croplands lead to water shortages and compromise the
basic equilibrium point between ecological improvement and sustainable develop-
ment. Thus, in recent years, the central and local governments as well as researchers
have called for industry development to occur according to regional water capacity.

Therefore, the mechanisms for combating desertification should focus great
importance on moderating land use pressure. The key to realizing the goal of
desertification reversal or neutrality is at least to neutralize or reduce land resource
use to moderate development.

The revegetation of aeolian desertified land is becoming increasingly influential
in affecting land cover change in China, and its success depends heavily on the plant
species and density and mosaic pattern of different plants according to the trade-off
between water supply and plant water consumption (Li 2016).

The response of plants to habitat changes is a multiscale process. At the commu-
nity level, the water consumption of individuals in a community plays an important
role in revegetation. Based on several years of experiments and observations, the
Naiman Desertification Research Station of the Chinese Academy of Sciences
provided a quantitative assessment of the water consumption of 13 main plant
species for revegetation in drylands in China (Fig. 5.21).
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It is clear from Fig. 5.21 that C. microphylla, H. fruticosum, P. sylvestris var.
mongolica, P. simonii, and A. halodendron need an annual water supply of approx-
imately 300 mm, which is close to the annual precipitation in Horqin Sandy Land in
eastern China and Hexi Corridor in western China. Z. mays consumes approximately
500 mm of water, which was higher than the average precipitation of 350 mm in the
Horqin Sandy Land. Approximately 200–300 mm of irrigation water is needed from
groundwater. Artemisia ordosica, Reaumuria songarica (Pall.) Maxim., and
Caragana korshinskii Kom. are mainly distributed in western China and need
much less water.

P. sylvestris var. mongolica and P. simonii and A. halodendron have been widely
used as primary species for revegetation in the eastern part of China and in the
western part of China, where there is an annual precipitation less than 200 mm,
mostly in the lower areas with a large groundwater water supply. Together with local
plant species, such as H. ammodendron and Hedysarum scoparium, these plants
were planted as demonstration or example species to establish various shelterbelts,
sand-fixation vegetation, and street trees around villages and along streets and
transportation systems. When P. sylvestris var. mongolica and P. simonii were
planted at a density of 15–25 or 25–35 plants/mu, natural restoration of degraded
vegetation could be successful, even without irrigation and local grass natural
invasion (Zhao and Zhang 2001).

From the above analyses, it is concluded that native plant species play a key role
in revegetation in combating desertification because these plants can successfully
respond to drought, high temperatures, and salinity to some extent through diversi-
fied mechanisms. These mechanisms include resolvable proteins, enzymes, photo-
synthetic processes, and even natural thinning of dense vegetation. Based on
research and monitoring findings, researchers have determined the threshold value
of the water requirement for minimal survival and growth. According to these
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Fig. 5.21 Water consumption of the main plants in drylands in China (Zhao and Zhang 2001). The
red bar refers to the average annual precipitation of approximately 350 mm. The red bar in the figure
refers to the average annual precipitation of 330–350 mm. AO Artemisia ordosica, CH Caragana
korshinskii Kom., RS Reaumuria songarica (Pall.) Maxim, AH Artemisia halodendron, CM
Caragana microphylla, HF Hedysarum fruticosum, PM Pinus sylvestris var. mongolica, PS
Populus simonii, ZM Zea mays L., M millet (Setaria italica), G grassland vegetation, SD shifting
dune vegetation, W wheat (Triticum aestivum L.). Red line refers to the long-term averaged annual
precipitation 350 mm
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findings, the stakeholders engaged in combating aeolian desertification can choose
the right plant species and plant trees or bushes at a more adaptive density and with a
species arrangement that obtain the expected revegetation goal.

Land use change is one of the driving forces leading to aeolian desertification, and
land use change is driven by the needs of the region of concern for survival and
development. Therefore, to combat aeolian desertification, climate change, land use
change, marketing, land use policy, and, more importantly, the expectation of the
locals for survival and development need to be considered systematically. When we
take measures to promote ecological conservation and development, we can combat
aeolian desertification even in the regions in underdeveloped areas.
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Chapter 6
Impacts of Aeolian Desertification and Dust
Storms on Ecosystems, Economic
Development, and Human Health

Yasunori Kurosaki, Toshihiko Kinugasa, Mandakh Nyamtseren,
Shulin Liu, and Shinji Otani

Abstract Aeolian desertification has impacts on ecosystems, agriculture, industry,
transportation, and human health, and these impacts are caused by wind erosion,
sediment deposition, sand-dust storms (SDSs), and fine airborne dust particles.
Section 6.1 will explain the mechanism of SDS occurrence based on erosivity and
erodibility. This section also describes the seasonality of SDSs, the increase in their
frequency from the 1990s to 2000s, and the reasons for this increase. Section 6.2
describes the impacts of aeolian desertification on ecosystems. In terms of wind
erosion, windblown sand particles physically injure plants. In addition, wind erosion
removes soil and thereby exposes roots to the air. Sediment deposition enhances
grass mortality and expands the area of erodible land surfaces; as a result, deserti-
fication accelerates. Section 6.3 provides a variety of concrete examples of aeolian
desertification in China. Examples show the progress of aeolian desertification and
its effects on agriculture, industry, and transportation. Section 6.4 explains the
impacts of aeolian desertification on human health in dust source regions and
downwind regions. SDSs, which can be disasters, occur only in dust source regions
and lead to deaths and injuries. Fine airborne particles cause cardiovascular and
respiratory diseases in both regions.
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Keywords Sand-dust storm · Wind erosion · Sediment deposition · Sand burial ·
Death · Disease

6.1 Aeolian Desertification and Sand-Dust Storms (SDSs)

6.1.1 Airborne Soil Particles in Source and Downwind
Regions

Strong surface winds (i.e., storms) lift soil particles into the free atmosphere over
drylands. Such storms are known as sand and dust storms (SDSs). The raised soil
particles are advected with diffusion by prevailing wind. Finally, the particles return
to the Earth’s surface in a wide downwind area through gravitational settling,
turbulence, and precipitation. Thus, the transport of soil particles has three phases:
emission, advection, and deposition. In the case of Northeast Asia, major regions of
SDSs are drylands around the Gobi Desert and the Taklimakan Desert. The particles
travel eastward by the prevailing westerlies, and they reach the Korean Peninsula,
Japan, and further remote regions.

According to the Udden-Wentworth grade scale (Udden 1914; Wentworth 1922),
soil particles are divided into sand (63 < d � 2000 μm), silt (4 < d � 63 μm), and
clay (d < 4 μm); generally, silt and clay are called dust. The motion of soil particles
near the surface depends on the sizes of the particles, and this motion can be
classified into three modes: creep (d > approximately 500 μm), saltation (approxi-
mately 70 < d < 500 μm), and suspension (d < approximately 70 μm) (Bagnold
1941). Based on these definitions, both sand and dust particles are contained in
source regions, but most soil particles reaching downwind areas are composed of
dust particles.

The concentration and size of dust particles increase toward dust sources. Kanai
et al. (2005) conducted observations in Beijing in China and in Fukuoka in Japan in
the spring from 2001 to 2003. The average concentration and the mode of the sizes
were 307.8 μg m�3 and >11 μm in Beijing and 34.7 μg m�3 and 3.3–4.7 μm in
Fukuoka, respectively. In addition to high concentrations and large dust particles,
strong winds during dust events are also nonnegligible characteristics in upwind
regions.

Dust has a considerable effect on human activity. However, its type and degree
vary and depend on the distance from its source due to the differences in dust
concentrations, particle sizes, and wind speeds at different sources. As SDS is a
type of storm, it is a disaster in dust source regions. It kills humans, livestock, and
wild animals. A SDS also has a substantial economic impact as it destroys infra-
structure and damages transportation systems due to low visibility and agriculture
due to wind erosion. The extents of the disaster decrease at greater distances from
dust sources. However, finer dust particles have effects in downwind regions. They
cause health problems related to respiratory diseases. In addition, when finer dust
particles mix with microorganisms and anthropogenic air pollutant, different types of
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health problems can occur, and ecosystems can be impacted. There are reports that
dust particles originating from Northeast Asia reach very distant downwind regions
such as Greenland (Bory et al. 2003) and North America (Husar et al. 2001) and
travel around the Northern Hemisphere (Uno et al. 2009). Suspended dust particles
change shortwave and longwave radiation, and they work as condensation nuclei,
thereby affecting the climate on a global scale.

6.1.2 Factors That Cause SDSs

There are a large number of factors that affect SDS, such as wind, soil particle size,
soil moisture, soil crust, stone, snow cover, salt accumulation, and vegetation. The
factors can be divided into two broad categories: aeolian erosivity and erodibility
(hereafter, erosivity, and erodibility). Erosivity is the ability of wind to move soil
particles, and it is typically expressed by wind friction velocity (e.g., Bagnold 1941;
Kurosaki et al. 2011). For simplification, wind velocity is often employed as a
substitute (e.g., Kurosaki and Mikami 2003), and hereafter, we will use wind
velocity in this section. Erodibility is characterized as the susceptibility of soil and
land surfaces to the movement of soil particles. While erosivity is composed of wind
alone and can be measured by wind velocity, erodibility is influenced by a multitude
of factors (Fig. 6.1). Monitoring all erodibility factors with accuracy is impossible
with the current technology. In addition, differences in units of the factors affecting
erodibility make it difficult to measure.

The threshold wind velocity (hereafter, threshold velocity), which is the mini-
mum wind velocity required for soil particles to move, can be recognized as a unified
index of a variety of erodibility factors, and its unit is conveniently the same as that
of wind velocity. The many factors controlling erodibility complicate discussion on
the causes of a SDS. However, by employing the threshold velocity as an index of

Erodibility

• Wind Speed (u) •Soil Particle Size
•Stone
•Soil Crust

Index of Erodibility

• Threshold Wind Speed (ut)

u ≥ ut
No Yes

Climatic Variations
•Storm

Human Activities
•Drought •Overcultivation •Deforestation

OccurrenceNo Occurrence

Erosivity
•Soil Moisture
•Snow Cover
•Soil Freeze

•Salt accumulation
•Vegetation

…etc

…etc. •Overgrazing …etc.

Sand Dust Storm (SDS)

Fig. 6.1 Relationship among the erosivity factor, erodibility factors, and the occurrence of an SDS
(modified from Kurosaki et al. 2011)
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erodibility, the discussion can be simplified: when wind velocity exceeds threshold
velocity, a SDS occurs.

Climatic variations and human activities influence erosivity and erodibility
(Fig. 6.1). Regarding climatic variation, storms not accompanied by precipitation
are connected to only the erosivity factor (i.e., surface wind velocity), storms accom-
panied by precipitation are connected to both erosivity and erodibility factors, and
drought is connected to erodibility factors. Human activities such as overcultivation,
overgrazing, and deforestation are connected to erodibility factors. Various desertifi-
cation factors, including climatic variations and human activities (UNCCD 1994), are
connected to erodibility factors. Figure 6.1 shows that desertification generally
accelerates the intensity and frequency of SDSs by increasing erodibility, although
some desertification types, such as salt accumulation, reduce erodibility.

6.1.3 Seasonality of SDSs

Meteorological elements such as air temperature, precipitation, and wind speed have
been observed every 3 or 6 synoptic hours (i.e., 00, 03, . . ., 21 UTC) for long periods
at meteorological observatories. According to WMO (2019), the elements include
“present weather,” which is the weather existing at the time of observation, or under
certain conditions, during the hour preceding the time of observation. Its weather
conditions are divided into 100 types (ww ¼ 00 to 99, where “ww” is the code of
present weather), as shown in Code Table 4677 in the WMO (2019). Kurosaki and
Mikami (2003) categorized ww ¼ 06 as suspended dust, ww ¼ 07 and 08 as dust
occurrences but not SDSs, and ww ¼ 09, 30–35, and 98 as SDSs. The research also
defined a strong wind as a wind whose velocity exceeds 6.5 m s�1.

Figures 6.2 and 6.3 show that dust events, including SDSs, occur most frequently
in spring (i.e., March to May) in Northeast Asia. Figure 6.2 shows that erosivity (i.e.,
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strong wind frequency) is the highest in spring. Figure 6.3 shows that the snow cover
fraction and normalized difference vegetation index (NDVI), which can be an index
of erodibility factors, are low in spring. We cannot survey all erodibility factors, but
we can determine the seasonal variation in erodibility by statistically estimating
threshold velocity. Figure 6.4 shows the 5th, 10th, 25th, and 50th percentiles of
threshold velocity (Kurosaki and Mikami 2007). The statistical values cannot be
estimated when dust occurrences (ww ¼ 07–09, 30–35, and 98) are rarely observed.
The 5th percentile shows very small seasonal variations in the Gobi Desert and the
Loess Plateau, but other percentiles show high erodibility in spring and low erod-
ibility in summer and winter. This suggests that seasonal variations in soil and land
surface conditions occur in normal years even in very dry regions, but almost no
seasonal variations occur in years of very high erodibility (e.g., drought years). In
northern Mongolia, whose land cover type is grassland, the 5th percentile shows
very wide seasonal variation. We can expect this seasonal variation to be based on
seasonal erodibility factors such as snow and vegetation, as shown in Fig. 6.3.

We recognize that since both erosivity and erodibility are highest in spring, SDSs
occur most frequently in spring in Northeast Asia.
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Fig. 6.3 Seasonal variations in the frequency of snow cover fraction, NDVI and dust occurrence
(modified from Kurosaki and Mikami 2007)
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6.1.4 Quantitative Evaluation of Aeolian Desertification by
an Erodibility Index

When SDSs become active, we often find reports that indicate desertification as the
cause of the SDSs, especially in the media. However, as discussed in Sect. 6.1.2, we
need to examine the causes from aspects of not only erodibility, which can be
recognized as a condition of desertification with some exceptions, but also erosivity.
If we have data on both wind velocity and threshold velocity, then we can easily
examine them, but there are no meteorological observatories that are monitoring
threshold velocity, although wind speed is monitored at all observatories. However,
as shown in Sect. 6.1.3, we can estimate percentiles of threshold velocity.

Figure 6.5 shows a difference in dust occurrence frequency (hereafter, DOF) in
April from the 1990s to the 2000s. By employing strong wind frequency as an
erosivity index and the 5th percentile of threshold velocity as an erodibility index,
we can examine the reasons for the decadal change in DOF in terms of both erosivity
and erodibility. The figure shows that DOF increased at many observatories in
Mongolia, eastern Inner Mongolia, and northeastern China. It also shows that the
5th percentile threshold velocity dropped (i.e., erodibility increased) at most obser-
vatories in such regions. This result suggests that desertification was the reason for
the increase in dust occurrence. However, we still have two major questions that
should be resolved in the future: one is which factors increase erodibility, and the
other is what types of desertification are connected to erodibility factors.

Fig. 6.5 Differences in DOF in April from the 1990s to the 2000s and the causes of these
differences in terms of erosivity and erodibility (drawn based on results of from Kurosaki et al.
2011)
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6.2 Impacts of Aeolian Desertification on Local Ecosystems

6.2.1 Effect of Aeolian Desertification on Terrestrial
Ecosystems: An Overview

Aeolian desertification affects ecosystems through two main physical processes,
wind erosion, which consists of detachment and transport of soil particles, and the
subsequent deposition of transported soil particles (Khalaf 1989, Ravi et al. 2010,

Wang 2013). These processes affect plant growth both in direct and indirect ways
and consequently local vegetation (Fig. 6.6). Wind erosion directly affects plant
growth and survival by physically damaging plants by windblown sand particles
(Fryrear et al. 1973; Precheur et al. 1978). In addition to physical injury, wind
erosion removes soil and thereby exposes roots to the air (Fig. 6.7). Root removal
causes water loss and elevated temperatures in root systems and lowers plant

Fig. 6.6 Outline of the impact of aeolian desertification on plants

Fig. 6.7 Roots of (a) Populus simonii and (b) Salix psammophila exposed to the air by soil
excavation due to wind erosion in Kubuqi desert (a) and Mu Us sandy land (b) in Inner Mongolia,
China (photo by N. Yamanaka)
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efficiency in terms of water and nutrient uptake. As a consequence, photosynthetic
abilities decrease, and plant growth is impaired. Wind erosion affects plant growth
indirectly by modifying soil water and nutrient conditions. Wind removes fine soil
that is rich in nutrients and contributes to the ability of soil to hold water, conse-
quently causing the loss of land that sustains vegetation (Ravi et al. 2010).

Wind-eroded sediment redeposits in areas near or distant from the source are
spatially heterogeneous due to topography and roughness of vegetation. Plant burial
is a direct consequence of sediment deposition on plants and can have both positive
and negative effects on plant growth (Maun 1998; Kent et al. 2001). When the burial
is shallow and relatively short term, it benefits plants by increasing water and
nutrient availability and lowering the temperature around root systems. Sand burial
sometimes induces the production of adventitious roots, which can contribute to the
acquisition of more nutrients and water (Fig. 6.8a). However, when burial is deeper
and long lasting, soil burial has detrimental effects on plant growth as it reduces light
availability for photosynthesis and limits the oxygen available to roots. In addition to
direct effects, sediment deposition affects plants indirectly through the accumulation
of nutrients and improvements in soil moisture retention. Generally, windblown
sediment is fine and more fertile than surface soil particles, and therefore, its
deposition results in nutrient accumulation and enhanced soil water retention (Ravi
et al. 2010). Sediment deposition and soil erosion processes cause a redistribution of
resources in an ecosystem, and topography and vegetation roughness promote
resource distribution spatial heterogeneity by affecting the aeolian soil particle
transport processes (Ravi et al. 2011).

The direct and indirect effects of soil erosion and sediment deposition generally
cause a decrease in plant productivity and a loss of biodiversity. As plant responses
to wind erosion and deposition are different among species, the species composition
of vegetation changes with the progression aeolian desertification. A typical example
of a shift in species composition that occurs with aeolian desertification is the
development of shrubland and the formation of coppice dunes (or nebkha,
Fig. 6.8b), which occur in many arid ecosystems (Ravi et al. 2010, 2011). Wind

Fig. 6.8 (a) Adventitious roots of Populus simonii emerged from buried stems and branches in the
Kubuqi Desert in Inner Mongolia, China, and (b) a Tamarix coppice dune (or nebkha) in Xinjiang,
China (photo by F. Yamamoto (a) and by N. Yamanaka (b))

136 Y. Kurosaki et al.



erosion and sediment deposition in shrubby grasslands physically injure grass
species and bury these species in sand, which enhance grass mortality and expand
the area of erodible land surface (Li et al. 2009). Fine and fertile sediments are
trapped by shrub canopies and deposited around them, forming fertile islands that
enhance shrub growth and cause further sand trapping. This process enhances
resource heterogeneity and accelerates the vegetation shift toward shrubland (Schle-
singer and Pilmanis 1998). Thus, positive feedback between vegetation heterogene-
ity and resource localization mediated through aeolian processes can accelerate the
impact of aeolian desertification.

6.2.2 Effect of Wind Erosion on Plants in Northeast Asian
Ecosystems

Root exposure to air due to wind erosion affects plant growth, and this issue has been
studied in arid regions of China, especially Inner Mongolia. Most of these studies are
on shrub or semishrub species, including Artemisia ordosica (Li et al. 2010a, b),
Artemisia wudanica (Liu et al. 2014a), Calligonum arborescens (Luo and Zhao
2015), and Calligonum mongolicum (Fan et al. 2018), and some are on rhizomatous
perennial grasses, such as Psammochloa villosa (Yu et al. 2008) and Phragmites
communis (Liu et al. 2014b). These studies revealed that removal of belowground
structures by wind erosion reduces plant survival, growth, and reproduction
depending on the severity of soil erosion. In addition, some of these studies
emphasized the contribution of rhizome connections to plant tolerance against
wind erosion conditions (Yu et al. 2008, Luo and Zhao 2015, Fan et al. 2018).
Wind erosion induces changes in plant biomass allocation, although its ecological
significance is not fully understood; plants that experience wind erosion allocate
more biomass to vegetative growth than to reproduction (Li et al. 2010b), more
biomass to belowground structures than to aboveground structures (Li et al. 2010b;
Liu et al. 2014a), and more biomass to the structures of vertically oriented growth
than to those of horizontally oriented growth (Liu et al. 2014b). In the sand dune
shrub Artemisia wudanica, the negative effects of wind erosion on plant growth have
been shown to be compensated by subsequent sand burial, probably due to the
induction of the production of adventitious roots that favor the acquisition of more
nutrients (Liu et al. 2014a).

6.2.3 Effect of Deposition on Plants in Northeast Asian
Ecosystems

There have been an abundant number of studies on the effects of sand burial on plant
germination, growth, and reproduction in Northeast Asia in recent years. Most of
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these studies were performed in northern China, especially Inner Mongolia. In our
literature survey, we found studies on the effects of sand burial on plant germination
for 40 species, including 23 shrub/semishrub species, 4 perennial grasses, and
11 annual forbs (Table 6.1). In these studies, in general, shallow sand burial of
most approximately 1 cm did not reduce and rather increased germination, although
severe sand burial decreased germination and subsequent seedling emergence. The
response of germination to sand burial differed among species (Zhu et al. 2009; Liu
et al. 2013; Wang et al. 2019), and these differences can cause a shift in species
composition with aeolian desertification.

The effects of sand burial on plant growth and reproduction have also been
studied intensively in northern China, although the number of studies is limited
compared to that on germination. We found studies on 17 species, including 1 tree,
13 shrubs/semishrubs, and 3 herbaceous species (Table 6.2). Among these studies,
partial burial usually did not have a negative effect on plant growth and survivorship
and enhanced plant survival in many cases. When burial depth increased and plants
suffered complete burial, plant mortality increased sharply. In some studies, the
negative effects of sand burial on growth and survivorship were shown to be
alleviated by clonal integration through stolons or rhizomes (Yu et al. 2004, Yu
et al. 2002, Liu et al. 2007, Luo and Zhao 2015). Sand burial either increased or
decreased the root-to-shoot ratio (Zhao et al. 2007, Liu et al. 2008, Tang et al. 2016)
and sometimes induced the formation of adventitious roots (Fig. 6.8a). When
experimental sand burial was performed on steppe plant communities, the plant
response to sand burial was found to differ among species (Ye et al. 2017, 2019),
implying that sand burial contributes to species coexistence and results in biodiver-
sity in regions with intense aeolian sand transport.

6.2.4 Effect of Long-Range Transported Sediments
on Downwind Asian Ecosystems

As described in Sect. 6.1, part of the wind-eroded sediment released from dry
regions of Northeast Asia travels eastwardly by the prevailing westerlies. Wind-
transported sediment is then deposited in downwind marine and terrestrial ecosys-
tems. Sediment deposition is recognized as an important source of nutrients in those
ecosystems because sediment contains nutrients essential for the growth of plants
and phytoplankton, such as nitrogen, phosphorous, and iron (Harrison et al. 2001;
Goudie and Middleton 2006; Maher et al. 2010).

Iron is essential for chlorophyll formation but is less available in marine ecosys-
tems; therefore, such ecosystems sometimes respond strongly to iron input that
occurs through sediment deposition (Martin 1990; Moore et al. 2001; Meskhidze
et al. 2005). Satellite and ground observations of dust and chlorophyll-a have
revealed that heavy Asian dust events could enhance phytoplankton blooms in the
South China Sea, probably due to iron input (Wang et al. 2012, Du et al. 2021). A
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Table 6.1 List of studies on the effect of sand burial on seed germination in Northeast Asian
ecosystems

Species Family
Life
form Literature

Agriophyllum
squarrosum

Chenopodiaceae AF Zheng et al. (2005), Liu et al. (2013)

Anabasis aphylla Chenopodiaceae S Wang et al. (2017)

Artemisia
halodendron

Asteraceae S Li et al. (2012)

Artemisia ordosica Asteraceae S Zheng et al. (2005), Zheng et al. (2009), Liu
et al. (2013)

Artemisia scoparia Asteraceae AF Li et al. (2012)

Artemisia
sieversiana

Asteraceae AF Li et al. (2012)

Artemisia
sphaerocephala

Asteraceae S Huang and Gutterman 1999, Zheng et al.
2005, Zheng et al. 2009

Artemisia wudanica Asteraceae S Li et al. (2012)

Bassia dasyphylla Chenopodiaceae AF Liu et al. (2013)

Bassia hyssopifolia Chenopodiaceae AF Liu et al. (2013)

Calligonum
alaschanicum

Polygonaceae S Ren et al. (2002)

Calligonum
arborescens

Polygonaceae S Ren et al. (2002)

Calligonum caput-
medusae

Polygonaceae S Ren et al. (2002)

Calligonum chinese Polygonaceae S Ren et al. (2002)

Calligonum densum Polygonaceae S Ren et al. (2002)

Calligonum
junceum

Polygonaceae S Ren et al. (2002)

Calligonum
leucocladum

Polygonaceae S Ren et al. (2002)

Calligonum
mongolicum

Polygonaceae S Wang et al. (2019)

Calligonum
mongolicum

Polygonaceae S Ren et al. (2002)

Calligonum
potaninii

Polygonaceae S Ren et al. (2002)

Calligonum
rubicundum

Polygonaceae S Ren et al. (2002)

Caragana
korshinskii

Fabaceae S Zheng et al. (2005), Zheng et al. (2009)

Caragana
microphylla

Fabaceae S Zhu et al. (2004)

Ceratocarpus
arenarius

Chenopodiaceae AF Liu et al. (2013)

Chenopodium
aristatum

Chenopodiaceae AF Liu et al. (2013)

(continued)
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similar contribution of dust deposition to phytoplankton blooms was also found in
the Yellow Sea (Tan and Shi 2012; Tan and Wang 2014), Japan Sea (Jo et al. 2007),
and North Pacific Ocean (Bishop et al. 2002; Han et al. 2011; Wan et al. 2020).
Enhanced phytoplankton growth can stimulate the productivity of marine ecosys-
tems. For example, iron fertilization of phytoplankton by Asian dust is suggested to
contribute to sardine productivity in the North Pacific Ocean (Qiu 2015).

Compared to that on marine ecosystems, the effect of nutrient input through dust
deposition on terrestrial ecosystems has been minimally investigated in downwind
Asian regions, probably because it is difficult to detect that effect. However,
deposition of nutrients, such as nitrogen and phosphorus, together with aeolian
sediment has been reported in those regions (Choi et al. 2001; Mori et al. 2003;
Yoshioka et al. 2009; Chiwa 2010), implying that long-range transported dust affects
downwind terrestrial ecosystems to a certain degree.

Table 6.1 (continued)

Species Family
Life
form Literature

Corispermum
lehmannianum

Chenopodiaceae AF Liu et al. (2013)

Cousinia affinis Asteraceae PF Liu et al. (2013)

Eremosparton
songoricum

Fabaceae S Liu et al. (2011)

Haloxylon
ammodendron

Chenopodiaceae S Wang et al. (2019)

Hedysarum
fruticosum

Fabaceae S Zheng et al. (2005)

Hedysarum laeve Fabaceae S Zhu et al. (2004), Zheng et al. (2009)

Horaninovia
ulicina

Chenopodiaceae AF Liu et al. (2013)

Leymus racemosus Poaceae PG Huang et al. (2004b), Liu et al. (2013)

Leymus secalinus Poaceae PG Zhu et al. (2009), Zhu et al. (2014)

Medicago sativa Fabaceae PF Zheng et al. (2005)

Minuartia
regeliana

Caryophyllaceae AF Liu et al. (2013)

Nitraria
sphaerocarpa

Zygophyllaceae S Wang et al. (2019)

Petrosimonia
sibirica

Chenopodiaceae AF Liu et al. (2013)

Psammochloa
villosa

Poaceae PG Huang et al. (2004a), Zhu et al. (2009)

Stipagrostis
pennata

Poaceae PG Liu et al. (2013)

The life forms S, PF, PG, and AF represent shrub or semishrub, perennial forb, perennial grass, and
annual forb, respectively
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6.3 Impacts of Aeolian Desertification on Agriculture,
Industry, and Transportation

The impacts of aeolian desertification on agriculture, industry, and transportation
are introduced based on data from statistical yearbooks or published papers.

Aeolian desertification usually results in a substantial loss of available land
resources. Aeolian desertification can not only reduce land productivity and land
area but also further accelerate soil wind erosion and cause various types of blown
sand damage, such as ruined croplands (resulting in the need to replant crops),
economic losses, people and livestock casualties, destroyed buildings and houses,
and interrupted traffic and communication. Aeolian desertification severely affects
local agriculture, industry, and transportation.

Table 6.2 List of studies on the effects of sand burial on plant growth in Northeast Asian
ecosystems

Species Family
Life
form Literature

Agriophyllum
squarrosum

Chenopodiaceae AF Li et al. (2015)

Artemisia frigida Asteraceae S Liu et al. (2008)

Artemisia gmelinii Asteraceae S Liu et al. (2008)

Artemisia
halodendron

Asteraceae S Liu et al. (2008), Qu et al. (2017)

Artemisia ordosica Asteraceae S Li et al. (2010a), Li et al. (2010b), Zheng
et al. (2012)

Artemisia
sphaerocephala

Asteraceae S Zheng et al. (2012)

Artemisia wudanica Asteraceae S Liu et al. (2008), Liu et al. (2014a)

Calligonum
arborescens

Polygonaceae S Luo and Zhao (2015)

Caragana
intermedia

Fabaceae S Xu et al. (2013a)

Cynanchum
komarovii

Asclepiadaceae S Xu et al. (2013b)

Hedysarum laeve Fabaceae S Liu et al. (2007)

Lespedeza daurica Fabaceae S Qu et al. (2017)

Nitraria
sphaerocarpa

Zygophyllaceae S Zhao et al. (2007)

Potentilla anserina Rosaceae PF Yu et al. (2004)

Psammochloa
villosa

Poaceae PG Yu et al. (2002)

Salix cheilophila Salicaceae S Teraminami et al. (2013)

Ulmus pumila Ulmaceae T Shi et al. (2004), Tang et al. (2016)

The life forms T, S, PF, PG, and AF represent tree, shrub or semishrub, perennial forb, perennial
grass, and annual forb, respectively
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6.3.1 Impacts of Aeolian Desertification on Agriculture

Windblown sand hazards are caused by a series of sand activities that occur during
the process of aeolian desertification on farmland, such as sand grain deflation,
transportation, and deposition and mobile sand dune forward movement. The
types of blown sand hazards in different regions are not the same due to different
sand sources. In summary, the types of blown sand hazards in the croplands of
semiarid regions of East China are dominated by mobile sand dune forward move-
ment and cultivated soil deflation, but those in the croplands in irrigated oasis
regions of West China are mobile sand dune forward movement and sand-driven
winds; for croplands in semihumid desert regions, wind erosion and sand beaten
seedlings are the most hazardous (Wang et al. 2011).

Aeolian desertification farmland is distributed extensively in China, with an area
of 3.56 � 106 hm2 (Table 6.3). In the farming-pastoral zone of the Inner Mongolia
Autonomous Region, such as in the rain-fed farmland region of Houshan, aeolian
desertification is very severe (Zhu et al. 1989), and the area of aeolian desertification
already accounted for 32.4% of that of local farmland area in Shangdu County at the
end of the 1980s.

Aeolian desertification is particularly harmful to agriculture. The spring sowing
season is from April to May each year; in desertified areas, the seeds and fertilizers
are often blown away, the seedlings are uprooted, the soil moisture disperses, and the
seedlings dry or are buried. Some places must be replanted repeatedly, even late in
the agricultural season. Once a surface experiences wind erosion, the soil fertility of
that farmland or pasture will degrade, and its yields will decrease, with organic
content and nutrients blowing away by wind.

Aeolian desertification has become a concern and affects local agriculture. Seven
Qis of the Houshan area in Ulanqab Meng of the Inner Mongolia Autonomous

Table 6.3 Area of aeolian desertification of dry farmland in the western region of China in 1999
(hm2)

Province
Total area of dryland in wind erosion
regions

Area of aeolian
desertification

Percentage
(%)

Ningxia 205,554 108,281 52.68

Shanxi 242,616 5745 2.37

Qinghai 168,779 425 0.39

Inner
Mongolia

2,877,380 2,694,789 93.65

Tibet 26,159 22,245 85.04

Xinjiang 1,399,763 354,248 25.31

Gansu 1,022,671 364,328 35.63

Sichuan 7883 7869 99.82

Total 5,890,806 3,557,929 60.40

Data from the General Office of National Environmental Protection (2001): “Investigation report of
the present state of the ecological environment in the Western Region of China”
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Region experienced severe aeolian desertification, and there is 3.2 � 105 hm2 dry
farmland where the 1 cm thick surface soil layer has been blown away by wind every
year, including 840.48 tons organic content, 5.41 � 104 tons nitrogen, and
8.30 � 106 tons physical clay particles. With continuous wind erosion, the original
chestnut soil mold cover with a deep soil layer has been blown away. An investiga-
tion at the beginning of the 1990s showed that parts of the cultivated layer and grass-
growing layer were blown away, the calcareous crust and sand-gravel layer under
them were exposed, and the land production capacity was almost lost (Zhu and Chen
1994). In the northern region of Shangdu County of the Inner Mongolia Autono-
mous Region, the organic content in soil was approximately 4.129% at the beginning
stage of reclamation and decreased to 1.189% in the period of moderate aeolian
desertification and to only 0.757% in the period of severe aeolian desertification and
abandoned cultivation. Using the Houshan area of Ulanqab Meng as an example, the
loss of chemical fertilizer from aeolian desertified land in China is approximately
1.70 � 108 tons every year, with a total value of 10.575 billion yuan RMB (Zhu and
Chen 1994). In terms of the loss of organic content, the amount of nitrogen and
phosphorus in soil lost to wind erosion is as high as 5.95� 107tons, which is equal to
2.68� 108 tons of chemical fertilizer and 17 billion yuan RMB. The deterioration of
soil quality will lead to a gradual decrease in single grain production. For example, in
rain-fed farmland regions, the single production of grain totaled 1335 kg/hm2 in the
1960s, 1275 kg/hm2 in the 1970s, 900 kg/hm2 in the 1980s, 450 kg/hm2 in the 1990s,
and approximately 150 kg/hm2 in drought years (Wang et al. 2011).

Different degrees of aeolian desertification covered 50,200 km2 of different types
of land by 2000 in the Horqin region. The loss of biomass that occurs during the
process of aeolian desertification results in ecosystem degradation, which occurs in
conjunction with the destruction of ecosystem structure and function, vegetation
degeneration, and soil sandification. The result of this process is that desert ecosys-
tems are formed with lower productivity and biomass. In 2000, the losses of biomass
on aeolian desertified rain-fed farmland and grassland were 6.86 � 105 and
1.01 � 107 tons, respectively, for a total of 1.08 � 107 tons in the region
(Table 6.4, Wang et al. 2005).

The depths of the surface soil layer in in the eastern region of the Xilin Gol
grassland are approximately 30–50 cm, with 50–60% fine sand grain content in the
soil layer that is less than 0.5 mm. The surface soil layer was blown away within
2 years after reclamation, and its movement depth was approximately 20–25 cm,
totaling 2000–2500 m2 surface soil loss from one hectare of land. However, on the
bit-ridged windward sections, even subsoil and parent sand material were exposed
on the surface, and the fine sand grain content of the 0.05 mm diameter increased to
60–90% (Zhu et al. 1989).

The sand cutting or sand burying from sand-driving wind limits the normal
growth of crop and forage grasses. If seeds of plants have been entrained or buried
in sand, then people must replant them. For example, in Zhangbei County, Hebei
Province, every year, an area of 2.07 � 104 hm2 needs to be replanted on
8.0 � 104 hm2 of farmland that is threatened by aeolian desertification, and in
1984, the amount of seeds needed for replanting was as much as 4.85 � 105 kg
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(Yang 1985). The precipitation in 13 villages in the middle of Naiman Qi of the
Horqin region was approximately 30 mm from March to July in 1980. With long-
term drought, blown sand is very strong, and the number of days with strong winds
in spring and summer is approximately 15, which causes a seed-planting period
delay of 7–15 days. The area of damaged plants is approximately 0.91 hm2, and
4.1 � 103 hm2 of buckwheat and grain that cannot be harvested occurs in the entire
Qi. In only 20 years, 33.3 hm2 of fertile lands were buried by shifting sand dunes in
Yaoledianzi Village, with average reduction of 1.67 hm2 every year. Due to the
decrease in farmland, people must reclaim barren land, which leads to aeolian
desertification, and the agricultural ecological environment has further deteriorated
(Liu and Zhao 1993). In June 1985, seedlings and leaves of corn and other crops
withered and died due to windblown sand in Yaoledianzi Village under a strong
wind lasting 5–6 days, with 30% of the area damaged; this event resulted in corn
ripening approximately 10 days late and broomcorn ripening half a month late (Liu
and Zhao 1993).

In addition, due to the deposition of windblown sand, farmlands and pastures will
experience sand accumulation. Moreover, sand accumulation can form sand dunes
and directly cause soil resource loss. In 1973, in the experimental field of Jiangqiao
village, Tailai County, Heilongjiang Province, with intensively reclaimed fixed
dunes, farmlands within 100 m of the leeward side of the dune were buried by
sand in merely 1 year, with a 4.2 cm thick sand cover layer occurring on average. A
piece of farmland that covered 9 hm2 in Hamutai Village had an area of 9000 m3 of
sand soil within 3 years, with a 10 cm thick sand cover layer on average (Ma 1985).

In the 1950s, the area of land experiencing blown sand hazards was approxi-
mately 280 hm2 in Tongyu County, Jilin Province, and this area increased to 14.4
thousand hm2 in the 1970s. The total area experiencing blown-out seeds, seedlings
beaten by windblown sand, and damaged plantings was approximately
2.16 � 105 hm2 from 1949 to 1980. The average size of damaged planting areas
was approximately 280 hm2 in a year, and this size reached 1.87� 104 hm2 in 1972.
There were 700 hm2 of farmlands that had no harvest due to wind erosion and sand
burial in 1982, and the reduction was approximately 4.5 � 105 tons. The area of
farmland experiencing aeolian desertification in Maxiagen Village of Xinhua Coun-
tryside was 20 hm2 in the 1950s, which increased to 60 hm2 in the 1960s, 136.7 hm2

in the 1970s, and 250 hm2 in the 1980s. There is a sand ridge from southeast to
northwest in Houmaxiagen Village. With extensive reclamation and pastures, the
boundary of the shifting sand dune that extended 500 m east had already entered the
western regions of the village. Forty residents had to be removed because wind-
blown sand encroached on their houses, stalls, and wells (Meng et al. 1991).

Shifting sand dune belts in the Pingchuan regions north of the Heihe River are
approximately 40 km long, with an area of 12 km2. Blown sand severely damaged
the oasis around the periphery of the dune, especially the deflation of windblown
sand on the soil. The average deflation depth of soil in cropland is approximately
3–5 cm, and the organic content loses are 400–700 kg/(hm2 a) due to conspicuous
loss of fine grain and organic content. Because of these factors, the amount of land
experiencing aeolian desertification land in the Pingchuan Oasis to the north of the
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Heihe River was 8% in the 1940s, and this amount increased to 20% in the beginning
of the 1960s and even increased up to 30% in some severe sections, with coverage
less than 3%. Some croplands had to be abandoned due to the encroachment of
shifting sand dunes, and farmland moved southward by 200–500 m. Crescent dunes,
barchan chains, coppice mounds, and land depressions developed extensively on
abandoned farmland (Wang et al. 2011). Mobile sand dunes moved forward 8–10 m
in the Qingtuhu District of Minqin County, and sand dune fields occurred in eastern
Wuwei, Yumen, Jinta, etc., with 1.27 � 105 hm2 of cropland in the oasis occurring
before shifting dunes were severely abandoned due to sand burial and other wind-
blown sand hazards. There were 679 villages that were buried in sand along
windblown sand roads (Zhu and Chen 1994).

Burial by sand is a common hazard for crops, forage grasses, and fruit trees in
oases surrounded by sandy deserts and the Gobi Desert, and sand burial often causes
serious economic loss. For example, the strong sand storm of May 5, 1993 destroyed
66,400 hm2 of croplands in Jinchang. In Wuwei, Gulang, Jingtai, and Zhongwei,
approximately 10 cm of topsoil was eroded, with the maximum depth reaching
50 cm; on average, approximately 5 m3 of soil was blown away per hm2. At the same
time, some croplands were covered by sand, with the maximum mum thickness
reaching 1.5 m, and sand accumulation per hectare cropland totaled an average of
9 m3. In addition, 55,000 m of canals were buried by sand, 750 poles were blown
down, 22,500 m of power line were blown down, 90,000 trees were broken, and
32,000 sheep and almost 10,000 other livestock were killed or missing (Yang 1996).

In many places, aeolian desertification leads to land degradation, destruction of
soil structure, and loss of soil nutrients. The natural restoration of soil fertility takes
decades, centuries, and even thousands of years. If man-made measures are used to
restore the fertility of the soil, then the amount of input required is difficult to
calculate. Grassland degradation caused by aeolian desertification has resulted in
the dominant grass species suitable for livestock feed becoming gradually reduced or
even completely lost. Forage grass has become low and sparse, yields have
decreased obviously, and the carrying capacities of pastures have decreased greatly.

According to the statistics of the National Statistics Bureau, the total output value
of the farming industry in 1999 was 381.66 billion yuan. The average annual loss of
crop production due to desertification is 18.68 billion yuan. As a result of land
desertification, the loss of grassland per unit area is 0.76 thousand yuan km2, which
is equivalent to the 1999 price. The results show that the loss of animal husbandry
caused by aeolian desertification is 8.02 billion yuan per year (Liu 2006).

6.3.2 Impacts of Aeolian Desertification on Industry
and Transportation

With the development of aeolian desertification, windblown sand activities fre-
quently occur. Aeolian desertification directly or indirectly blocks rivers, reservoirs,
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and canals; damages mine bases, factories, railway subgrades, bridges, and culverts
in some areas; buries or erodes railways, roadbeds of highways, and road surfaces;
forces highway traffic to stop; and even causes highways to be abandoned. Sand
accumulation on roadbeds may cause trains to jump their tracks; therefore, the
mechanical removal of sand accumulated on roadbeds during strong sand storms
is essential. This scenario not only affects the normal operation of railways but also
greatly increases train maintenance costs. Strong sand-dust storms can also cause
side slope deflation and sand accumulation on the surface of the highway. This can
increase oil consumption, shorten the useful life of a car, and cut off traffic (Wang
et al. 2011) (Fig. 6.9).

China’s areas experiencing aeolian desertification have the largest reserves of oil,
natural gas, exposed coal mines, and salt and alkali lake mines in the country. Every
year, there are substantial losses due to work being stopped, sand entering machines,
and wear damage caused by aeolian desertification. For example, most of the eight
exploited salt lakes were buried by windblown sands. The area of salt produced in
the early 1950s in Chahannaoer Salt Lake was 15 km2, which was reduced to 4 km2

in the 1990s. The Yabulai, Hetunchi, Dayanhaizi, and North Dachi salt lakes have
been seriously endangered. According to a 1993 survey, Jirantai Salt Lake was
damaged by windblown sand. Within the range of the 37.19 km2 salt mine, there
were 16.88 km2 salt mines buried by windblown sand with a thickness of 30 cm. The
removal of sand before mining increases has led to an additional economic burden,
and the shifting sand invasion will lead to too quick abandonment of the salt lake
(Zhou et al. 1998).

The Yellow River transports an average of 1.6 billion tons of sand a year, 25% of
which originates in aeolian desertified areas. Approximately 50,000 kilometers of
irrigation canals are damaged by wind and sand every year (Wang et al. 2011).
According to previous research reports and related research results, the total length
of the irrigation channels in the aeolian desertification area of northern China is
126 thousand km, of which 51 thousand km is often damaged by wind and sand (Liu
2006). Damage to water conservancy is mostly manifested in silting hydraulic
engineering and rivers. A typical example is that of the Longyangxia Reservoir of

Fig. 6.9 A post vehicle on
the S101 Road affected by
severe grassland aeolian
desertification (photo taken
on June 26, 2018) (taken by
Shulin Liu)
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Qinghai Province; the blown sands entering the reservoir are approximately
1.41 � 106 m3 every year (Dong et al. 1989).

For example, a strong sand-dust storm occurred on April 28, 1983, which resulted
in 14 people dying, 37 becoming wounded, 44,837 livestock dying, 101 civilian
houses being damaged, 378 stalls being damaged, 195 wells being buried, and 9 km
of communication routes being damaged in Ih Ju Meng. During the period when a
strong sand-dust storm occurred on May 5, 1993, the traffic on the Wuda-Jilantai
Railway was cut off for 4 days, and the Lanzhou-Xinjiang Railway was interrupted
for 31 hours. The strong sand-dust storm of May 5, 1993 destroyed 35 kV and 6 kV
power transmission lines and cut off the water supply in Jinchang city; as a result,
industrial production was partly stopped and caused a direct economic loss of
83 million yuan (Yang 1996).

Damage to communication establishments can be seen through the collapse of
electrical poles and broken wires caused by wind and blown sand electrification
around wires. According to observations in the field, the voltage of blown sand
electrification around wires reaches up to 2700 V, which strongly disturbs commu-
nication and electricity transmission and even endangers humans. Sand dust not only
makes the atmosphere hazy and impedes people working normally but also disrupts
civil aviation and causes economic loss.

The damage to air transportation from aeolian desertification mainly refers to the
damage caused by sand-dust storms. During periods of strong sand-dust storms, the
visibility is very poor, and in extreme cases, the storm may block transportation. This
kind of storm has two main impacts: first, its affects the normal takeoff and landing
of an airplane; second, it affects the airplane itself and its mechanical movement and
easily causes mechanical accidents. In recent years, due to the impact of sand-dust
storms, air transport has been impacted. For example, when the “Black Storm”

occurred in the Hexi region on May 5, 1993, sand was blowing in the sky over
Lanzhou, visibility at Lanzhou Zhongchuan International Airport was extremely
low, and flights had to be halted and turned back with no ability to land (Yang 1996).
According to the China Youth Daily, more than 1200 flights across the country were
delayed by dust and sandstorms that began on March 26, 2004, causing major
economic and financial losses for many airlines. Since March 2004, there have
been six sand-dust events in northern China, including one strong sand-dust storm,
two sand-dust storms, and three sand-blowing events. Due to high winds, dust, and
weather, 130 flights were delayed at Beijing Capital International Airport, and
27 were forced to land at airports around the capital, most of which were delayed
for more than an hour. “Each second an airplane stays in the sky is equivalent to
dropping a 10-yuan bill from the sky” said the Beijing Office of China Eastern
Airlines.

As a result, aeolian desertification deteriorates the ecological environment,
destroys living conditions, aggravates the occurrence of natural disasters, restricts
economic development, deepens the poverty level, seriously affects social stability,
and greatly harms the national economy and social development of China (Zhang
et al. 1994). In 2005, the direct economic loss caused by aeolian desertification in ten
provinces of North China was as high as 48.79 billion yuan (Table 6.5, Ma et al.
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2008). This economic loss was mainly due to the land abandonment and lost
grasslands that occurred in response to aeolian desertification (Ma et al. 2008). It
is even estimated that the direct economic loss caused by land desertification in
China reaches 128.14 billion yuan each year (Liu 2006).

6.4 Impacts of Aeolian Desertification on Human Health
in Local and Downwind Regions

6.4.1 Overview

Aeolian desertification and dust storms can affect human health through complex
pathways: (1) direct effects such as deaths and injuries caused by dust storm events
and acute and/or chronic diseases caused by airborne particles and human aspiration
toxicity hazards; (2) indirect effects resulting from the drying of water source and
food production decreases leading to malnutrition and starvation; and (3) combina-
tions of these two types of effects. Recently, agriculture, mining, and rapid devel-
opment have contributed to dust generation and community exposure in Inner Asian
drylands. In particular, the physical, chemical, and biological properties of airborne
dust-related desertification have a direct impact on human health, including respira-
tory diseases and worsening allergy-related diseases (Shepherd 2016). Health con-
sequences are worldwide, particularly affecting populations in desertified areas.

Populations far from the source regions are exposed to airborne particles or
“Asian dust,” when long-range atmospheric transport carries dust, for example,

Table 6.5 Economic losses from aeolian desertification in the ten provinces of northern China in
2005 (billion yuan)

Region

Grassland
carrying capacity
loss

Nutrient
loss of
farmland

Loss of land
abandonment

Pollution
loss

Direct
loss

Total
loss

Inner
Mongolia

2.68 5.86 9.98 5.69 1.99 26.19

Qinghai 0.27 0.14 0.80 0.00 0.31 1.52

Gansu 0.12 1.09 1.78 0.7 0.19 3.88

Xinjiang 0.32 1.78 0.26 0.78 0.86 4.00

Ningxia 0.06 0.17 0.41 0.05 0.05 0.74

Heilongjiang 0.26 0.08 6.68 0.00 0.03 7.06

Shaanxi 0.59 0.26 0.33 0.12 0.12 1.42

Shanxi 0.14 0.59 0.00 0.19 0.00 0.91

Jilin 0.94 0.00 0.17 0.00 0.00 0.21

Hebei 0.94 0.00 1.75 0.19 0.00 2.87

The total 5.38 9.99 22.16 7.71 3.56 48.79

Note: Quote from Ma et al. (2008)

6 Impacts of Aeolian Desertification and Dust Storms on Ecosystems, Economic. . . 149



from China and Mongolia to Japan and Korea (Fig. 6.10). Airborne particles can
adsorb anthropogenic atmospheric pollutants during transport, including ammo-
nium, sulfate, and nitrate ions and heavy metal compounds not believed to originate
from the soil (Onishi et al. 2012). Thus, exposure to windblown dust is increasingly
linked to a range of health problems. In this section, we focus on both Inner Asian
drylands, one region experiencing desertification progression and the East Asia
countries located in downwind regions.

6.4.2 Impacts of Aeolian Desertification in Local Regions

Severe dust events related to aeolian desertification constitute major disasters in
source regions. The following are examples of cases in Mongolia: during April
17–20, 1980 and May 5–6, 1993, between 9 and 16 people and 100,000–675,000
head of livestock died because of severe snow and dust storms (Dulam 2005);
52 people lost their lives; and 320,000 head of livestock were killed because of an
intense dust storm that occurred across a broad area of Mongolia on May 26–27,
2008 (Otani et al. 2017). Such a major disaster may also lead to posttraumatic stress
disorder; Mu et al. (2013) noted that the quality of life of the victims may decline
over time due to indirect impacts such as livestock losses leading to economic
damage after extreme dust storms.

There are currently no reports of outbreaks of dust-related infectious diseases in
inland Asia; however, coccidioidomycosis (also known as valley fever), which is a
debilitating fungal disease caused by inhalation of arthroconidia, breaks out during
and after dust storms in the southwestern United States and northern Mexico. A

Fig. 6.10 Positional diagram of aeolian dust in Northeast Asia
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portion of patients with coccidioidomycosis develop severe pulmonary and/or
chronic disease, and approximately 1% develop a life-threatening disseminated
disease, such as meningitis (Gade et al. 2020). A causal microorganism of infectious
disease should be monitored even in Asia.

Chronic exposure to aeolian dust is associated with premature death due to
cardiovascular disease, respiratory disease, and lung cancer. Inhalation of dusty air
exposes individuals to not only hazardous fine mineral particulates but also harmful
combinations of pollutants, spores, bacteria, fungi, and potential allergens carried
with mineral dusts (Shepherd 2016). As an epidemiologic example, the outpatient
morbidity associated with respiratory disease in areas with a high frequency of
occurrence of dust events in Mongolia (Kurosaki and Mikami 2005) has remained
stably high. The morbidity rate of respiratory diseases in Omnogovi Province,
located in the Gobi Desert, was 2157.6 per 10,000 inhabitants in 2011, approxi-
mately twice the Mongolian national average (1048.1 per 10,000 inhabitants) (State
Implementing Agency of Health, Government of Mongolia 2012, Otani et al. 2017).

Recently, some areas in Inner Asia have been concerned with large-scale min-
ing’s potential dust risk to the health of the local population. Generally, mining has
negative effects on vegetation and leads to aeolian desertification (Fang et al. 2019).
Sternberg and Edwards (2017) noted that atmospheric dust from multiple sources
may enhance human particulate exposure. Greater awareness of dust in Inner Asia
reflects community concerns about related health implications. Future human well-
being in the region will require more thorough information on dust emissions in the
changing environment.

6.4.3 Impacts of Aeolian Desertification in Downwind
Regions

In downwind regions of Asian dust events such as Japan, South Korea, and Taiwan,
mortality, ambulance transportation, hospitalization, and changes in symptomatic,
functional, and examination findings have been reported as effects of aeolian
desertification on human health. Recent epidemiological studies on mortality have
shown the following: adverse health effects on all-cause and cerebrovascular disease
mortality were observed in South Korea and Japan (Kashima et al. 2016); mortality
from all causes and circulatory diseases for the elderly population were significantly
associated with winter Asian dust event days compared with normal days (Wang and
Lin 2015); elderly, economically inactive, and nonmarried people had higher risks of
all-cause mortality and cardiorespiratory mortality during days with extreme dust
events in Hong Kong (Ho et al. 2018). In relation to cardiovascular diseases, it has
been suggested that Asian dust is a potential trigger of acute myocardial infarction
(Matsukawa et al. 2014).

Asian dust events have coincided with increases in hospital admissions and
clinical visits for allergy-related diseases such as asthma, allergic rhinitis, and
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conjunctivitis (Shepherd 2016; Goudie 2014). Children have been found to be
particularly vulnerable, and exposure to dust particles transported by Asian dust is
associated with increased hospital admissions for childhood asthma (Kanatani et al.
2010). Nakamura et al. (2016) suggested that Asian dust exposure increases emer-
gency department visits by children with bronchial asthma and respiratory diseases.
Worsening asthma symptoms caused by Asian dust might be attributed to the
combination of particulate matter from soil and anthropogenic pollutants (Watanabe
et al. 2011).

Even in healthy people, Asian dust can induce symptoms such as itchy eyes and
skin, nasal congestion, and sore throats (Otani et al. 2011). Such symptoms during
Asian dust events might reflect allergic reactions to Asian dust particle-bound
metals, air pollutants, and microbial allergens (Otani et al. 2012, 2014). Analysis
of Asian dust particles in Japan has shown the presence of ammonium ions, sulfate
ions, nitrate ions, and heavy metal compounds that are considered not to originate
from soil. Recent studies have shown that microbes such as bacteria and fungi can
migrate vast distances during Asian dust events by attaching themselves to dust
particles (Maki et al. 2014). Asian dust events might trigger some kind of hyper-
sensitivity to metals and microbial allergens.

Aeolian desertification may lead to many types of health problems for people
inhabiting both local and downwind regions through different mechanisms. The
importance of combating desertification has become increasingly important from
environmental and health aspects, in not only drylands in Inner Asia but also
downwind areas in East Asia.

6.5 Conclusions

The frequency of sand-dust storms increased from the 1990s to 2000s in China and
Mongolia. When we divided the causes of these sand-dust storms into erosivity and
erodibility, the main cause of the storms was the increase in erodibility, especially in
Mongolia, eastern Inner Mongolia, and northeastern China. This result suggests that
aeolian desertification progressed in such regions during the period. The condition of
long-term desertification is not well studied for wide areas in East Asia. However,
national statistics and research reports show that aeolian desertification has been
worsening in many different places in China for a long time.

Aeolian desertification affects ecosystems and agriculture in two ways: wind
erosion and sediment deposition. Wind erosion decreases surface soil and fertility,
windblown sand particles cause physical injury, and this type of erosion removes
soil and thereby exposes roots to the air. A significant amount of sand burial (i.e.,
sediment deposition) enhances grass mortality and expands the area of erodible land
surface; as a result, desertification accelerates. There are cases where windblown
sand from a shifting sand dune encroaches on houses, stalls, wells, and canals, and
croplands must be abandoned. Aeolian desertification also damages mine bases,

152 Y. Kurosaki et al.



factories, railways, bridges, culverts, highways, communication establishments,
electricity transmissions, and air transportation.

Aeolian desertification has impacts on human health in not only dust source
regions but also their downwind regions. Severe dust events are disasters that lead
to deaths and injuries. Chronic exposure to aeolian dust is associated with cardio-
vascular and respiratory diseases. There is a report that the morbidity rate associated
with respiratory disease in Omnogovi Province, Mongolia, where dust emissions
frequently occur, is two times that of the Mongolian national average. Additionally,
in downwind regions, there are reports of cardiovascular and respiratory diseases
related to dust. A characteristic of dust in downwind regions is that dust particles
adsorb anthropogenic pollutants during transport. The effect of microbes in the dust
is also a concern, even though their effect is not well clarified.
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Chapter 7
Goals and Principles for Combating Aeolian
Desertification

Xian Xue

Abstract Land degradation neutrality (LDN) is the overall goal proposed by the
United Nations Convention to Combat Desertification (UNCCD) for combating
desertification. Based on the framework of LDN, this chapter proposes sustainable
development, poverty eradication, and land management as subgoals for restoring
desertified lands globally. These three subgoals have not yet been achieved, although
decades of efforts have been implemented. The relevant principles have not been
implemented, and this lack of implementation may be one of the fundamental causes
of not achieving these subgoals. To better understand these principles, this chapter
provides a detailed introduction to aeolian desertification and restoration in the
Minqin Oasis, which is located in northwestern China. Based on the experience
and lessons obtained from Minqin and other regions of China, the author recom-
mends nine principles for achieving the three subgoals and LDN. These principles
are also suitable for controlling and restoring areas experiencing aeolian
desertification.

Keywords Aeolian desertification · Combating · Goals · Principles · LDN

7.1 Introduction

The history of combating desertification can be traced back to 1977 when the United
Nations Conference on Desertification (UNCOD) adopted a Plan of Action to
Combat Desertification (PACD). However, 15 years of efforts have not adequately
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addressed desertification due to the lack of substantive action (UNEP 1991). There-
fore, in 1992, the United Nations Conference on Environment and Development
(UNCED) held in Rio de Janeiro proposed the requirements for new and integrated
approaches to combat desertification. Promoting sustainable development at the
community level was emphasized as the essential aim of combating desertification
at that time (UNCED 1992). Based on the proposal, effort, and preparation of the
UNCED, the United Nations Convention to Combat Desertification (UNCCD) was
adopted in Paris on 17 June 1994. In the strategic plan and framework of the
UNCCD, the clear vision is to reverse and prevent desertification by forging global
partnerships (UNCCD 1994). In response to the UNCCD, 196 countries and the
European Union had been Parties of the Convention (COP) through August 2018.
Therefore, the adoption of UNCCD is undoubtedly a milestone in the global effort to
combat desertification. The UNCCD also supports the development and implemen-
tation of national and regional policies that contribute to the reduction of poverty
(UNCED 2014). After world leaders concluded the 2030 Agenda for Sustainable
Development at the SDG Summit in September 2015 (UNGA 2015), achieving the
“land degradation neutrality (LDN)” described in target 15.3 of the 17 Sustainable
Development Goals (SDGs) became an important task and vision of the UNCCD
(Chasek et al. 2015; UNSD 2016; Stavi and Lal 2015). To date, over 120 countries
have committed to setting LDN targets, and many countries have secured high-level
government commitments to achieving LDN. The involvement and commitment of
high-level governments are particularly important because land management prac-
tices supported by policymakers are critical to the implementation of LDNs (Safriel
2017).

Throughout history, the main goals of combating desertification are related to
sustainable development, poverty eradication, and the pursuit of productive
(UNCCD 2012). The restoration of aeolian desertification also needs to achieve
the three goals (Wang et al. 2015). Determining the goals is not difficult, but
determining how to achieve these goals without reverting back to initial states is
difficult. This process has been difficult specifically in drylands. The author believes
that the policies and measures implemented to achieve these goals must follow some
principles. These principles might not be specific recommendations, but they should
provide guidelines or rule so that aeolian desertification control efforts will not
deviate from the expected results. Minqin Oasis, located at the end of the Shiyang
River Basin in northwestern China, had experienced severe aeolian desertification
before 2010, and then, the aeolian desertification has been reversed to a great extent
since 2010. This chapter presents the Minqin case study to help describe the process
of aeolian desertification and restoration. Based on the experience and problems that
have emerged in the process of aeolian desertification control in Minqin and other
regions of China, the author proposes essential principles for achieving the above
goals. These principles are, to no small extent, preliminary discussions, with flexible
concepts or theories.
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7.2 Case Study on Aeolian Desertification and Restoration
in Minqin Oasis

An oasis is a fertile area in deserts or drylands with a continuous water supply
(Krevisky and Jordan 1989). The water supply of oases usually comes from inland
rivers due to the sparse rainfall. Inland rivers flow into lakes or deserts instead of the
ocean. The inland rivers in China are mainly distributed in the northwest where there
is an arid climate. Except for the Yellow River, the rivers shown in Fig. 4.5 are
inland rivers. These inland rivers originate from high mountains with glaciers and
snow cover. The precipitation, snow, and glaciers in the mountains provide water to
the inland rivers. From the mountains, these inland rivers flow into the premountain
alluvial plains. On the plains, oases are distributed on both sides of the rivers. The
inland rivers finally input into lakes such as Juyan Hai at the end of the Heihe River
and Lop Nur at the end of the Tarim River (Fig. 4.5).

7.2.1 Aeolian Desertification Process in the Minqin Oasis

The Shiyang River is the easternmost inland river of China and originates in the
Qilian Mountains (Fig. 4.5). Along the Shiyang River, the Gulang Oasis, Liangzhou
Oasis, and Minqin Oasis are distributed from south to north (Fig. 7.1). Annual
precipitation decreases from 700 mm in the mountains to 120 mm in the Minqin
Oasis. Therefore, the Minqin Oasis has a typically arid continental climate. Local
agriculture mainly depends on irrigation water from the Shiyang River and ground-
water. The annual average runoff of the Shiyang River flowing out of the Qilian
Mountains is approximately 13.7 � 108 m3, and then, it supplies the Gulang Oasis,
Liangzhou Oasis, and Minqin Oasis. In the 1950s, the water flowing into the Minqin
Oasis was approximately 5 � 108 m3. After the 1950s, with the rapid increase in
irrigated croplands in the Gulang and Liangzhou Oases, the water flowing into the
Minqin Oasis gradually decreased and was only 0.98 � 108 m3 in 2003.

The increase in irrigated croplands resulted from the rising population. The total
population of Gulang and Liangzhou oases increased from 59.1 � 104 people in
1950 to 140.3 � 104 people in 2011. In addition to the naturally occurring increase,
policy-induced immigration also greatly contributed to the rapidly increasing pop-
ulation. In 1977, the Chinese Communist Party Central Committee approved the
Hexi Corridor as one of the ten Commodity Grain Bases of China and encouraged
local governments to rapidly develop agriculture and use abandoned lands. In
response, a large number of people immigrated to the Gulang and Liangzhou
Oases, which are an important part of the Hexi Corridor. In addition, the actual
sown area significantly increased from 118.04 � 103 ha in 1950 to 175.77 � 103 ha
in 2011 (Xue et al. 2015). Increasing cropland areas requires additional irrigation
water. The Liangzhou Oasis consumed almost 80% of the total water resources in the
river basin. Therefore, the water volume from the Shiyang River flowing into the
Minqin Oasis decreased dramatically.
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In contrast to the decrease in surface water, the population and croplands in
Minqin Oasis significantly increased from 1950 to 2011. To address the shortage of
surface water, the local government built the Hongyashan Reservoir in 1965 to store
water in the flood season and recharge croplands during the irrigation season through
artificial cement channels. Because all water was used to irrigate croplands, no water
flowed into Qingtu Lake (lake at the end of the Shiyang River) to provide water to
the natural vegetation that protect the oases from wind-sand disasters. Furthermore,
groundwater was exploited to compensate for the shortage of surface water. Since
the mid-1970s, 11,000 wells have been drilled in the Minqin Oasis, among which
250 wells have depths of 300 m. The average groundwater extraction volume is
6 � 108 m3 per year, and the overexploited volume was 3 � 108 m3 per year from
1998 to 2011 in the Minqin Oasis. The overexploitation of groundwater resulted in
the groundwater table decreasing by an average of 6.84 m (Xue et al. 2015).

The other negative result of the overuse of groundwater is the deterioration of
groundwater quality and soil salinization. The Minqin basin is a well-confined
hydrologic basin in which the equilibrium of groundwater is mainly regulated by
evaporation and transpiration. Due to the low circulation rate in this area, the overuse
of groundwater has already induced increased levels of total dissolved solids (TDS).
The average value of the TDS in the groundwater in Minqin Oasis significantly
increased by 0.1–1.01 g l�1 from 1908 to 2011. Of the parts of the Minqin Oasis, the
northern part, adjacent to the Tengger Desert, has the worst groundwater quality

Fig. 7.1 Map of the Shiyang River Basin and Minqin Oasis (from Xue et al. 2015)
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because of a lack of surface water recharge and overuse of groundwater. The TDS of
well water along the desert margin can reach 10 g l�1 (Xue et al. 2015). Flood and
furrow irrigation with saline or high-sodium water can change pH values, soil
exchangeable sodium percentages (ESPs), and soil water-holding capacity (WHC),
resulting in the formation of alkaline soil and damage to soil structure (Table 7.1). In
the Minqin Oasis, the average salt content is as high as 16715.18 mg kg�1 and 2 or
2.5 times that in the Gulang and Liangzhou Oases. Before 2007, over 80% of the
cropland experienced different intensities of salinization. In the northern part of the
Minqin Oasis, minimally and moderately salt-tolerant crops such as wheat and
cotton can no longer grow. The main crops have become fennel, alfalfa, and
sunflower, which are highly salt-tolerant crops. Even some cropland had to be
abandoned due to severe salinization (Fig. 7.2).

The decreased groundwater table, deteriorated water quality, and soil salinization
directly caused a large area of natural and artificial vegetation to disappear. Research
shows that natural vegetation cover in the Minqin Oasis decreased from 44.8% in the
1950s to 15% at the end of the 1990s (Xie and Chen 2002). Because the Minqin
Oasis is adjacent to desert, which is covered by active dunes, shelter forests are
especially important to protect the oasis from wind erosion and sand burial. Vege-
tation degradation directly resulted in oasis exposure to wind and sand disasters.
Since the 1950s, sand dunes in the north have encroached southward by 50–70 m
into the oasis and have destroyed 400 ha of farmland (Fig. 7.2). Desert areas located
in the west have moved eastward by 30–60 m and have destroyed 467 ha of farmland
(Zhang et al. 2004; Sun et al. 2005). Based on remote sensing imagery, aeolian
desertification in the Minqin Oasis has rapidly occurred, and 70% of farmland has
been affected by aeolian desertification (Xue et al. 2015). Severe aeolian desertifi-
cation has resulted in the Minqin Oasis being a major source of sandstorms in China
before 2010 (Wang et al. 2004; Dong et al. 2010).

7.2.2 Restoration Process in the Minqin Oasis

Minqin has become well-known in China and the world based on its severe aeolian
desertification and corresponding refugee problems. After 2007, the Chinese
national government implemented a series of environmental policies and invested
over 4 billion RMB in the Shiyang River Basin and Minqin to combate aeo-
lian desertification. These policies included water allocation inside the basin, agri-
cultural water management, agricultural structural adjustments, and construction of
shelter forest systems.

First, based on the average annual water allocation plan, the amount of water
flowing into the Minqin Oasis must account for 22% of the total water volume of the
river flowing out of the mountains and can change in high and low years depending
on the mountain water volume. Furthermore, some water from the Yellow River is
transported into the Minqin Oasis directly by channel. In 2019, the total surface
water volume that flowed into the Minqin Oasis was from the Shiyang River, and the

7 Goals and Principles for Combating Aeolian Desertification 165



T
ab

le
7.
1

S
oi
l
sa
lin

ity
ac
cu
m
ul
at
io
n
af
te
r
fa
rm

la
nd

w
as

ab
an
do

ne
d
in

th
e
M
in
qi
n
O
as
is

S
am

pl
in
g
si
te

D
ep
th

(c
m
)

T
ot
al
sa
lt
co
nt
en
t(
%
)

Io
n
co
nt
en
t(
m
g
10

0
g�

1
)

C
O
3
2
�

H
C
O
3
�

C
l�

S
O
4
2
�

C
a2

+
M
g2

+
K
+

N
a+

Ir
ri
ga
te
d
fa
rm

la
nd

0–
20

0.
28

1
–

0.
27

0.
44

3.
14

2.
37

0.
83

0.
18

0.
78

20
–
48

0.
97

1
–

0.
22

0.
41

13
.6
8

10
.3
8

2.
85

0.
26

1.
44

48
–
60

1.
39

0
–

0.
22

1.
01

19
.7
9

12
.1
8

4.
49

0.
28

3.
58

60
–
10

0
1.
39

5
–

0.
20

1.
52

19
.3
9

10
.4
1

5.
29

0.
23

5.
04

A
ba
nd

on
ed

ir
ri
ga
te
d
fa
rm

la
nd

(1
0
ye
ar
s)

0–
10

10
.7
15

–
0.
24

80
.6
3

89
.7
2

15
.6
2

37
.3

1.
77

11
7.
17

10
–
20

7.
95

7
–

0.
22

36
.7
4

83
.3
2

12
.8
2

24
.0

1.
59

88
.2
6

20
–
40

1.
79

1
–

0.
14

3.
92

22
.9
1

11
.2
2

6.
41

0.
28

10
.0
0

40
–
60

2.
12

9
–

0.
16

4.
23

28
.3
6

12
.6
6

5.
45

0.
23

12
.1
7

60
–
10

0
2.
03

5
–

0.
13

6.
48

33
.7
1

14
.4
2

3.
85

0.
36

13
.4
8

166 X. Xue



Yellow River reached approximately 3 � 108 m3. In addition to being used for
irrigation, a certain amount of surface water flowing into the Minqin Oasis recharges
Qingtu Lake at the end of the Shiyang River Basin. Qingtu Lake disappeared for
over 40 years starting in the 1950s and reappeared with a maximum size of over
30 km2 in 2019 (Fig. 7.3).

In terms of water use and management, the local government regulates the
average cultivated farmland area for each person and the water consumption amount
for a given unit of farmland. This policy was implemented better in the initial period
after its establishment. Each person could own only 2.5 mu irrigated farmland.
Therefore, the total farmland area was reduced from 900,000 mu (1 ha ¼ 15 mu)
to 600,000 mu in the early 2010s in the Minqin Oasis. However, in a recent survey,
we found that many local farmers have moved to places outside the Shiyang River
Basin to utilize more abandoned land to compensate for their losses in their home-
towns. Furthermore, many scattered privately owned arable lands, abandoned lands,
and sandy lands are leased to enterprises or owned by large landowners for intensive
management. Farmers benefit by working for these farmland renters. This kind of
agricultural model not only reclaimed abandoned farmland in a short time but also
opened newer abandoned lands and sandy lands.

In contrast to farmland management, water use control and management has
always remained relatively strict in the Minqin Oasis. Surface water is considered
the priority source for irrigation water, especially in the northern part of the Minqin
Oasis, where groundwater quality is poor. Under the unified management of the
Water Resource Bureau, surface water is sent to farmlands in the different periods of

Fig. 7.2 Sands encroaching a settlement (left) and farmland (middle) and soil salinization (right) in
the northern part of the Minqin Oasis (from Xue et al. 2015)

Fig. 7.3 Qingtu Lake in the 1950s (left), 2010 (middle), and 2012 (right) (a) is provided by Minqin
County government, (b) and (c) are taken by Xian Xue
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the growing season of crops (usually four to five times per year, including spring or
winter irrigation to leach salt downward). Groundwater is mainly used to compen-
sate for the lack of fresh water. After 3161 wells were closed in the early 2010s (Xue
et al. 2015), new or closed wells seldomly were drilled or reopened. The amount of
groundwater in the irrigation water volume was controlled by an electricity card.
Farmers can use more groundwater by purchasing electricity, which is also the
reason farmers rent their farmland to large landowners or enterprises. Enterprises
have enough funds to pay for irrigation water to open more abandoned or sandy land.

To save water resources, the local government suggested and implemented tube
irrigation and drip irrigation, but the effort failed. By the end of 2010, drip and tube
irrigation systems had been set up in half the total irrigated farmland area of the
Minqin Oasis, including 15,000 ha of drip irrigation and 3700 ha of tube irrigation in
open fields and 1827 ha of drip irrigation in greenhouses. By 2020, for several
reasons, almost all drip irrigation and tube irrigation systems were abandoned
(Fig. 7.4). First, local farmers did not implement this method because they believed
that more water would produce more yield. Second, the higher initial investment
hindered the popularization of this method. Initially, the central government invested
substantial funding into drip irrigation. When the investment stopped, local govern-
ments and farmers could not afford it and had to stop using this method. Finally, the
local unsustainable technology and lack of technicians prevented adoption of drip
irrigation. Farmers did not know the right time and amount for drip irrigation or how
to cope with dripper clogs caused by poor water quality. The scattered farmland plots
also made implementation of drip irrigation use and management difficult. The
newly emerging large-scale agriculture operated by enterprises and large landlords
has gradually made drip irrigation possible. On the one hand, these enterprises have
the initial investment and the ability to cooperate with scientific research depart-
ments. On the other hand, the large farmland area makes drip irrigation easy to apply
and manage.

Adjusting the agricultural structure is another important measure used to save
water and improve water use efficiency in the Minqin Oasis. Fruit trees such as red
dates and red wolfberries with high water use efficiency, vegetables in greenhouses,

Fig. 7.4 Drip irrigation in the initial stage (left) and drip irrigation substituted by flood irrigation
(right) (provided and taken by Xian Xue)
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and stable animal husbandry have become popular and are replacing traditional grain
crops (Xue et al. 2015). However, fruit trees have not resulted in the expected
benefits. Red dates and red wolfberries are not Minqin’s specialty products. The
former in Xinjiang and the latter in Ningxia have been planted over a long period and
account for the main portion of the market. Greenhouse vegetables are mainly
tomatoes, eggplants, and peppers, which provide more benefits than traditional
crops. However, their competitive ability in the market is still limited. High-value
and specific crop, vegetable, and economic tree species need to be explored.

Since 2007, the Chinese central government has invested a large amount of funds
in Minqin to establish the shelterbelt system to protect the oasis. The local govern-
ment organizes public servants to plant trees voluntarily in the spring each year. By
2020, most of the northern and western edges of the Minqin Oasis had been
protected by the shelterbelt system (Fig. 7.5). The current shelterbelt system mainly
contains a checkerboard with Haloxylon. Although some scholars have questioned
whether denseHaloxylon forests consume a large amount of soil water and whether a
single checkerboard approach can effectively prevent dune encroachment and wind
erosion, the effectiveness of the shelterbelt system is still obvious over a short time.

Based on the above description, although the measures to address aeolian desert-
ification did not meet initial expectations and even had some negative effects,
aeolian desertification reversal and restoration of aeolian desertified areas obviously
occurred in the Minqin Oasis. Vegetation coverage increased. The groundwater table
ascended. The frequency and intensity of sand dust storms have obviously
decreased. The next step is to consider how to sustainably restore areas experiencing
aeolian desertification. To achieve this aim, it is important to evaluate the current
measures and find smart ways to balance livelihoods and environmental protection.
In the following sections, we will discuss this aim.

Fig. 7.5 Google map (left) and photo (right, taken by Xue et al. 2015) of a Haloxylon
ammodendron forest protecting Minqin Oasis
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7.3 Principles for Achieving Sustainable Development

Achieving and maintaining sustainable socioeconomic development and environ-
mental protection are the main goals in combating desertification. This target of the
UNCCD has received increasing attention since it was proposed in the 1970s.
Compared with the increasingly severe desertification in the twentieth century,
vegetation coverage in some countries and regions gradually increased after the
beginning of the twenty-first century (Fig. 7.6). Among these countries and regions,
China and India have been restored and have contributed significantly to global
greenness (Chen et al. 2019). Desertification, therefore, is considered to have already
been reversed in some countries or regions (Piao et al. 2020). However, does
increasing greenness levels indicate that the SDG related to desertification has
been achieved or does it promote sustainable development in these areas? Before
answering the question, some principles must be identified in terms of how the
restoration of aeolian desertification can be scientifically assessed.

7.3.1 Principle 1 Building a Scientific Assessment System

Determining suitable indicators and conducting scientific assessments are especially
important steps to achieve the SDGs related to combating desertification. Currently,
vegetation coverage is one of the most common indicators used to evaluate the
restoration of degraded land because it is visible and easy to monitor. However,
vegetation coverage changes seasonally and yearly in arid areas. Substantial

Fig. 7.6 Trend in growing season mean leaf area index (cited from https://earthobservatory.nasa.
gov/images/146296/global-green-upslows-warming)
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precipitation variability is the main climatic characteristic of arid climate zones.
Sudden intense precipitation can rapidly initiate the growth of xerophytic plants or
annual grasses, therefore increasing vegetation coverage over a short period. How-
ever, heavy rainfall is often followed by prolonged drought, which decreases
vegetation cover and dries the land. Instability in vegetation coverage has recently
become more common due to global warming. Rapid increases in vegetation
coverage are also due to afforestation. Planting trees or shrubs in drylands with
annual average precipitation less than 200 mm can increase vegetation coverage for a
few years through irrigation, as occurred in the Minqin Oasis. Plants, however, will
die from drought after the groundwater table descends because a large amount of
transpiration consumes the locally limited water resources. Some research has shown
that Haloxylon will die when the density of Haloxylon is greater than 70 trees per
mu. It is worth noting that the disappearance vegetation is not limited to planted
vegetation but includes native natural vegetation as well.

Therefore, considering vegetation coverage, such as the NDVI, as an important
assessment indicator is extremely risky in arid regions. The temporary increase in
vegetation coverage tends to result in the misjudgment or exaggeration of the degree
to which aeolian desertified lands have been restored. To a certain extent, this
scenario can lead to unsustainable restoration of aeolian desertified areas. In com-
parison to vegetation coverage, vegetation community structure and soil fertility
change slowly and can better reflect the characteristics of the ecosystem. Assessment
indicators should consider these more stable variables and ignore or focus less on
rapidly changing variables such as coverage. Gibbs and Salmon (2015) reviewed
four kinds of assessment methods for land degradation at the global scale, and these
were expert opinion, satellite-derived net primary productivity, biophysical model,
and abandoned cropland map methods. The results show a large uncertainty in
estimating the areas and distributions of degraded land. There is still a large gap
between the theoretical and actual situations in evaluating aeolian desertification and
restoration.

7.3.2 Principle 2 Evaluate the Trend, Not the State

Evaluating restoration of aeolian desertified land by its direction rather than its
existing state is the second principle to achieving sustainable development. If
vegetation community structure, soil fertility, and the other stable variables are
assessment indicators, then the restoration of aeolian desertification would need to
be viewed over a longer temporal scale (Reynolds et al. 2007). Research and
experience at the southeastern edge of the Tengger Desert in China have shown
that significant soil fertility increases on the surface occurred at least 50 years after
mobile dunes were fixed by a wheat straw checkerboard grid and vegetation (Li et al.
2003). An approach that requires half of a century to determine whether a degraded
ecosystem has been restored cannot address the likelihood of achieving neutral land
degradation goals by 2030. However, considering this issue from a different
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perspective may provide a different understanding. That is, sustainable development
and restoration of aeolian desertified lands are regarded as dynamic processes rather
than static states. Severely aeolian desertified land may no longer be in the degra-
dation process and might be restored from a very severe state. In contrast, moder-
ately or lightly aeolian desertified land might be able to be restored from a better state
and thus may be in the aeolian desertification process rather than the restoration
process. Considering the development direction over a limited temporal scale can
address issues related to stable variables, and in comparison to other approaches, this
approach is also more scientific and objective.

7.3.3 Principle 3 Balanced Trade-Off Between Livelihood
Improvement and Land Restoration

A balanced trade-off between livelihood improvement and land restoration is also an
important principle in achieving the sustainable restoration of aeolian desertified
land. Improving livelihoods and restoring degraded land are often considered
nonexclusive and can be mutually reinforcing. This perspective is the basis for
understanding sustainable development in terms of combating aeolian desertification.
This understanding is undoubtedly true to some extent. A high level of income is
always consistent with advanced scientific, technological, and cultural levels, includ-
ing understanding land restoration. Healthy and stable ecosystems have high levels
of production and are beneficial to the improvement of livelihoods. However, this
ideal state depends on existing livelihoods much more. There is a large gap between
developed and developing countries or regions in terms of basic human needs.
Making a living means survival for some people, but it likely refers to vacation
times per year at tourist resorts for other people.

In attempting to narrow this large gap, it is important to note that it is impossible
to prevent impoverished people from exploiting resources and destroying the envi-
ronment, even if they know that the damage leads to even greater poverty. The case
in Minqin Oasis has proved this point. Between the short-term and long-term
benefits, as well as the trade-off between improving livelihoods and protecting the
environment, people prefer improving their livelihoods because of the existing
inequality. This inequality is not limited to wealth but also exists in different
ecosystems. Land productivity is less, and environmental conditions are poorer in
arid areas than in areas with abundant precipitation and fertile soil, but both areas
have the same amount of people. This kind of inequality means that achieving the
same levels of livelihood improvement results in more environmental degradation in
arid regions than in humid regions. Figure 7.7 conceptually illustrates the nonlinear
relationship between livelihood improvement and restoration of aeolian desertified
lands. Under the threshold, the restoration of aeolian desertified lands does not mean
improvement in livelihood. Under these conditions, the trade-off between improving
livelihoods and restoring aeolian desertified lands is substantial. The answer to
resolving this problem depends on the second goal, which is poverty eradication.
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7.4 Principles for Achieving the Poverty Eradication Target

Figure 7.7 shows that only when the state of aeolian desertification is above the
threshold can restoration of aeolian desertified lands and livelihood improvement be
mutually reinforcing. In most drylands, especially in the developing world that
experiences substantial poverty, the current aeolian desertification state is below
the threshold. This situation means that aeolian desertification control might lead to
further poverty. Does this imply that the sustainable restoration of aeolian desertified
lands and achieving LDN in these areas are impossible? The answer is no. When
poverty is eliminated and the inequality gap becomes narrower to a certain extent,
the relationship between livelihood improvement and aeolian desertified land resto-
ration will cross the threshold and become a mutually promoting relationship. The
key problem aeolian desertified regions are facing is how to reach the threshold line
quickly, that is, to eradicate poverty. Therefore, the eradication of poverty has
become the second main target of restoring aeolian desertified lands. Thus, how
can poverty eradication be achieved, and what principles need to be practiced to
eradicate poverty?

7.4.1 Principle 1 External Inputs

External inputs are the most important factor in eradicating poverty. It is difficult for
a system whose society, economy, and environment are unsustainable to change its

Fig. 7.7 Conceptual model of the relationship between livelihood improvement and aeo-
lian desertified land restoration
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status quo in a short period. This kind of change is especially difficult when the
system experiences unfair competition from external sources. Without healthy and
high quality inputs, a system with a weak competition capability can change to a
lower-level system. This rule occurs in both social and ecological systems. We can
imagine what would occur in a region where grazing and cropping were forbidden
without any inputs from external sources so that desertified lands could be restored.

As a typical case, restored desertified lands in northern China can help us
understand this principle. In addition to the example in the Minqin Oasis, the
Grain for Green, Forbidding or Rotational Grazing, and Sand Control projects
are considered the most effective restoration measures for aeolian desertification in
China. However, the achievement obtained in this aeolian desertified land relied not
only on these policy inputs but also, more importantly, on the funds and technology
inputs behind the policies. Central and local governments have provided a great
number of subsidies to farmers and herders, usually with funds ranging from 50 to
200 yuan per mu per year with even more funds to support the implementation of
these measures. Although some surveys have shown that farmers or herders cannot
control all funds, the external contributions to restoring aeolian desertified lands
cannot be underestimated.

The other external contributions were from NGOs, enterprises, communities, and
private companies outside the degraded system. Alxa SEE Ecological Associates, a
well-known NGO in China, is continually active in western Inner Mongolia. The
SEE mainly solicits funds from entrepreneurs throughout China to contribute to the
eradication of poverty by supporting the restoration of aeolian desertified lands in
drylands. In the last 20 years, the main activities of SEE have included guiding local
farmers and herdsmen to adjust their land use practices, introducing highly beneficial
crops and animals, providing solar stoves to reduce the use of wood, financially
subsiding afforestation, and training local people. To date, SEE has become the main
team implementing restoration of aeolian desertified lands except for local govern-
ments, and SEE has high-level authorities in local society. Therefore, external inputs
play the most important role in the achieving the restoration of aeolian desertified
lands in China. The active and healthy connection between desertified regions and
the outside world is an important principle and a necessary way to eradicate poverty.

7.4.2 Principle 2 Improving Internal Capacity

Although the elimination of poverty through external inputs can restore aeo-
lian desertified lands, improving the internal capacity of the system is also crucial.
There is never continuous support and help from outside entities. After the receiving
system has been improved or reached certain level of stability, the improvement of a
society and an economy and the continued restoration of aeolian desertified lands
will mainly rely on the system. This improvement of system capabilities includes
many aspects, such as the average education level of citizens, scientific and techno-
logical capabilities, women’s status and rights, community management, medical
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conditions, and awareness of environmental protection. If these aims cannot be
achieved, then the prosperity and recovery of an aeolian desertified system will be
temporary. Once external inputs cease, the system will quickly return to being
impoverished and degraded. However, in the current social, economic, and ecolog-
ical situation of degraded dryland systems, the improvement of these internal
capabilities is difficult to achieve without the support of external inputs.

The second principle, therefore, is closely related to the first principle. The
principle of developing internal capabilities indicates that external inputs should
not be limited to material inputs but should also focus on cultural, educational, and
ideological inputs. Although globalization is becoming mainstream, the principle is
not easy to implement due to many constraints, such as social systems, race, religion,
and traditions. The true eradication of poverty and the restoration of aeo-
lian desertified lands greatly depend on the construction and improvement of internal
capacity and resilience of aeolian desertified systems. Correctly understanding and
addressing this principle will help to objectively recognize the challenges in achiev-
ing poverty eradication and restoration of aeolian desertified lands and in eliminating
blind optimism.

7.4.3 Principle 3 Periodic Evaluations

Carrying out necessary periodic evaluations during the implementation of poverty
eradication is also an important principle. Based on the evaluation results, the
strategic direction and specific implementation measures can be adjusted to obtain
the best results. Two important factors determine the implementation this principle.
First, the effectiveness of any measure cannot be objectively evaluated before its
implementation as no one knows whether it is appropriate or not. In particular, a
complex socioeconomic-ecological integrated system has extremely high complex-
ity. Different traditional customs, religious understanding, and the environmental
protection awareness may all have unpredictable results in terms of implementing
strategic measures. It is even more likely that the consequences will be the opposite
of the expected goal. It is particularly important to adjust the strategic direction and
implementation plan at any time by conducting a staged evaluation of the imple-
mentation effect. Second, both the socioeconomic system and the ecological envi-
ronmental system dynamically develop. Even if external inputs and intervention
measures of the system are correct in terms of the strategic direction and implemen-
tation process, the internal response of the system will change with time and its
development process. By scientifically evaluating the development direction and
speed of the system after receiving external inputs and the level of its capacity
building, continuously adjusting the method and intensity of inputs will help the
system to develop steadily and rapidly and accelerate the eradication of poverty.

In summary, eradicating poverty is an extremely complicated and difficult goal.
In the process of achieving this goal, the above three principles should not be
ignored.
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7.5 Principles for Improving the Land Productivity Target

According to the UNCED (2012), desertification occurs because of reduced land
productivity. Therefore, the most intuitive result of restoring desertified land is the
improvement of land productivity. However, how can the relationship between land
productivity improvement and the restoration of desertified land be quantified? In
other words, what level of land productivity can be considered as restoring
desertified lands? Second, how can stable and sustainable improvements in land
productivity occur? These two issues are closely related to the following three
principles.

7.5.1 Principle 1 Evaluating Carrying Capacity

Scientifically understanding and assessing the carrying capacity of the aeolian
desertified land to be restored is the primary principle. Carrying capacity includes
three aspects: past, present, and future capacities.

Before aeolian desertification occurred, what kind of ecosystem existed, and at
what level was the carrying capacity? The answer largely determines the restoration
target for aeolian desertification. For example, if the land was previously a typical
steppe or desert steppe, then it is unscientific to restore it to a forest or shrubland.
Based on most of the current restoration measures in aeolian desertified lands, we
have determined that this principle is being neglected. Afforestation is becoming
popular in some regions where no forests existed before. Agriculture is also pros-
perous in the boundary regions where desert is located. The above land use activities
that neglect this principle have resulted in the land being at risk of aeolian desertifi-
cation again, although the measures restore aeolian desertified lands for a short time.

The second consideration is related to the carrying capacity of current aeo-
lian desertified lands. Even though the land had been a typical grassland ecosystem,
after years of degradation, the groundwater level might have fallen sharply, soil
fertility may also have disappeared, and mobile dunes have been densely distributed.
In this case, is it possible to restore the former grassland ecosystem? In other words,
people need to find the optimal land use activity that fits the current carrying capacity
of the water and land resources and not those the previously undesertified ecosystem.
It is easy to understand that it is difficult to restore severely aeolian desertified
regions to their previous state. Therefore, the definition of restoration must not
mean going back to the same states that previously existed. Of course, past condi-
tions and future changes to the current ecosystem need to be considered and
evaluated to determine the land use method and intensity.

Finally, future changes in climate and human activities also need to be better
understood and projected, which is undoubtedly a critical issue. If the local climate
develops to become increasingly warm and humid, then the aeolian desertified land
is expected to be restored, and it may even be restored to an ideal state. Conversely, if
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the local climate changes toward increased droughts, then the restoration of aeo-
lian desertified lands will become increasingly difficult, and more efforts will be
needed. Therefore, people should continue to adjust land use activities and intensi-
ties to adapt to future climate conditions. Similarly, human activity changes are the
other determining factor through which land use can be adjusted with time. For
example, technologies such as saving water and desalinizing saline water can change
the local water supply situation, thereby increasing the land’s water resource carry-
ing capacity and land productivity and ultimately effectively enabling recovery from
aeolian desertification.

A scientific understanding of the carrying capacity of land resources in different
periods is important for the restoration of aeolian desertified land. When the national
or local government formulates and implements land restoration strategies and
measures, the unsustainability of restoring aeolian desertified lands might largely
take place if the carrying capacity assessment of the land resources in different
periods is ignored.

7.5.2 Principle 2 Improving Land Management

After a scientific assessment and determination of the land carrying capacity in
aeolian desertified areas, the next principle that people must consider is how to
improve land management. Land management has always been an important issue in
the field of aeolian desertification research. A land carrying capacity assessment is
part of land management, but because of its importance, we treat it as a separate
principle and provided a detailed description in the section below. In addition to the
land carrying capacity assessment, land management includes many aspects.

At the macroscale or regional level, land management includes formulating land
uses and periodic monitoring and evaluating land use effects. The implementation of
land use policies such as land acquisition management and environmental protection
subsidies also falls into the macroscale category of land management. Land man-
agement varies in different regions. For example, water resource allocation is more
important in the catchment areas of inland rivers than in pastoral regions. In areas
with substantial land use conversion, people are concerned about the stability and
duration of land policies and subsidies. In ecological resettlement areas, especially
immigration areas, basic security measures such as health, education, entertainment,
and religion of the immigrants are particularly important to macroscale land man-
agement. At the microscale, land management mainly implies the improvement of
soil fertility, the maintenance of soil moisture, the prevention of erosion, and the
improvement of saline-alkali soil.

The case study of the Minqin Oasis introduced in Sect. 7.2 can help us understand
the importance of improving land management to sustainable restoring aeo-
lian desertified lands. Due to the large-scale reclamation of abandoned land in the
middle reaches of the Shiyang River in the last half of the twentieth century, the
surface water entering the downstream area gradually decreased from approximately
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500 million m3 in the 1950s to 80 million m3 in 2000 (Xue et al. 2015). Under a
severe lack of surface water, the increase in the area of cultivated land in the lower
reaches mainly depended on the exploitation of groundwater. Long-term
overexploitation of groundwater caused the groundwater table to drop rapidly. The
descending groundwater table caused natural vegetation to grow in the boundary
zone between the irrigated oasis and the desert, where the vegetation started to wither
and die because they cannot absorb enough groundwater. The ecological function of
the natural vegetation zone is protecting oases from wind erosion and sand disasters.
The loss of natural vegetation, therefore, led dunes to move into oases from the
desert. Many villages and farmlands were destroyed and buried (Fig. 7.2). Sand-
storms have also affected surrounding cities and even those farther east of China
(Wang et al. 2004). On the other hand, groundwater is repeatedly used to irrigate
farmlands. With strong evaporation, soil salinity continued to increase. In 20 years,
soil salinization gradually degraded wheat farmlands with high productivity levels to
low productivity farmlands, which only supported crops with high salt tolerances,
such as fennel and alfalfa.

Since 2000, severe aeolian desertification in the Minqin Oasis has attracted global
attention. Chinese national and local governments have implemented many policies
and measures to improve the level of land management and reverse aeolian desert-
ification. These policies and measures include water resource allocation in the whole
catchment, land use conversion from crops to economy forest-agriculture and from
high-water consumption crops to low-water consumption crops, construction of
farmland protection forests, and the fixation of active dunes. These measures have
had some good effects, and the environment has improved to a large extent.
However, the abandonment of farmland and increased water supply to lakes have
raised the groundwater table rapidly, which has resulted in more severe salinization
problems. This series of environmental changes shows the importance of scientifi-
cally based land management to control and restore aeolian desertified lands. Land
management includes monitoring, evaluation, policy formulation, market regulation,
and many other aspects. No land management policies or measures can resolve
aeolian desertification by themselves.

7.5.3 Principle 3 Dependence on Science and Technology

The improvement of land productivity depends on not only the scientific evaluation
of land carrying capacity and sustainable land management but also the continuous
progress of science and technology. Science and technology are double-edged
swords because they can promote the restoration of aeolian desertified land, but
they can also lead to aeolian desertification. The use and popularization of motor
pump wells provide a typical case of technological improvements leading to aeolian
desertification. The case of the Minqin Oasis shows that motor pump wells in arid
areas are important because they use deepwater, greatly improve land productivity,
and reduce poverty. However, the existence of motor pump wells has also promoted
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the overexploitation of groundwater, which is one of the causes of aeolian desertifi-
cation in arid regions. However, the overuse of motor pump wells does not mean that
science and technology cannot restore aeolian desertified lands. In contrast, the
rational use of science and technology is an indispensable factor in aeolian desert-
ification control. If farmers better grasp drip irrigation technology in the Minqin
Oasis, then the unsustainable use of water resources can be resolved.

Implementation of the previous principles depends on science and technology.
For example, the application of high temporal and spatial resolution remote sensing
technology makes it possible to monitor and assess aeolian desertification control
effects in a timely manner. Saline water irrigation and desalination technologies have
greatly increased the available water resources in drylands with limited freshwater.
Biogenetic technology has effectively improved land yield by changing the drought
and salt resistance ability of crops. Additionally, the improvements in material,
chemical, and biological technologies have significantly increased the efficiency of
sand disaster control in harsh climate regions. Chapter 8 will specifically introduce
the use of these sand control technologies.

It is worth noting that the application of biotechnology in aeolian desertified areas
is gradually being promoted. As mentioned above, the improvement of soil fertility
is a long process in arid areas, especially in areas where severe aeolian desertification
is occurring. However, biotechnology can promote soil formation by rapidly chang-
ing the soil structure and increasing the soil organic matter content. For example, in
northwestern China, researchers are now screening indigenous root microorganisms,
such as bacteria and fungi, that promote plant growth to expand them to plant roots
for inoculation to increase drought and salt tolerance while increasing soil fertility to
quickly restore aeolian desertified land. At the same time, algae or other plant
extracts can be developed into water-retaining agents and sand-fixing agents and
are widely used as environmental protection materials in the field of aeolian desert-
ification control.

7.6 Summary

Although the UNCCD set the overall goal of achieving LDN by 2030, there are too
many problems or difficulties preventing the achievement of this overall goal. This
chapter proposed three sublevel targets to achieve the restoration of aeolian
desertified lands and the principles that need to be followed to achieve them.
However, the facts show that to date, these principles have not been scientifically
recognized or implemented. Therefore, the overall goal of achieving LDN has a long
path forward and requires more effort and scientific exploration. Finally, we note that
there are still more subtargets and principles in addition to the contents presented in
this chapter that need to be considered in terms of restoring aeolian desertified lands.
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Chapter 8
Engineering Measures to Combat Aeolian
Desertification

Xian Xue, Kecun Zhang, and Weimin Zhang

Abstract Engineering measures (EMs) are methods to prevent and control aeolian
disasters that do not involve plants. Usually, EMs are the preferred prevention and
control methods in arid areas, where planting trees is not always possible. In
semiarid and dry subhumid areas, EMs are sometimes used in conjunction with
other measures, especially in the early stages of biological measures (BMs), for
immediate effects. EMs can be divided into four types based on function: sand
blocking, sand fixing, sand transporting, and sand guiding. These types of EMs have
different forms, such as upright, semiupright, flat, and buried. The materials used in
EMs are diverse and include crop straw, degradable nylon mesh, gravel, clay, and
synthetic materials. This chapter mainly introduces four forms of EMs and their
materials and functions. Chemical measures (CMs) are usually used in regions where
both EMs and BMs are not available. CMs can immediately fix the sand surface by
spraying chemical materials. Due to their high price and potential pollution, CMs are
not extensively used and are introduced at the end of the chapter.
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8.1 Introduction

The influences of aeolian desertification mainly include wind erosion, sand burial,
and sand dust storms. These activities are usually called aeolian disasters because of
the resulting decreased land productivity and damage to buildings, bridges, roads,
and human health. In northern China, many measures have been implemented to
control aeolian disasters. These measures include engineering, chemical, and bio-
logical measures. Biological measures (BMs) mainly involve reducing wind erosion
and sand burial by increasing vegetation cover, such as through afforestation and
grazing management. Chemical measures (CMs) prevent wind erosion by spraying
chemical materials on the sand surface and are rarely used due to their high price.
Engineering measures (EMs) refer to those that prevent and control windblown sand
disasters using crop straw, gravel, pebble, soil, fiber, and other nonliving materials.

EMs widely appear in different regions because they are not limited by water,
soil, and climatic conditions. They are most extensive in arid areas because drought
prevents large areas of afforestation. On the Tibetan Plateau with its cold climate,
EMs also play essential roles. In semiarid and dry subhumid areas, EMs are usually
used to aid biological measures, especially when the plants do not result in beneficial
effects. EMs utilize the physical characteristics of aeolian sand to set up a measure to
prevent windblown sand and the forward movement of dunes. The basic principles
of EMs are as follows: (1) prevent the movement of sand particles by inhibiting wind
erosion on the surface; (2) reduce sand deposition by accelerating the movement of
wind-sand flows; and (3) reduce the overall forward movement of dunes by chang-
ing the direction of the wind-sand flows (Wang 2011).

There are many types of EMs. EMs can be divided into four types based on their
functions: sand blocking, sand fixing, sand transporting, and sand guiding. Their
forms can be upright, semiupright, flat, and buried. The materials used in EMs are
diverse and include crop straw, degradable nylon mesh, gravel, clay, and synthetic
materials. This chapter mainly introduces the characteristics and functions of differ-
ent EMs based on their forms and materials used. Finally, the use of chemical
measures is briefly introduced.

8.2 Four Forms of EMs

EMs are designed to inhibit sand movement and weaken wind erosion. However, no
single measure can achieve a good effect. Effective prevention and control of wind-
sand disasters are usually achieved by a comprehensive prevention system. The
system consists of upright, semiupright, flat, and buried measures from upwind to
downwind. Upright measures are located at the forefront of the entire system. These
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measures minimize the amount of sand entering the downwind area. This type of
measure reduces the wind speed, blocks the sand material, or leads the sand away
from the protected area by changing the wind direction. Semiupright measures are
usually set in the downwind direction of upright measures. Sometimes, there is a
blank buffer between the two. The functions of semiupright measures include
blocking sand from the upwind direction by reducing the wind speed and fixing
local sand by covering the surface. The functions of flat measures are to force
upwind sand to move downwind quickly, thereby reducing the local deposition of
sand. The buried measures trap sand from the upwind area with a trench. After
implementation of the four measures, there is very little sand material that can move
downwind and cause aeolian disasters.

8.2.1 Upright EMs and Their Effects

Upright measures usually involve a standing fence or wall. The height, density,
porosity, and arrangement of the fence or wall are different, depending on the actual
requirement. Usually, the functions of upright EMs include decreasing wind speed,
changing the wind direction, and blocking sand particle or dune movement. The
section presents three examples to help describe their characteristics and functions.

8.2.1.1 Sand-Blocking Fence

Sand blocking means intercepting sand particles by setting walls and fences perpen-
dicular to the main wind direction. These fences are usually deployed in areas
upwind of the protected areas, and the fences reduce the amount of sand moving
into the protected area (Dong et al. 2007). A sand-blocking fence is a high vertical
barrier made of nylon mesh, wood plate, corn straw, or cement (Fig. 8.1). As a
typical sand-blocking engineering measure, it prevents sands from moving down-
ward to protected areas by intercepting sand sources. The interception effect of the

Fig. 8.1 Sand-blocking fences with different porosities and heights (Photos courtesy of Yanping
Yu and Tao Wang)
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fence depends on its shape parameters, such as porosity, height, and thickness (Bitog
et al. 2009).

Porosity is the ratio of the open area to the total area of the fence. It is the most
significant factor in controlling aerodynamic performance and affecting protection
efficiency (Qu et al. 2002; Li and Sherman 2015; Wu et al. 2018). Although different
studies show a variety of results, the general trend is that the protective effect of a
high-porosity fence is lower than that of a low-porosity fence. For example, a fence
with a porosity of 20% can reduce the wind velocity leeward of the fence (Raine and
Stevenson 1977). A fence with a porosity of 30% is the most effective in controlling
dust emissions (Chen et al. 2012).

The protective effects of fences with different heights are also very different. With
increasing height, the starting point of wind erosion gradually moves from near the
fence to its upwind area, which means that the protective scope increases. When
conditions provide for a good sand source, both erosion and deposition coexist in the
leeward area of the fence, and the erosion strength increases with the height of the
fence (An et al. 2011). Therefore, when building a fence barrier with EMs, the sand-
control effect, the protection area, and the cost of materials should be considered to
obtain the maximum ecological and economic benefits (Zhang et al. 2011).

8.2.1.2 Windbreak Wall

A windbreak wall is also a kind of sand-blocking measure that uses local materials
and is usually set in the upwind area of the sand fixation area (Fig. 8.2). In contrast to
a sand-blocking fence, a windbreak wall has no porosity. When the airflow reaches a
windbreak wall, the wind speed is quickly reduced to a minimum, creating a
low-speed area on the leeward side of the windbreak wall. The sand is deposited
near the windbreak wall because the wind speed in the low-speed area is lower than
the threshold wind speed of the moving sand. The energy is not enough to keep the
sand in the previous movement state. The windbreak wall, therefore, can trap sand

Fig. 8.2 Windbreak wall (left) and sand-prevention dike (right) (Photos courtesy of Tao Wang and
Zishan An)
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and reduce the sand entering the sand-control area. This aeolian disaster control
system in the downwind direction can maintain long-term efficiency.

There are many types of windbreak walls, such as pull-type, “L”-shaped, soil
embankment, and plate-type windbreak walls. Among them, the structure of the
pull-type windbreak wall is relatively complicated. However, its stability, safety, and
reliability are sufficient, its cost is relatively low, and the symmetry of the wall is not
affected by the wind direction. The “L”-shaped windbreak wall has a flexible
structure and is small and of high quality, but it is relatively expensive. A soil
embankment windbreak wall can be built with local materials and is convenient to
construct with a simple structure, good stability, and easy maintenance and inex-
pensive, but these walls are large. In general, plate-type and oblique plate-type
windbreak walls are more widely used in areas with abundant sand in the Gobi
Desert. Currently, the numerical simulation method is often used to determine
parameters such as height, air permeability, and slope of the windbreaks in the
process of construction (Xue et al. 2011; Zhang et al. 2011; Shi and Jiang 2014).

8.2.1.3 Sand-Prevention Dike

A sand-prevention dike is another upright measure used in the sand-blocking zone of
a protection system. The shape of a sand-prevention dike is usually triangular or
trapezoidal. The dike is made of soil or sands. The main function of this measure is to
intercept sand by reducing the wind speed of the saturated wind-sand flow.
According to the characteristics of different flow fields, the surrounding area of a
sand-prevention dike can be divided into five areas: the low-speed area at the foot of
the windward slope, the wind-lifting area, the wind-acceleration area, the wind-
deceleration (settlement) area, and the dissipation recovery area. The low-speed zone
at the foot of the windward slope and the deceleration zone at the leeward side can
effectively reduce the wind speed and block sand flow. Wind tunnel simulation
studies have shown that the trapezoidal area has a larger range of low-speed areas at
the foot of the windward slope formed by the triangular dike. In comparison to the
trapezoidal dike, the triangular dike has a more adequate protection distance. The
protection range of the triangular dike decreases with increasing wind speed. The
effective protection distance formed by the triangular dike increases with increasing
inclination of the windward slope. The range of the low-speed zone at the foot of the
windward slope decreases with increasing inclination. A model of the triangular dike
with an inclination angle of 40� forms the maximum significant protection distance
under each group of wind speeds. The effective protection distance on the leeward
side of the dike is positively related to the height of the dike. In addition to its sand-
blocking function, a dike with the appropriate direction can change the local wind
direction, control sand activities, and play a sand-guiding function (Li et al. 2012).
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8.2.1.4 Sand-Guide Fence

In addition to blocking sand, upright measures also guide sand. Sand-guiding
measures can change the direction of sand movement by fences or walls built
obliquely to the main wind direction so that the sand particles accumulate in
expected areas (Wang 2011). These measures usually supplement the other measures
and are suitable for areas with simple wind directions.

8.2.2 Semiupright EMs and Their Effects

Semiupright EMs usually include different kinds of checkerboard barriers with
heights of approximately 20–30 cm above the surface. The checkerboard barriers
are located downward of upright sand-blocking measures. They block the interaction
of air-sand particles on the bed surface and inhibit sand movement by partially
covering the surface of the sand.

The checkerboard barriers are the most common horizontal sand-control barriers
and are usually set up in dual- or multiwind-direction areas. Barrier materials such as
crop straw, gravel, clay, or nylon mesh are put on or inserted into the sands to form a
checkerboard shape. The barrier has a height of approximately 20 cm above the
ground, therefore increasing the surface roughness and lowering the wind speed near
the surface. When the wind flow carrying sand goes through the barriers, the wind
velocity decreases because the barriers and sands in the wind flow unload near the
barrier. After the sand is unloaded, the wind accelerates behind the barriers, which
causes wind erosion inside the checkerboard. The ideal checkerboard should ensure
the deposition and erosion reach a dynamic equilibrium in a short time, which means
that the deposition amount near the barrier equals the erosion amount inside the
checkerboard. The dynamic equilibrium can produce a smooth and stable concave
face at the bottom of the boundary, which is beneficial to maintaining long-term
equilibrium (Fig. 8.3). To achieve a stable erosion-deposition equilibrium, the

Fig. 8.3 A checkerboard barrier at the preliminary stage and at the mature stage with a concave
face (Photos courtesy of Yang Gao and Yanping Yu)
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barrier material should be elastic and permeable, which allows the wind to pass
through the barrier quickly and avoid erosion near the barrier (Shi and Jiang 2014).

Field observations and experiments in wind tunnels have shown that checker-
board barriers with small grid sizes have a high sand-control effect. However, the
cost will increase as the size becomes smaller. Considering the effects and costs
comprehensively, a checkerboard barrier with a grid size of 1 m � 1 m will be ideal
(Qu et al. 2007; Xue et al. 2011; Zhang et al. 2011). However, in an actual situation,
grid sizes change in different regions, and the size mainly depends on the wind-field
conditions and topography, such as the slope, height, and dune shape. In strong wind
erosion areas with higher and steeper dune slopes, a small grid size of 1 m � 1 m is
recommended. In weak wind areas with flat sands, grid sizes with areas of
1.5 m � 1.5 m or 2 m � 2 m are also efficient (Wang 2011). In addition, the
direction of the checkerboard barrier must be vertical to the main wind direction to
achieve the best sand-blocking effect. Although checkerboard barrier measures have
a good sand-fixing effect, some research in wind tunnels and in the field has found
that the effect will decrease with increasing wind velocity (Fig. 8.4).

8.2.3 Flat EMs and Their Effects

Using clay, gravel, reeds, and straw to cover the surface of dunes or sandy lands can
effectively inhibit the interaction between wind and sand. Therefore, a typical flat
measure is to change the underlying surface by wholly or partially covering the sand
with different materials. However, different materials, coverages, sizes, arrange-
ments, and even wind velocities can result in varied functionality. Flat mechanisms
are very complicated and involve the wind erosion process, sand deposition process,
and sand transportation process. In arid or cold regions, gravel is used extensively
because wheat straw, reeds, and clay are not always available. Furthermore, gravel is
efficient in terms of preventing and controlling wind-sand disasters, resulting in it
being researched more than other materials.

Gravel coverings provide multiple functions in terms of preventing aeolian desert-
ification and aeolian disasters. First, gravel mulch can reduce the evaporation of soil

Fig. 8.4 Gravel and clay checkerboard sand barriers on the Qinghai-Tibetan Plateau (Photos
courtesy of Yanping Yu)
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moisture and help the soil retain moisture. Planting crops and shrubs on lands with
gravel cover has occurred for at least 300 years in the arid area of northwestern China
(Fig. 8.5). Our survey in Zhongwei in Ningxia Province showed that the crop yield
in a gravelly cropland was higher than that in a cropland without gravelly cover,
especially in drought years.

Second, gravel cover plays a critical role in influencing sand movement (Liu et al.
1999; Zhang et al. 2004). Gravel cover mainly affects sand movement by changing
the erosion and deposition process. The process of erosion and deposition is closely
related to the degree of gravel coverage, gravel height, and gravel shape (Liu et al.
1999; Xue et al. 2000). Wind conditions and sand supply lead to different erosion
process intensities on the surface so that gravel cover has the dual functions of
“catching sand” and “transporting sand” (Bagnold 1941; Cooke et al. 1993). Thus, if
the erosion process is stronger than the deposition process, then the function of
gravel cover measures is transporting sand. In the opposite scenario, the function of
gravel is to catch or trap sand. Understanding the principles of wind erosion and
deposition conversion on a gravel-covered surface and establishing a reasonable
dynamic balance of erosion and deposition through a good configuration of gravel
cover with various coverage and particle sizes are crucial issues to achieving the best
prevention and control of aeolian disasters.

Research shows that gravel coverage is a crucial indicator affecting the wind
erosion process. The portable wind tunnel experiment conducted at the top of the
Mogao Grottoes shows that the erosion rate decreased exponentially with increasing

Fig. 8.5 A shrub and watermelon crop with gravel cover in Zhongwei in Ningxia Province, China
(Photos courtesy of Hanchen Duan and Liming Ma)
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gravel coverage (Fig. 8.6). Under a wind velocity of 10 ms�1, 2–3-cm-diameter
gravel with 30% coverage resulted in no erosion. With an increase in wind velocity
and gravel coverage, no erosion events occurred. However, the efficiency of
preventing wind erosion is not significant when gravel coverage was greater than
50%. Furthermore, the different effects of gravel diameter became nonsignificant
when the coverage was 50%. Therefore, 40% is recommended as the best gravel
coverage at the top of the Mogao Grottoes (Zhang et al. 2014; Tan et al. 2016).

Similar to the erosion process, the sand deposition rate was also controlled by the
experimental wind velocity and gravel coverage. Figure 8.7 presents a group of data
from the gravel cover experiment at the top of Mogao Grottos. The research showed
that no sand deposition occurred when gravel coverage was less than 40% under
strong wind (12 m s�1). With increasing gravel coverage, the sand deposition rate
had a decreasing trend (Tan et al. 2012). For 3-cm-diameter gravel, when the
coverage was 40–80%, the maximum sand deposition rate occurred. For
4-cm-diameter gravel, the maximum wind velocity occurred when the coverage
reached 40–60%. This result is consistent with the wind tunnel experiment result
conducted by McKenna Neuman (1998).

Based on the comprehensive evaluation of sand blocking and sand transportation
by gravel coverage, 30–40% is recommended as the ideal gravel coverage at the top
of the Mogao Grottoes (Zhang et al. 2014; Tan et al. 2016).

Fig. 8.6 Wind erosion rate with a gravel cover surface varies with the coverage under different
experimental wind speeds (according to Zhang et al. 2014)
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8.2.4 Buried EMs and Their Function

Compared with research on the previous three EMs, research on buried EMs is rare,
and they are not widely useful. A sand ditch is considered the primary buried
measure. When the wind carrying sand passes through the ditch, sand moving slowly
along the ground surface drops into the ditch. Sand carried by the wind is thus
reduced. After the sand in the sand-carrying flow is unloaded into the ditch, the wind
speed will increase significantly and quickly pass through the protected area.
Through this process, less sand is deposited in the area.

8.3 Main Materials Used in EMs

In combating aeolian desertification and aeolian disasters, the sand-control effi-
ciency of the engineering measures greatly depends on the characteristics of the
materials used. Ideal materials should have good elasticity, plasticity, wind erosion
resistance, and environmental friendliness properties. A low cost, easy access, and a
long life are also important characteristics of the materials. At present, there are
diverse types of EM materials. These materials can be generally divided into
traditional materials, synthetic materials, and new materials.

Fig. 8.7 Wind deposition rate of the gravel cover surface varies with the coverage under different
experimental wind speeds (according to Zhang et al. 2014)
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8.3.1 Traditional Materials

Traditional EM materials are mostly raw materials obtained locally, such as crop
straw, willow branches, reeds, clay, gravel, and pebbles (Fig. 8.8). These materials
have been used for a relatively long time. As the primary material of checkerboard
barriers, wheat straw has been used for nearly half a century and is still one of the
most common sand-barrier materials. Wheat straw is widely used because wheat is
the most extensively distributed crop in northern China and the raw material market
is vast. Additionally, wheat stalks have perfect elasticity, flexibility, and porosity,
which can effectively reduce the incoming wind speed. In addition to wheat straw,

Fig. 8.8 Wheat straw (a), clay (b), cotton straw (c), corn straw (d), willow twig (e), and reed (f)
checkerboard sand barriers (a, e, f from Wang 2011; b, c, d provided by Xian Xue)
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cotton and corn straw is also common in the sand-control field of northwestern
China. Cotton and corn straw is taller and stronger than wheat straw and therefore is
used for not only horizontal checkerboard barriers but also vertical sand-blocking
fences and semivertical checkerboard barriers. Compared with cotton straw, corn
straw has higher flexibility and plasticity. It is thus more widely used. In recent years,
the crop straw market has decreased gradually, and prices have also increased
because more straw is consumed for papermaking and returning to fields as organic
fertilizer. Compared to other materials, crop straw easily rots and has a shorter
service life, so other materials gradually replace it.

Tamarix is a kind of saline-tolerant and drought-resistant native plant widely
distributed in the arid regions of northwestern China. In recent years, it has become
an important shelter forest tree species at the edge of the oasis. During the pruning of
tamarix, a large number of tough and relatively hard branches are produced, and they
provide material for setting up engineering measures to control aeolian desertifica-
tion. Initially, people usually lay tamarix branches on the sand surface in a check-
erboard pattern, but this method has been shown to be less effective in reducing wind
and sand. In a later approach, tamarix branches were cut short and inserted vertically
into the sand to form a vertical grid or a vertical strip-shaped fence. Reeds are not
only the main halophyte at the end of an inland river in an arid region but also widely
distributed in the low interdune areas. Therefore, it is also used as a sand-control
material to address the shortage of raw materials in the market.

Climate change and human activities have resulted in the gradual shrinkage and
disappearance of terminal lakes at the end of inland rivers. The large amount of
lacustrine clay deposited at the bottom of lakes is transported to dune fields to cover
and fix the mobile dunes. Inland rivers, which originated from the high mountains,
brought a large amount of gravel from the mountain areas, deposited in the middle
and lower reaches of riverbeds, and the gravel was polished over the long term by
running water to form pebbles. Therefore, these materials are used as alternative
materials for dune fixation when crop straw is scarce. However, clay barriers are not
strong and are susceptible to erosion (Sun et al. 2012), and the actual sand-fixing
effects of gravel and pebble barriers are also not effective enough, mostly due to their
high transportation costs, which have limited the scope of their application.

8.3.2 Synthetic Materials

In recent years, the Chinese government has strengthened control measures for
aeolian desertification and aeolian disasters, which has rapidly increased the con-
struction of engineering measures. The supply of crop straw is not suitable to meet
increasing demand. It is also difficult to expand the use of clay and gravel barriers
due to transportation problems. Therefore, different synthetic materials have begun
to appear and have been used in sand-control fields. The region using synthetic
materials is currently smaller than that using traditional materials. However, there is
a possibility that synthetic materials will replace traditional materials because a sand-
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control barrier with synthetic material can be manufactured and constructed inex-
pensively with a high level of production.

Plastic and nylon mesh are the most common sand-control materials that are
constructed with high-density polyethylene (HDPE). HDPE has strong UV resis-
tance, extreme temperature resistance, and aging resistance. Therefore, nylon mesh
has the advantages of producing no pollution and being inexpensive, reusable, and
easy to construct in sand. It is especially suitable for some regions with severe
aeolian desertification and disaster. The HDPE material was first successfully devel-
oped and used in the prevention and control of wind-sand hazards on the southeast-
ern coast of China in 2000 by Jianjun Qu. Currently, HDPE nylon horizontal
checkerboard barriers and vertical fence have been widely applied in different
areas of China, and even areas of Africa and Central Asia (the right photo in
Fig. 8.3). Research shows that the HDPE mesh checkerboard sand barrier can
efficiently reduce the wind speed and control the wind-sand flow. However, it is
easily buried and eroded if no sand-block measures occur upwind (Liu et al. 2011;
Qu et al. 2014).

Because HDPE nylon is not degradable and pollutes the environment, polylactic
acid (PLA) fiber material is attracting attention in the field of engineering measures.
PLA is a new biodegradable polymer material. Its raw materials are wheat, corn,
sweet potato, potato, sugar beet, and other starch-containing crops. After a period of
time, PLA material can convert into CO2 and H2O without causing secondary
pollution to the environment. The construction of a PLA barrier includes three
steps. PLA fiber is first made into tubular bags with a diameter of approximately
15–20 cm. Then, these bags are filled with sand after being transported to the
construction area. Finally, the PLA fiber sandbags are laid on the ground surface
in a grid shape to fix dunes. Compared with traditional sand barriers such as wheat
straw, clay, and gravel, PLA checkerboard sand barriers have the advantages of
weighing less, being easy to transport, being able to be constructed rapidly, not
weathering, and not polluting the environment (Wei et al. 2017).

The other new synthetic material used in engineering measures is clay-based,
sand-fixing composite material (CSCM). The main component of CSCM is red clay
and loess. Accessory materials are environmentally friendly polymers such as CMC
and PVA and biopolymers such as plant straw. Because of the addition of polymers,
in comparison to ordinary clay, CSCM has a higher cohesive force and a stronger
resistance to wind erosion. At the same time, due to its low porosity level, CSCM
water resistance and aging resistance are also high. CSCM is usually laid directly on
a dune or sandy surface to fix sand, and sometimes, it is made into different shapes of
sand barriers, such as hexagonal grids, square grids, plum grids, and arch grids, to
reduce wind speed and fixed dunes (Fig. 8.9).

Gypsum board (GB) is a kind of sand-fixing material made of gypsum composite
material. The raw material in GB is gypsum, which is inexpensive, has good
cohesiveness, and does not cause pollution. GB can not only effectively prevent
wind erosion but also absorb moisture and reduce soil moisture evaporation. There-
fore, it is used at a large scale, especially on the Tibetan Plateau, with fewer other
materials.
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8.4 Chemical Measures

Chemical measures involve spraying a chemical substance with a certain gelling
property on the surface of loose sand. The water quickly penetrates the sand layer.
The chemical gelling substance stays in the gap between sand layers of a certain
thickness, gelling the single grain of sand into a layer of protection. The protection
layer can improve the threshold velocity of sand particles moving and inhibit sand
particles from entering the atmosphere. Thus, chemical measures can effectively
reduce the concentration of sand in airflows. Additionally, the layer with chemical
bonding materials also maintains the soil moisture content by reducing evaporation.
Therefore, chemical measures can effectively control erosion and dust release (Han
et al. 2004; Zhou et al. 2012). Due to the advantages of their simple structures, low
costs, fast effects, and rapid improvements in aeolian desertified soil, chemical
measures are increasingly used in engineering for aeolian desertification prevention.

The effectiveness of chemical measures is related to the properties of sand
particles, such as their chemical and mechanical composition, and to the physical
and chemical properties of the chemical material, such as its structure, molecular
size, viscosity, and adsorption force. In the process of aeolian desertification pre-
vention, chemical materials must be nontoxic, nonpolluting, and beneficial to plant
germination and growth. In addition, the adaptability of chemical materials to the
climate and their low cost, efficiency, and durability should also be considered.
According to their source and function, chemical materials include inorganic,
organic, and organic-inorganic composite chemical materials. The most common
chemical materials for preventing aeolian desertification are cement slurry, sodium
silicate, petroleum products, biomass resources, and synthetic polymers. The sand-
fixing functions of chemical materials include bondage, surface cover, hydration,
precipitation, and polymerization (Ju et al. 2019).

Fig. 8.9 Clay-based sand-fixing composite material sand barriers (Photos courtesy of Ziqiang Lei)
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8.4.1 Inorganic Chemical Materials

Tie et al. (2013) divided inorganic chemical, sand-fixing materials mainly into
cement slurry, water glass, and gypsum and determined the advantages and disad-
vantages of these materials.

After being sprayed on the sand surface, the cement slurry-based, sand-fixing
material plays a role in condensation and solidification to form a covering layer. Due
to the dry and hot climate in aeolian desertified areas, the sand surface temperature is
high in summer, and the water in the cement slurry sand fixer will easily evaporate
quickly. Therefore, the cement slurry, sand-fixing agent lacks sufficient moisture to
be completely hydrated and can only form a thin consolidation layer with low
strength on the surface of the sandy land. This consolidation layer is not flexible
and is easily affected by dune migration and severe weather. It therefore loses its
sand-fixing and water-holding effects in a short time. Due to the above defects,
cement slurry-based, sand-fixing materials are rarely used alone (Ding et al. 2003;
Tie et al. 2013).

Water glass slurry, sand-fixing materials have a long history of use in preventing
aeolian desertification. In the past, this kind of material mainly consisted of water
glass and acidic reactants. Under strong alkaline conditions, gelation and solidifica-
tion occur, the gelation time is limited, the permeability is poor, and the curing
reaction is incomplete; thus, the strength of the consolidated layer is not high.
Additionally, the composite material of water glass and acidic reactants is easily
damaged by external forces and affected by strong alkalinity. After the silica colloid
product gradually dissolves, the water resistance becomes poor, the durability
decreases, and the environment experiences secondary alkali pollution. To resolve
these problems, in the current field of aeolian desertification prevention, people are
committed to the study of various modified water glass slurries. The main aim is to
obtain a kind of liquid composite water glass slurry, sand-fixing material suitable for
spraying by adding organic substances such as glyoxal and vinyl carbonate. Then,
bentonite can be mixed with the water glass to obtain porous materials by
solidification.

Gypsum is a widely used industrial and building material. It is inexpensive,
strong, and nontoxic; has a high water absorption and retention capacity; and does
not pollute the environment. Therefore, gypsum is one of the materials used for
preventing aeolian desertification. Gypsum is also beneficial to the growth of plants.
It is commonly used to maintain the survival of plants by mixing it with bentonite
and fertilizers in dry environments. Due to the brittleness of gypsum, pure gypsum is
easily pulverized in arid climates, and its durability is also low. Thus, gypsum is
mixed with other materials to improve its toughness and make it an excellent sand-
fixing material (Wang 2008).
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8.4.2 Organic Chemical Materials

Organic chemical sand-fixing materials mainly include petroleum products, syn-
thetic polymer-based materials, biomass resources, and modified plastic waste.

At present, cementitious petroleum materials used for sand fixation are mainly
byproducts of the petrochemical industry. These include asphalt emulsions, high-
resin petroleum, rubber emulsions, and oil-rubber emulsion mixtures. Asphalt emul-
sion is a representative petroleum-based sand-fixing agent and is currently the most
widely used material in chemical sand fixation measures around the world. Asphalt
is solid or semisolid at normal temperature, has a high freezing point and melting
point, and has a high viscosity. These physical characteristics make asphalt a
traditional bonding, waterproof, and anticorrosive material. Asphalt emulsions
made by using emulsifying equipment under the action of an emulsifier can be
divided into cationic, anionic, and nonionic types. As a soil improver, asphalt
emulsions can prevent soil erosion, improve soil hydrothermal conditions, increase
temperature and soil moisture, reduce fertilizer and pesticide loss, and improve
fertilizer efficiency. As a sand-fixing material, asphalt emulsions can be used for
sand fixation alone or in combination with plants and mechanical sand barriers.
When combined with plants, asphalt is nontoxic to plants, does not affect vegetation
germination and growth, and can be fixed to the ground for a longer time. The former
Soviet Union began to study the use of asphalt emulsions for sand fixation as early as
1935. In the early 1970s, the Tashkent Institute of Railway Transportation Engi-
neering researched this area and achieved positive results. The Ministry of Railways
and the former Lanzhou Desert Research Institute of the Chinese Academy of
Sciences conducted sand fixation by spraying emulsified asphalt and planting
along the Baotou to Lanzhou Railway from the 1960s to 1990s. Although asphalt
emulsions are an ideal chemical material for preventing aeolian desertification, they
cannot be widely used alone because of some shortcomings, such as the high
demand for them, their high cost, and their resulting reduction of water seepage
into soil. Therefore, in the process of aeolian desertification control, asphalt emul-
sions are often mixed with other inorganic substances to improve performance and
reduce costs (Lai et al. 2017).

Synthetic polymer-based, sand-fixing materials are new chemical sand-fixing
materials that have been developed since the 1960s. The synthetic high-viscosity
polymers can seal sand particles, making them change into cemented joints and no
longer unconnected or weakly connected particles. The formation of a strong and
elastic cover can effectively fix the sand surface (Wang et al. 2003). Popular
synthetic polymer-based, sand-fixing materials include polyvinyl alcohol (PVA),
polyvinyl acetate (PVAC), polyacrylamide (PAM), and SH sand-fixing agents.
Using high-molecular-weight polymers to fix active dunes or sands has some
advantages, such as a simple and easy construction process and short construction
period. The effectiveness of synthetic polymer-based materials is, therefore, more
significant and stable than that of other chemical materials.
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Using biomass resources to prevent aeolian desertification is becoming the
primary prevention mechanism. Lignin is the most widely used biomass sand-fixing
material and is produced by chemical modification of lignin in pulping waste liquid.
There are a large number of active groups in the lignosulfonate molecule, such as the
phenolic hydroxyl group, the alcoholic hydroxyl group, the carboxyl group, and the
carbonyl group. After being sprayed on the sand surface, lignosulfonate binds to
sand particles by creating electrostatic attraction, hydrogen bonding, and chemical
complexation between sand particles. Additionally, the three-dimensional network
structure of the lignosulfonate molecular chain makes the sand particles combine to
form a dense, strong consolidation layer. Notably, lignosulfonate has poor water
erosion resistance because of its strong solubility. This disadvantage hinders its wide
application in practice. Researchers are trying to modify lignin sand-fixing materials
to address the desired requirements using grafts, polycondensation, etc. For exam-
ple, the new sand-fixing agent obtained by grass-lignosulfonate grafting modifica-
tion with acrylic acid and acrylamide monomers in a hydrogen peroxide
environment significantly improves sand-fixing efficiency and waterproof resistance
(Li and Song 2002). Zhao et al. (2015) produced a water-soluble dust inhibitor with
good sand fixation performance by modifying urea-formaldehyde resin with sodium
lignosulfonate. Using methylcellulose fiber-pulp waste liquid as the main raw
material, Jin et al. (2006) synthesized a new type of biodegradable biomass material
through methylation and condensation reactions under specific conditions.

Discarded plastic products severely pollute the environment. Currently, some
scholars are studying how to produce sand fixation materials by modifying plastic
waste. The research is still in the preliminary phase and limited to indoor research.
The sand-fixing performance of modified plastic waste in the field needs to be further
investigated and studied (Lai et al. 2017).

8.4.3 Organic-Inorganic Composite Chemical Sand-Fixing
Materials

Because of the poor mechanical properties and weak water-retention performance of
inorganic sand-fixing materials, organic components are added to inorganic sand-
fixing materials to form organic-inorganic composite chemical sand-fixing materials.
Composite sand-fixing materials not only compensate for shortcomings but also
integrate advantages, thereby enhancing the performance of sand-fixing materials.
For instance, Xu (2003) developed high-performance polymer cement-based, sand-
fixing materials by adding emulsified asphalt and sodium polyacrylate
superabsorbent resin to cement mortar. The new composite sand-fixing material is
stronger and tougher than traditional cement mortar. Li et al. (2010) obtained a
polymer gel-fixing binder by adding an aluminum chloride curing agent to sodium
silicate. The mechanical strength and bonding effect of the composite material are
greatly improved compared with those before modification.
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8.5 Conclusion

EMs are essential and useful methods to prevent aeolian desertification and aeolian
disasters. However, how to maximize the effectiveness of these measures depends
on many factors. At present, many EMs in northwestern China have not achieved the
desired targets. The most important reason for this is an insufficient understanding of
the mechanisms of these measures. First, any single measure cannot wholly control
wind erosion or sand deposition without the assistance of the other measures. A
comprehensive system including sand blocking, sand guiding, sand transporting,
and sand fixing is necessary. Second, the material, size, porosity, and elasticity of the
EMs affect their disaster prevention functions. The relationship between these
features and functions is not static but changes with terrain, sand sources, and
wind fields. Therefore, before constructing any engineering measures, it is necessary
to research the local environment and wind-sand characteristics. Based on the
research results, a prevention system with different EMs is designed to ensure its
functions are maximized. However, many of the current measures do not address the
above two points, resulting in EMs eroding or being buried over a short time.
Therefore, understanding the protection mechanisms of EMs is essential for
preventing aeolian desertification and aeolian disasters.
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Chapter 9
Biological Measures to Combat Aeolian
Desertification

Xueyong Zhao, Xiaoan Zuo, Yuqiang Li, Xinping Liu, Shaokun Wang,
Juanli Chen, and Rui Zhang

Abstract Aeolian desertification is a process where wind and solid (mainly sand)
material movement lead to vegetation degradation, and soil erosion due to climate
change and overland uses in arid, semiarid, and subhumid regions. Biological
measures have been tested as long-term effective measures to moderate or even
control aeolian desertification, and using or reutilizing restored land resources,
including soil, plants, and water, has also been considered. This chapter focuses
on biological measures, such as planting trees, shrubs, and grasses; constructing
cropland protection systems around oases; afforesting; and enclosing areas around
houses, villages, or targeted areas to restore aeolian desertified land and degraded
habitats. In addition, some successful case studies in northeastern Asia, particularly
in China and Mongolia, are introduced.
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9.1 Introduction

In most cases, aeolian desertification is a process that leads to vegetation degradation
and soil erosion due to climate change and overland uses in arid, semiarid, and
subhumid regions (Zhu et al. 1981; Zhu and Chen 1994). However, aeolian desert-
ification is not only an aeolian process but also more often a mixed process of soil,
vegetation, and near-ground air trait changes due to water and aeolian erosion when
land cover changes (Wang et al. 2016). It is therefore necessary to note that
combating aeolian desertification is a compound process to restore degraded vege-
tation and soil systems (Zhao et al. 2009, 2015). That is, biological measures to
combat aeolian desertification refer to various types of strategies adopted for reveg-
etation or establishment of land cover in shifting and semishifting sand areas or
shelterbelts to specifically protect against sand and dust risks in arid, semiarid, and
subhumid regions.

The principal biological measures for combating aeolian desertification include
the conservation of relic plant species patches and the adoption of revegetation
measures, including planting trees, bushes, and grasses or even establishing soil
biological crusts (www.forestry.gov.cn 2017; Li et al. 2016). Biological measures
for combating aeolian desertification were first developed in the former Soviet Union
for vegetation restoration and cropland protection around the Aral Sea and along the
Amu River and then first introduced and developed in China in combination with
straw-squared checkerboards for the protection of the Zhongwei section of the
Baotou-Lanzhou railway in the Ningxia Autonomous Region in western China
(Zhu et al. 1981). Then, biological measures were expanded to northern China and
recently to northeastern Asia to restore degraded land.

Protecting remaining vegetation, also called relic vegetation, is of crucial biolog-
ical importance in combating aeolian desertification, particularly in the large area
where annual precipitation is in the range of 200–500 mm in northern China. The
practical doctrine for combating aeolian desertification emphasizes protection, res-
toration, and utilization by moderating the relation between ecological benefit and
development. Several successful ecological projects are also introduced in this
chapter to describe the achievements and lessons.

9.2 Protection of Relic Vegetation

Relic vegetation refers to the different scales of vegetation remaining after habitat
changes that occur due to climate and/or land use change. In most cases, relic
vegetation is composed of native plant species with relatively strong adaptability
to high temperature, salinity stress, drought, or cold stress.

In deserts in arid and semiarid regions or sandy lands in the transitional areas
between semiarid and subhumid areas, relic plant species are often used in biological
measures. In practice, materials for straw-squared or rectangular checkerboard or
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checkerboard-like structures for aeolian desertified land restoration are mainly from
native bushes and/or grasses. One of the important means of biological measures is
to protect relic vegetation, either as a living source of biological materials or as plants
for revegetation in aeolian desertified lands. According to a report, there are 24 first-
rated National Nature Reserves and 7 second-rated National Nature Reserves for
valuable species and habitat protection in Inner Mongolia, China, for example, the
Daqinggou National Natural Forest Reserve for the protection of trees in the Horqin
Sandy Land (Liu et al. 1996; Liu and Zhao 2003) and the Urat Equus hemionus and
Haloxylon ammodendron Nature Reserve for E. hemionus and Haloxylon
ammodendron protection and for the protection of Gymnocarpos przewalskii,
Potaninia mongolica, and the dryland corridor habitat along the border between
Mongolia and Inner Mongolia in China too (Sun et al. 2000).

9.2.1 National Reserves for Relic Species Protection

Natural reserves or national parks are highly effective means to conserve valuable
plant species. In the northwestern part of China, these national reserves and parks, in
combination with natural reserves at the province, prefecture, county, and even
township or individual levels, have protected many relic or economic, religious,
ecological, and medical plant species. Most of these species could be adopted as
biological materials for revegetation or use in squared checkerboards to fix dunes or
moderate aeolian process impacts. Here, we take the Daqinggou National Natural
Forest Reserve in eastern Inner Mongolia and Urat E. hemionus and
H. ammodendron Nature Reserve in western Inner Mongolia as examples.

9.2.1.1 Daqinggou National Natural Forest Reserve

The Daqinggou National Natural Forest Reserve is located in the southern part of the
Horqin Sandy Land (122�0702500–122�1504200 E, 42�4304000–42�49018 N00,
300–350 m.a.s.l.) in eastern China. The annual mean precipitation is in the range
of 300–550 mm, and the reserve covers approximately 8183 ha, with a central area of
1322.4 ha, which is approximately 16.16% of the total area of the nature reserve. The
buffer area is 2082.2 ha, which is approximately 25.45% of the total area. The
revegetation area is 4778.4 ha, which is approximately 58.39% of the total area.

This reserve has 529 plant species that are well conserved, and they belong to
359 and 106 families. These species include some rare species in the semiarid
regions, such as Fraxinus mandshurica, Phellodendron amurense Rupr., Ulmus
macrocarpa Hance, U. pumila L., Quercus mongolica Fisch. ex Ledeb,Manchurian
walnut, and Ailanthus altissima. Some of these plants, such as F. mandshurica and
P. amurense Rupr. and Tilia amurensis, are on the national red list. Some plant
species, such as Artemisia halodendron, Caragana microphylla, and Salix gordjevii,
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in the buffer area of this reserve have been well protected and widely used as living
materials for biological fixation of sand dunes and movable or semimovable dunes.

Approximately ten mammals and ten species of birds, such as Vulpes corsac,
Eutamias sibiricus, Lutra lutra Lin., Canis lupus Linnaeus, Lepus europaeus,
cinereous vulture, and Milvus Korschun, live inside the reserve.

F. mandshurica, P. amurense Rupr., and U. macrocarpa Hance are the dominant
forest vegetation in the valley, and U. pumila L. and Q. mongolica Fisch. ex Ledeb
are dominant in the scattered grassland outside of the valley, as typical and native
sandy land vegetation. The buffer area is dominated by U. pumila L. and P. sevistris
var. mongolica and associated with A. halodendron, C. microphylla, and S. gordjevii
(Fig. 9.1).

The habitats in the Daqinggou National Natural Forest Reserve are also valuable.
As indicated by the name of the reserve, it is located in a valley, approximately
16 km long from the south to the north and 23 km wide from the east to the west and
50 m deep in the Horqin Sandy Land. The formation of the valley is unclear. One
perspective is that it was formed by an earthquake, and the other consideration is it
was formed by water erosion. Undoubtedly, the annual averaged air temperature is
5.5–7.0 �C, and the minimum air temperature is �29 to �30 �C in this region;
however, the spring water runs along the valley banks through the valley all the year
and has sustained the animals and plants for thousands and millions of years (Cao
et al. 1980).

9.2.1.2 Urat Equus hemionus and Haloxylon ammodendron Nature
Reserve

More often than not, rare species are distributed in specific habitats and play valuable
roles in ecosystem succession and related processes. The Urat E. hemionus and
H. ammodendron Nature Reserve (106�150–108�E; 41�500–42�270N, 840–960 m.a.
s.l., 140 km from east to the west and 22 km from north to south) was officially

Fig. 9.1 Natural vegetation in Daqinggou National Natural Forest Reserve: vista of the vegetation
in central Daqinggou (right); vegetation in the buffer zone (left); photos taken by Xueyong Zhao
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established in 1985 and promoted as one of the national nature reserves in 2001. It is
located administratively in Urat Hou County along the border between Inner Mon-
golia, China, and the Republic of Mongolia, with an area of 131,800 hm2.

The reserve is in an arid region, the annual mean precipitation is 50–150 mm/a,
and the potential evapotranspiration is in the range of 2300–2800 mm/a. The annual
average air temperature is 6.5 �C, and the average air temperature is �14 �C in
January and 34.3 �C in July. The annual mean precipitation is 90 mm and ranges
from 50 to 200 mm, of which, 70–80% falls in July and August. The number of gale
days is 60–70, and the maximum is 120 days. The windy and dusty days occur on
approximately 25 days/a, with an average velocity of 5.4 m/s and a maximum speed
of 24 m/s. The habitat is extreme for rare plants and animals.

The zonal soil is gray sand and pebble desert soil, and the azonal soil is desert soil
and salinized wetland soil. Plants are mainly distributed along rivers (mostly sea-
sonal) or even in seasonal gullies (Sun et al. 2000; Jia et al. 2017).

In addition to protecting animals of biological importance, such as E. hemionus,
Capra sibirica, Gazella subgutturosa, and Aquila chrysaetos, approximately ten
plants on the red list of China, such as H. ammodendron, G. przewalskii,
P. mongolica Maxim, Tugarinovia mongolica Iljin, Prunus mongolica Maxim,
Ammopiptanthus mongolicus Maxim, and Cistanche deserticola Ma, are well pre-
served (Fig. 9.2 lower left).

Fig. 9.2 Small-scale U. pumila shelterbelts for natural grassland protection (upper right),
Caragana microphylla shelterbelts for desertified land restoration (upper left), H. ammodendron
community in the protection area (lower right), and Cistanche deserticola Ma community (lower
left). Photos taken by Xueyong Zhao
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Haloxylon., P. mongolica Maxim, and A. mongolicus Maxim have been used to
establish biological checkerboards to fix shifting sand in severely or relatively
severely desertified lands and to revegetate gobi or sand-covered lands in arid
regions in northwestern China and southern Mongolia. C. deserticolaMa is increas-
ing in economic value due to its high value as a medicine for health and dietary
needs, and the cropping area of this species is increasing.

G. przewalskii, T. mongolica Iljin, and P. mongolica Maxim have been used as
core accompanying species for the revegetation of desertified land and for the
restoration of degraded vegetation in arid regions due to their tolerance to drought,
salinity, and high temperatures as native species in this region (Fig. 9.2 upper
panels).

Relic vegetation protection also protects habitats and related resources
(Table 9.1). These preserved resources include soils, rivers, lakes, mosaic grass-
lands, and bush lands as well as small wetlands in the relatively lower parts of dunes
and various dune landforms, and these resources provide special or sometimes
unique habitats for organisms, such as A. chrysaetos and Tetraena mongolica
Maxim and E. hemionus, which are all on the top of the national red list of rare
plants and animals (Sun et al. 2000).

Rivers and lakes are valuable to human activities, providing life-supporting
services for animal husbandry and cropping industries and wetlands for moderating
extreme climate change. Small wetlands play a core role in animal, bird, and plant
protection, and most wetlands are severely desertified due to intensive grazing by
livestock and frequent vehicle traffic through these areas. Traffic is not as heavy at
this kind of site as at other sites, but given the vulnerability of this area, traffic is
already too extensive.

Geomorphologically, this reserve covers gobi, mountains, and deserts, dotted
with lakes and rivers running through, and it provides diversified habitats and
sustains rare species due to its relatively extreme soil, water, and landform
diversification.

Ecologically, the grassland, bushland, and even small patches of wetlands sys-
tematically provide preventive land cover and reduce further land degradation from
aeolian desertification as well as sand and dust processes. This area is part of the
ecological screen in the northern part of China.

Recent investigations have found that protected rivers, lakes, and even lower
lands are areas of local people and wildlife, and overuse of resources is becoming
increasingly popular. This is a practical problem for local governments and commu-
nities because many people recognize the problem but do not have a good solution.

9.3 Construction of the Oasis Forest Shelter Belt

An oasis is a fertile or green area in an arid region (such as a desert) or an area that
provides refuge, relief, or pleasant contrast. Ecologically, an oasis refers to hetero-
geneous small patches of landscape with microclimatic traits and relatively stable
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biocommunities in a large desert matrix in arid and semiarid lands. Per its definition,
an oasis is identified as a refuge for life and life-sustaining services. Oases in China
are mainly distributed in the deserts in Xinjiang, Ningxia, and western Inner
Mongolia and provide habitats, food, water, and related resources for approximately
70 to 90 million people and billions of livestock and wildlife species. Oases in China
are characterized by extreme temperatures, climate, salinity, and drought and near-to
limit land use pressure. Oasis protection is economically and ecologically
imperative.

Oasis shelterbelts refer to the barrier systems of trees, shrubs, and grasses that
provide protection for croplands, woodlands, river systems, transportation systems,
and resident areas and project sites from wind and storm impacts in the oasis.

Oasis shelter forest belt systems are often established in and/or around oases in
desert regions, especially in the desert regions with seasonal rivers running into them
from neighboring or surrounding mountains. In the semiarid region, the oasis shelter
forest belt is mainly composed of Ulmus pumila, Salix spp., and Populus spp.
(Zhang et al. 2018), and in the arid region, the oasis shelter forest belt is composed
of more diverse plant species, such as Salix spp. and Populus spp.;
H. ammodendron, P. euphorbia, and Tamarix spp. occur on the salinized soils of
oases (Jia et al. 2017).

The arrangement of an oasis shelter forest belt is very important, and in most
cases, shelterbelts are arranged in between an oasis and surrounding desert; then, in
the oasis, shelterbelts are arranged in different squares or oblong shapes that are
200 m wide and 500 m long. The long edges are laid out against the prevailing wind
in the winter and in line or in a checkerboard pattern in the spring. In the drier region,
shelterbelts are in patterns of 200 � 200 m, 300 � 300 m, and 300 � 500 m.
Alternatively, shelterbelts are arranged along irrigation canals, roads of different
slopes (Fig. 9.3 right and Fig. 9.4), or surrounding croplands (Fig. 9.3 left). In some
areas, the size of the checkerboard patterns may be larger than 500 � 500 m due to
irrigation canals cutting across them and well-vegetated canal banks providing
protection for the oases (Fig. 9.3).

The establishment of oasis shelterbelts is related not only to protected targets but
also to the abilities of different species to adapt to different soils. Thus, proper plant

Fig. 9.3 Bird’s-eye view of cropland shelterbelts (left) and shelterbelts in intensively managed
cropland (right) in the Horqin Sandy Land (photos by Xueyong Zhao)
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combinations and patterns are important to implement in the target area for restora-
tion. In the northeastern part of China, shelterbelts are mainly composed of
P. simonii, Salix matsudana, and Pinus sylvestris L. var. mongolica Litv. However,
in the western part of China, bushes, such as H. amondendron, Populus alba var.
pyramidalis Bge., and P. euphratica, play important roles in these protective
systems.

Twenty years ago, shelterbelts used 2- to 3-year-old seedlings of Salix spp.,
Populus spp., and Tamarix spp. It took approximately 3 to 5 years for shelterbelts
to effectively protect croplands or fruit yards. Until approximately 2000, the seed-
lings used for shelterbelts were 3 to 5 years old, and the basal diameter of the main
stems grew to 5 to 10 cm. This technique is called high-stem tree planting (HSTP).
When starting HSTP, seedlings with root systems that are 20 to 50 cm deep are dug
up, branches are cut off, and stems with root systems of approximately 150 to
200 cm are planted in scale-lined holes of 50 � 50 � 60 cm or 60� 60 � 80 cm,
covered up to 5 to 10 cm from the edge with soil from the holes, and then watered
(20 to 30 kg/hole) (Fig. 9.4). This planting effort can be implemented by machine or
manual labor.

Water is a limiting factor for revegetation efforts in arid, semiarid, and subhumid
regions. Examples of efforts are those for larger biological system construction for
revegetation, such as the Three-North Shelterbelt (TNS) projects, which have been
carried out in approximately 623 counties in the eastern, northern, and western parts
of China since 1987, and those for smaller tree plantings for special protection
purposes. In recent years, based on research on the water consumption of 13 plant
species in northern China, revegetation has been optimized in terms of plant density,
pattern, and species composition in the drylands in China.

Fig. 9.4 Compound shelterbelts along roads, around a village, and cropland in combination with
naturally restored bush + grassland (left) in the Horqin Sandy Land and village garden in western
Inner Mongolia supported by the project “Beautiful China.” Photos by Xueyong Zhao
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9.4 Sandy Area Enclosure for Afforestation and Vegetative
Sand Fixation

Sandy lands are mainly distributed in Inner Mongolia, including the Mu Us Sandy
Land, Otindag Sandy Land, Horqin Sandy Land, and Hulun Buir Sandy Land. Sandy
lands also include various patches of sandy land covered with sands in semiarid and
subhumid areas and even in arid lands due to aeolian processes, such as deposited
patches of sand along rivers, around lakes, and near villages or pastoral households
due to long-term trampling by livestock.

The four sandy land areas in eastern Inner Mongolia are distributed in semiarid
and subhumid regions in eastern China and were once the most aeolian desertified
lands in China from the 1950s to 1980s. These four sandy land areas have been well
restored since the middle of the 1980s; for example, the Horqin Sandy Land was
once a desertified land area covering 42.3 thousand km2 in 1959, and this amount
increased to 51 thousand km2 in 1987 and then decreased to 49 thousand km2 in
2015 (Zhao et al. 2015).

Overgrazing, cropping, and fuelwood harvesting are driving forces of aeolian
desertification in these four sandy land areas. However, benefiting from the semiarid
climate and natural restoration processes, it is quite possible for local populations
and governments to implement natural restoration by mitigating land use pressure.
Enclosures (fenced areas) are a direct and effective means to promote the restoration
of various aeolian desertification-impacted grasslands. The Horqin Sandy Land is
the first place where enclosures were tested, and they were successful.

Enclosures are effective for all kinds or degrees of aeolian desertification and
restoration and are often implemented for relic tree and/or bush vegetation restora-
tion and bush-scattered grass vegetation restoration. Enclosures are also often used
for sand fixation along transportation routes.

The Naiman Desertification Research Station, Chinese Academy of Sciences,
started an experiment on the effects of grazing and no grazing on U. pumila scattered
grasslands in the middle part of the Horqin Sandy Land in 1992 and supported a
Sino-Japan joint research project. At the beginning of the project, a severely
desertified U. pumila grassland that was 100 Chinese mu (1 mu ¼ 1/15 hm2)
disappeared due to overgrazing and was divided into four parts, one as a control,
one as a slightly grazed treatment, one as a moderately grazed treatment, and one as a
severely grazed treatment. Until 1996, after 5 years of treatments, vegetation in the
control, slight grazed treatment, and moderately grazed treatment was gradually
restored, the plant number increased from three to five species to seven to nine
species, and the U. pumila returned. The severely grazed treatment plot changed into
shifting dunes, with eroded soil patches, dunes, and small patches of overgrazed
grassland, and was defined as the most severely desertified land due to overgrazing
and aeolian erosion. Since 1993, the whole experiment has been enclosed without
grazing and restored. The experimental site became a U. pumila scattered grassland
again, near native grassland status (Fig. 9.5).
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In practice, enclosures have been widely adopted as an effective means to
promote the restoration of desertified lands with different aeolian impacts and land
changes. The results could be totally different without proper management. Suc-
cesses and/or failures can be found in China, Mongolia, and other countries.

9.4.1 Enclosure for Afforestation

In combination with enclosures, afforestation ensures high restoration success levels
in semiarid regions in northwestern China and southeastern Mongolia. Afforestation
refers to tree and bush plantings to restore grasslands.

Large enclosures and afforestation have been carried out since 1987, when the
“National Ecological Three-North Forest Protection Project” was implemented.
Before 1996, most of the sites for afforestation were along rivers (irrigation systems)
and roads and around croplands, villages, and houses and yards as well as between
the transitional areas between oasis and surrounding desert or desertified land that
mainly occurred due to aeolian processes. The planted tree density was approxi-
mately 2� 3 m, and the bush density was approximately 2 � 2 m. After 1996, the
planted tree density decreased to 3� 3 m or 3� 4 m, and the bush density decreased
to 2 � 3 m or 3 � 3 m. The drought from 1999 to 2009 pushed governments,
researchers, and farmers to reduce the density continuously to 3� 5 m to 4� 5 m, or
even 5 � 5 m, according to the water availability and water consumption rates of
individual trees or the population of trees. Then, the planted areas were protected
with enclosures or marked by GPS sites for natural restoration with bushes and
grasses.

Plant species for afforestation included Populus spp., Salix spp., and Larix spp. in
the beginning and then shifted to Populus spp. and Salix spp. in the sandy lands with
different degrees of desertification (Fig. 9.5), and Larix spp. were in the hilly or

Fig. 9.5 Revegetation for shifting sand dune fixation and cropland protection (left) and natural
restoration of sandy land by an enclosure (right) at the Naiman Desertification Research Station.
Photo taken by Xueyong Zhao
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mountainous region. After 2000, the drought from 2001 to 2010 indicated the
importance of changing the plants and density of afforestation (Zhao et al. 2009).

Due to some existing patches of relic vegetation, fences and GPS-identified
markers were used as protection systems to encourage near-natural vegetation
restoration. With this mixture of protection systems, vegetation can be restored
sustainably. Enclosures are a direct and simple protection means and have played
an important role in the past in enhancing natural or near-natural restoration of plant
communities. The disadvantages of enclosures, such as blocking animal movements
and transportation routes, have also been discussed.

9.4.2 Restoration

Restoration is (1) the act of restoring or the state of being restored to a former or
original condition, place, etc.; (2) the replacement or giving back of something lost,
stolen, etc.; (3) something restored, replaced, or reconstructed; or (4) a model or
representation of an extinct animal, a landscape of a former geological age, etc.

However, aeolian desertified land or degraded ecosystems can never be restored
to their status before aeolian desertification or degradation occurred because the
climate, soil, water, and plant community have changed. Here, the definition of
restoration consists of the acts or processes based on scientific research that rehabil-
itate the composition or structure of targeted damaged ecosystems to a status near to
that before the impacts occurred in the short term or to a status adapted to the current
synergistic condition of the climate, soil, and water. Then, natural or near-natural
restoration can occur to restore desertified lands, including aeolian desertified
woodland, grassland, and cropland.

The Horqin Sandy Land is as an example of restoring an aeolian desertified
grassland to U. pumila scattered grassland vegetation. Before planting the trees, a
shelterbelt-like facility was established with branches 50 and 60 cm long from
A. halondendron, C. microphylla, and S. gordgevii, planted on shifting or
semishifting dunes or on fluctuating gentle sandy lands in a pattern of 1 � 1 m or
2� 2 m to form a checkerboard system in the rainy season from July to August. The
branches were buried into the sandy soil for approximately 20 to 30 cm deep, and the
remaining parts of the branches were maintained at 30 to 20 cm above the land
surface.

The rainfall was generally enough for the branches to grow as long as the rain was
not less than 50% of the normal rainfall amount in the growing season, and then, the
grasses and semibushes, bushes, and even U. pumila naturally invaded and grew
(Fig. 9.5). A mixed protection system was established, and the desertified grasslands
were restored. This kind of tree planting, in combination with grass and bush
revegetation, is becoming more accepted in ecological projects because it is cost-
saving, effective, and sustainable.

In summary, near-natural restoration can be divided into two key steps. First, the
shelterbelt-like barriers with the local plants are established, and second, the
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regrowth of local grasses, semibushes, bushes, or even trees plays a role in near-
natural vegetation restoration.

9.4.3 Sand Fixation with Biological Measures

Sand-fixation measures can be broadly divided into two categories: biological
measures and nonbiological measures. The nonbiological measure includes chemi-
cal measures and physical measures (mechanical measures). The nonbiological
measures can be combined with biological measures at an earlier stage of sand
fixation to prepare for later plant revegetation.

Either biological or nonbiological measures can be implemented in severely
desertified regions or for larger shifting dune fixation along the leeward sides of
rivers and lakes. Moderately and slightly desertified land could be naturally restored,
particularly in the semiarid sandy lands in the eastern part of China.

Initially, nonbiological measures, such as straw checkerboards in the shifting
sand area, were introduced from the former Soviet Union in the 1950s–1960s to
reduce aeolian sand movement and provide a protection system for plant coloniza-
tion on the shifting sandy lands or dunes for later revegetation. Then, based on the
protection provided by the nonbiological measures, selected plants were planted
inside checkerboards of different sizes. The planted plants could be used as auxiliary
measures to enhance the protection effects provided by the nonbiological measures
and later became the predominant protection system (Fig. 9.6).

With the development of science and technology, additional new materials and
measures for aeolian desertified land restoration and revegetation have been pro-
duced and applied. Since 2005, a mixture of decomposed organic wastes with clay,
sand, and chemical fertilizers has been developed by researchers from the Naiman
Desertification Research Station, Chinese Academy of Sciences. The wastes from
leftover feed grasses and crop residues and human activities can be collected, and

Fig. 9.6 Dune fixation systems of P. simonii, C. microphylla, and P. sylvestris var. mongolica in
the Horqin Sandy Land (left) and multifunction shelterbelts for oasis cropland protection from
shifting sands in western China (photos from Tao Wang)
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these materials are then decomposed with the addition of fiber decomposers infil-
trated from sandy land soil or even dune soil (Fig. 9.7).

When the material decomposes or semidecomposes, it is mixed with topsoil and
covered with nylon nets. If there is rainfall, then this material will be thoroughly
mixed with the soil and result in improved water holding capacity, and biological
soil crust will gradually cover the shifting sand dunes. This cover provides the
opportunity for plants to colonize the dune area quickly and produce households
and villages with less sand.

To evaluate the quantitative nutrient return in the cropland soil, soil organic
carbon (SOC) and total nitrogen (TN) were collected and analyzed at the end of
the field experiment. The results showed that maize straw turnover significantly
increased SOC. SOC was significantly higher at 13.92% and 34.08% in the soil
under net bags without (ND) and with (WD) selected decomposers than in the
control soil (CK), respectively. TN did not show a statistically significant difference
between ND and CK. However, TN was significantly higher in WD than in ND and
the CK. The soil organic carbon and nitrogen ratio (C:N) increased significantly by
13.06% and 16.80% in ND and WD, respectively, compared to that in the
CK. The C:N ratio did not show a significant difference between ND and WD
(Fig. 9.8). The results indicated that our selected decomposing fungi could not only
accelerate the straw turnover rate but also increase the soil organic carbon and
nitrogen content and potentially promote soil fertility and soil health on the sandy
cropland.

9.5 Conclusion

Establishing protection systems is an effective way to enhance degraded vegetation
restoration, but practically optimized land management could produce long-term
restoration results. In the Horqin Sandy Land, the local governments engaged local

Fig. 9.7 Decomposition of residual materials from agricultural activities (left) and application of
the decomposed materials on shifting dunes in checkerboards for dune fixation (Wang et al. 2016).
Photos by Xueyong Zhao
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interest in combating Aeolian desertification and adopted the “Law of Combating
aeolian Desertification of the People’s Republic of China” and “Law of Forestry of
the People’s Republic of China,” with increasing transparency and in-depth dissem-
ination of research findings, to ensure the location population understood the
importance of improving the environment and growing economy as beneficial,
providing the win-win result of environmental improvement and economic devel-
opment for the locals (Fig. 9.9).

Since 1985, researchers have suggested that local governments and village
committees reduce rain-fed cropland and proportionally increase irrigated cropland
to sustain cropland productivity and adopt livestock yard feed practices to increase
income levels. These suggestions were gradually accepted and resulted in good
economic outputs. By 2000, aeolian desertification was reversed in 20% of the
total Aeolian desertified land. The annual income increased to 6000 CY/person in
2019, which was 1000 CY/person less than that in the demonstration village (Zhao
et al. 2009, 2015).

The Naiman Desertification Research Station, Chinese Academy of Sciences, has
established a model village called Yaoledianzi village in 1985 to demonstrate
research findings for combating Aeolian desertification and cropland management.

Fig. 9.8 Influence of straw turnover (with and without efficient cellulose decomposers) on soil
organic carbon (SOC), total nitrogen (TN), and the carbon and nitrogen ratio (C:N) in the field
decomposition experiment. CK bare soil without straw, ND soil under straw net bags without
selected decomposing fungi,WD soil under straw net bags with selected decomposing fungi (Wang
et al. 2016)

Fig. 9.9 Two Mongolian households living in shifting sand areas and protecting their house and
yards with trees, bushes, and restored grasslands (left) and a local intercropped area with a water-
saving irrigation system for a cropland in Inner Mongolia, China (photos by Xueyong Zhao)
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At the beginning, the farmers did not want to participate in the above demonstration,
as they had no interest when their annual income was only 178 Chinese yuan
(approximately 30 dollars). Then, the researchers worked with three families, who
were willing to work with them. The income of the three families increased to 2100
CY/person in 1995, and then, the nearby farmers came to the station for help with
crop species introductions, fertilization (including chemical fertilizer and organic
manure use), soil management, water-saving irrigation, and livestock health care.
Improved cropping management (Fig. 9.7 right) and animal care greatly increased
income and enthusiasm for cooperating with the researchers. Income levels
increased to 10,000 CY/person in 2019 (Zhao et al. 2009, 2015).

An investigation found that small scale of eco-economic sites have been
established as models for the national “Green Great Wall” program to prevent
aeolian desertification and dust storms, and these sites run through the middle part
of Mongolia from the eastern grassland to the western gobi and desert (Nyamtselen
2014). In addition, the investigation also identified some failures in this program due
to misuse of plants for revegetation.

China provides many successful ecological stories for inside and outside this area,
but the techniques supporting the stories should be improved in China to support
other countries, and the countries supported must know how to use these techniques,
their advantages in China, and their challenges when transferred to targeted
countries.

When combating aeolian desertification or any kind of land degradation, it is
imperative for researchers, decision-makers, or any stakeholders related to this issue
to adopt the attitude and understanding that it is very difficult to win the battle against
land degradation caused by climate change without extra materials or energy inputs,
and we can combat aeolian desertification mainly caused by human activity with
properly implemented measures, particularly with the active participation of local
people and local governments (Zhao 2012).

China has made great progress in combating aeolian desertification and at the
same time faced the great challenge of water availability reductions. To some extent,
it is predictable and even likely that this challenge will become more threatening
with climate change and growing land use pressures. China, including Mongolia,
must develop more efficient measures, either biological or nonbiological, to win the
war against aeolian desertification and lift local people out of poverty, and then, we
will have a win.
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Chapter 10
Integrated System to Combat Aeolian
Desertification and Disasters

Weimin Zhang, Lihai Tan, Kecun Zhang, and Xian Xue

Abstract An increasing number of projects have been established in northern China
to prevent aeolian desertification and related disasters. Although many funds,
laborers, and techniques have been dedicated to these projects, the effects of these
projects in terms of preventing and controlling aeolian disasters have not been
satisfactory. The reason for this unsatisfactory effect is that these projects ignore
the fundamental principles of aeolian desertification and disaster prevention. This
chapter introduces two successful cases in detail to understand the above problem.
One case occurred in Shapotou, southeast of the Tengger Desert. An integrated
system controlling aeolian disasters was established in the 1950s to protect railways
across high-dune fields. The system primarily consisted of a sand-blocking measure
combined with sand-fixing measures. Another case occurred on the top of Mogao
Grottoes in Dunhuang. An integrated system controlling aeolian disasters containing
sand-blocking measures combined with sand transport measures was established at
the end of the last century to prevent wind erosion and sand burial in the Mogao
Grottoes. This chapter clarifies the importance of comprehensive and nature-based
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measures through these two successful cases and provides some instructions for
preventing and controlling aeolian disasters.

Keywords Integrated system · Mogao Grottoes in Dunhuang · Nature-based
measure · Shapotou · Aeolian disaster control

10.1 Introduction

Sustainability is the fundamental prerequisite for aeolian disaster control and aeolian
desertification prevention. Based on information from northwestern China, two
factors are vital to ensuring the sustainability of prevention projects. First, an
integrated system, including different measures with a variety of functions, is
necessary. A single sand-control measure has minimal economic costs and can
achieve individual results in the short term. However, from a long-term development
point of view, a single measure’s inherent shortcomings will gradually become
prominent. The service life and prevention effectiveness will be significantly
reduced. Second, an integrated system’s scientific design, including the measure-
ment arrangement, materials, size, porosity, and other indicators, should be consis-
tent with the local conditions. Two successful integrated systems in northwestern
China demonstrated these factors well. One system is in Shapotou, and it protects the
railway from aeolian disasters. The other is in Mogao Grottoes, and it protects
cultural heritage from aeolian disasters.

The Shapotou case presents a principle of self-recovery based on the integrated
system. From the view of ecological environment construction, a single mechanical
protective measure is similar to “a temporary solution but not a permanent cure.” The
most fundamental measure for the control of aeolian disasters is sand fixation by
plants, which has a self-repairing function and improves the ecological environment.
In Shapotou, the primary function of an Integrated System that Combats Aeolian
Disasters (briefly as ISCAD in the chapter) has evolved from that of a purely
artificial system to that of a natural fusion of artificial and natural systems. This
evolution not only enhances the system functions but also improves its stability.
Plants in sand-fixing areas were initially planted vegetation. With the development
of plant succession, the pioneer species gradually withdrew. Through self-renewal,
the vegetation community formed a relatively stable Caragana korshinskii-
Artemisia ordosica vegetation community. Atmospheric dust deposition and the
formation of soil crusts could progressively strengthen system stability and durabil-
ity. The ISCAD of the Shapotou Railway has been tested for more than 50 years. The
combination of sand blocking and transportation, together with the plant protection
system without irrigation in semiarid areas, can ensure safe railway transportation.
Even during a strong sandstorm, the railway can avoid being buried by sand.

The case of Mogao Grottoes presents the importance of adopting measures that
are based on local conditions. After long-term evolution, the surface at the top of the
Mogao Grottoes was in a relatively stable gravel-cover state. However, some
inappropriate measures were implemented. The original erosion-deposition balance
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on the gravel-cover surface was interrupted, resulting in the overdeposition of sand.
These unsustainable measures finally led to the failure of aeolian disaster control and
even resulted in additional negative results. The failure occurred because the local
wind field and gravel-cover function were ignored. The current ISCAD at the top of
the Mogao Grottoes mainly seeks to recover the balance of erosion and sedimenta-
tion on the surface. Based on the local wind regime, the ISCAD is dominated by sand
stabilization, combined with sand blocking and sand transport.

Based on the above facts, ISCAD with sustainable design can maximize its
function. This chapter introduces two cases in the Shapotou and Mogao Grottoes
to understand how to set up an integrated system that can effectively combat aeolian
desertification and its related disasters.

10.2 Integrated System Combating Aeolian Disaster Along
a Railway in Shapotou

The railway from Baotou to Lanzhou (BLR) has a total length of 990 km. The
Zhongwei-Gantang Section (ZGS) of the BLR traverses the southeastern edge of the
Tengger Desert, with a length of more than 40 km. The Shapotou section is the
central part of the ZGS, with high crescent and net dunes (Liu 1987). Therefore,
during the construction and early stage of BLR operation, the most crucial issue was
addressing wind erosion and sand burial of the railway. In the early 1950s, the
Chinese Academy of Sciences, the Chinese Ministry of Railways, and the Chinese
Ministry of Forestry began to systematically research aeolian disasters along rail-
ways. The researchers designed an integrated railway protection system character-
ized as “focusing on dune fixation, combined with sand blocking,” and “biological
measures combined with engineering measures.” Sixty years after the system was
completed, the dunes near the railway have been completely fixed. A green belt with
a width of 10 km has formed along both sides of the railway. Trains are protected
from wind and sand disasters.

10.2.1 Aeolian and Environmental Characteristics
in Shapotou

Shapotou is located on the southeast edge of the Tengger Desert (Fig. 10.1). Dune
fields are the dominant landscape feature. The area is characterized by droughts and
wind. The average annual air temperature is approximately 10.0 �C, and the annual
average precipitation is 186.2 mm (1956~2012) (Li et al. 2014). The annual average
potential evaporation is approximately 3000 mm. The groundwater table is below
10 m and thus cannot be used by plants. Under the dry sandy layer with a thickness
of 3–20 cm, the moist layer exists with a volumetric water content of approximately
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2–3%. Depending on soil water and infrequent precipitation, native species such as
Agriophyllum squarrosum, Pugionium cornutum, Stilpnolepi scentiflora, Artemisia
sphaerocephala, and Hedysarum scoparium grow on dunes with an average cover-
age of 1–2%.

The velocity of sand-driving wind at a height of 2 m is approximately 4.5 m s�1.
The annual average frequency of sand-driving wind ranges from 7.2% to 12.3%.
There are three dominant sand-driving wind directions. They are W-WNW, E-ENE,
and S-SSW (Fig. 10.1). The westerly wind is strongest followed by the easterly
wind. The two groups of wind form dense networks of dunes and dune chains. In
winter and spring, the westerly wind is stronger than the easterly wind, causing the
dunes to move toward the southeast by 2–4 m per year. In summer, the dune ridge
swings to the northwest under the combined influence of the northeast, southeast,
and southwest winds. The direction of the dune ridge swing has a 30–60� angle with
the railway, which produces windblown sand. The windblown sand destroyed the
railway by eroding the shoulder, abrasing the rails, and covering the railbed.

Fig. 10.1 Location of Shapotou in the Tengger Desert and China and the local wind regime (from
KC Zhang et al. 2012)
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10.2.2 Integrated System Combating Aeolian Disaster Along
the Railway in Shapotou

The ISCAD in Shapotou consists of three main measures (Fig. 10.2). There are sand-
blocking zones, sand-fixing zones, and sand-transporting zones in sequence along
the windward direction. The sand-blocking zone contains fences with a height of
approximately 1 m. The fence materials include chaste twigs, poplar branches, corn
stalks, and bamboo. The sand-fixing zone is the main body of the ISPAD and
contains wheat-straw checkerboard barriers and xerophytic shrubs. The wheat-
straw checkerboard barriers are 1 m � 1 m and 1 m � 2 m. The shrubs include
Caragana korshinskii Kom, Artemisia ordosica Krasch., Hedysarum scoparium,
Caragana microphylla, Calligonum arborescens Litw., and Atraphaxis bracteata
A. Los. Two-year-old seedlings of these shrubs were mixed and planted inside the
checkerboard at a distance of 1 m � 2 m and 2 m � 3 m in 1964, 1973, 1982, and
1992. The total length of the sand-fixing zone along the railway is approximately
16 km. The sand-transporting zone is a gravel-cover platform and is located between
the sand-fixing zone and the railway.

The structure of the ISCAD reflects its comprehensive functions, including sand
blocking, sand fixation, and sand transportation. The width of the ISCAD was
designed according to the direction and strength of the sand-driving wind. The
prevailing wind is the northwesterly wind, followed by the northeasterly wind and
a south-south westerly wind. The northwesterly and northeasterly winds threaten the
northern area of the railway, accounting for 55% of the annual sand-driving winds.
The southern area of the railway is threatened by southerly winds, which account for
26% of the annual sand-driving winds. The theoretical widths of the ISCAD are
approximately 700 m and 300 m in the northern and southern areas of the railway,
respectively. The actual width changes with the sand sources and dune movement
speed. The ratio is consistent with the frequency and intensity of different winds. In
the early period, it was vital to maintain the function of the sand-blocking zone. After
10 years, the shrubs grew, and the importance of the sand-blocking zone gradually
decreased. Throughout the ISCAD, the three measures were arranged continuously
without any space to prevent the sand inside the system from eroding and moving.

Fig. 10.2 Cross-section of the integrated system controlling aeolian disasters along the railway in
Shapotou (provided by Wang 2011)
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10.2.3 Exploration on the Model of Sand Fixation by Plants
in Shapotou

The BLR was the first railway across the desert area of China. How to fix the drifting
sand on both sides of the railway was an important problem that needed to be solved
urgently at that time. The Shapotou area on the southeastern margin of the Tengger
Desert is a semidesert area characterized by high temperatures, drought, and a windy
climate. All dunes are tall, mobile trellis dunes (Zhao 1988a). The groundwater is
tens of meters deep and cannot be used by plants. The only main ecological
characteristic is that the sand layer contains 1.3–2.3% effective water. However,
plant sand fixation is a permanent sand fixation measure, which is the fundamental
measure to prevent and control sand hazards. To address this problem, the Shapotou
Desert Scientific Research Station was established in 1955 to perform positioning
research on plant sand fixation under unirrigated conditions, with the mechanical
sand fixation measure of a straw checkerboard barrier combination.

The experiments with sand fixation by plants in the first few years and the large-
scale plantings the following years show that the effect of sand fixation by plants was
far less than that of semiarid areas and desert oasis areas in China. The coverage of
planted vegetation in 4–5 years was generally less than 10–15%, and wind erosion
on the sand surface could not be controlled; thus, it needed to be protected by an
alternating straw checkerboard barrier. In the early 1960s, it seemed impossible to fix
trellis dunes with plants along the railway lines in the Shapotou area and to address
sand damage in this section of the railway. The consideration at that time was to
either rely on straw checkerboard barriers for a long time or build forest belts with
diversion irrigation from the Yellow River. However, some of the older generations
of scientists, such as Kezhen Zhu and Shene Liu, had come to SDRES many times to
check the research and had great hopes for sand-fixing plants, and they thought that
an experiment with sand-fixing plants with no irrigation was entirely possible; thus,
it was important to persist (Zhao 1988b).

In the 30 years since the establishment of the station, dozens of trees, shrubs, and
half-shrubs, including Pinus Tabulaeformis, Pinus sylvestris var. mongolica L.,
Ulmus Pumila, and Robinia pseudoacacia, have been planted, and all have died
due to the unsuitable conditions of drifting sand. The local Populus simonii and
Populus nigra L. var. italica also experienced poor survival rates and growth due to
insufficient water and nutrients in the sand dunes. Even the few plants preserved at
the sandy foot site with better ecological conditions did not grow well. The local
adaptable native Elaeagnus angustifolia also grew into shrubby shapes. Other
shrubs, such as Lespedeza bicolor Turcz. and Amorpha fruticosa, and semishrubs,
such as Artemisia halodendron, also were not successful. After years of planting
tests, the most suitable species of sand-fixing plants on the trellis mobile dunes were
Hedysarum scoparium, Caragana Korshinskii, Caragana microphylla, Calligonum
mongolicum, Calligonum caput-medusae, Hedysarum laeve, Atraphaxis bracteata
and Salix gordejevii, Artemisia ordosica, and Artemisia sphaerocephala (Wang
1988).
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After the determination of sand-fixing plants, a sustainable configuration and
density were needed to achieve the expected benefits of sand fixing. At the beginning
of the experiment, considering that minimal plantings could not control drifting
sand, the chosen density of planting was too high, leading to insufficient water
supply from the sand dunes and then poor plant growth (Wang 1988). Thus, during a
dry year, many plants died. However, through many experiments, the semishrub and
shrub strip-planting method was finally adopted, and a certain area was left in the
space between the belts; in addition, the sustainable density was artificially adjusted
according to the plant years. Finally, good results were obtained. Research and field
practice have shown that it is feasible and effective to establish an integrated sand-
control system of plant sand fixation in trellis dunes on both sides of railways
without irrigation, and these systems mainly contain sand-fixing measures combined
with sand-resistance measures.

10.2.4 Effect of an Integrated System Combating Aeolian
Disaster Along the Railway in Shapotou

The ISCAD in Shapotou has had several important influences. First, the “fixing is
primary, fixation combined with blocking” integrated system preventing aeolian
disasters was proposed and applied in China. The concept of comprehensive pro-
tection has become the basic principle for combating aeolian desertification and
aeolian disasters in China. Second, the checkerboard barrier size of 1 m � 1 m used
in the ISCAD presents protection and economic benefits. Thus, it has become a
widely promoted model in China. Third, the coverage of rain-fed shrubs used to fix
dunes is suggested to be no higher than 15%, which is the best in models for arid
areas. Experience in Shapotou proves the feasibility of achieving ecological resto-
ration by planting vegetation in sandy areas (Li et al. 2016, 2017). The ISCAD
model for Shapotou provides crucial guidance for the prevention and control of
aeolian desertification and disasters in arid regions around the world.

Under the protection of the ISCAD, aeolian disasters along the railway in
Shapotou have been effectively controlled over the past 60 years. The most signif-
icant change has been the reduction of aeolian action (Qu et al. 2007). In the sand-
blocking zone, the porosity of the fence is 30%–40%, the height is 0.8–1.0 m, and
the angle of the intersection with the primary wind direction is 70–90�. This kind of
fence can block 5.5 m3 of sand from the primary wind direction per year, which is
78% of the maximum possible sand transport of 6.5 m3. m�1. a�1 (Ling et al. 1984).
As the forefront barrier, the fence blocked a large part of the sand, which is deposited
into the sand-blocking zone. The significantly decreased sand transportation effec-
tively weakened the movement of dunes and protected the sand-blocking zone. The
experiments in the other regions showed that dunes moved 20–50 m per year and
buried the sand fixation zone without the protection of the sand-blocking zone. The
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stability of the sand-blocking zone guarantees the safety of the vegetation zone and is
beneficial to the growth of plants.

Soil moisture is one of the main factors that control plant succession. Changes in
soil hydrological processes drive the succession of planted vegetation. Changes in
vegetation composition, structure, and spatial distribution patterns are also the result
of long-term adaptation to water processes (Li et al. 2014). Plants in the sand-fixing
area were initially not naturally occurring vegetation. With the development of the
plant succession process, some pioneer species with high water consumption abil-
ities, such as Calligonum mongolicunl, Caragana microphylla, and Polygonum
sibiricum, gradually withdrew. The drought-tolerant plants Caragana korshinskii,
Hedysarum scoparium, and Artemisia ordosica increased. These drought-tolerant
plants have low coverage and self-renewal ability, so they become a relatively stable
Caragana korshinskii-Artemisia ordosica sand-fixing vegetation community that is
dominated by grass under water stress. The coverage of planted shrubs increased
from 3% in the second year to 35% in 15 years and then gradually decreased to 9%
after 45 years (Fig. 10.3). Finally, the shrub coverage remained stable at 8~10%. The
coverage of grasses decreased from 35% at the beginning to 12% after 15 years and
to 30–45% after 50 years (Li et al. 2014).

In the sand-fixing zone, the combined semiupright barriers and vegetation effec-
tively inhibited wind erosion and stabilized the surface. Blocked by barriers and
vegetation, dust and nutrients deposit on the sand surface and gradually formed a
stable physical crust. The appearance of physical crusts creates a suitable habitat for
herbaceous plants to settle. Annual naturally occurring plants such as Eragrostis
cilianensis Link ex Vign. Lut., Setaria viridis Beauv., Bassia dasyphylla O. Kuntze,
and Corispermum patelliforme Iljin invaded and increased. Subsequently, crypto-
graphic plants such as cyanobacteria, green algae, lichens, mosses, and microorgan-
isms gradually appeared and increased. These plants produce mycelium,
pseudoroots, and exudates, which can fix the soil particles and form biological crusts
on the surface. The biological crust is compact and can resist strong wind erosion. In
Shapotou, after 10 years of dunes being fixed, a crust dominated by cyanobacteria
formed on the sand surface with a coverage of 10% to 30%. After 40 years, a mixed
crust of lichen and moss appeared, with a coverage of 30% to 40%. After 50 years,
the crusts were dominated by moss and lichens, with a coverage of 50% to 60%
(Fig. 10.4) (Li et al. 2014).

The reduction in planted vegetation coverage does not affect the fixation of
mobile dunes because the dune surface is consolidated by the crust layer, and the
function of the ISCAD is not weakened. The original planted vegetation with a
single community structure evolved into a complex multilayered structure and
multifunctional vegetation. Restoring the biodiversity of the fixed dunes caused
the original planted sand-fixing vegetation system to evolve into a stable desert
ecosystem similar to those in the same climatic zone (Li et al. 2014). Therefore, the
sand-control system adjusted to the natural environment, and the system functioned
stably to ensure the safe operation of the railway.
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Fig. 10.3 Coverage of shrubs and grasses that are sand-fixing plants in different years, the changes
in the sequence of natural settlement species, and their relationship with annual precipitation
(according to Li et al. 2014)
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10.3 Integrated System Combating Aeolian Disaster
at the Top of Mogao Grottoes in Dunhuang

Mogao Grottoes are known as the “treasure of oriental art” and “the museum on the
wall.” It was named a “World Heritage” site by UNESCO according to the six
selection criteria of the world heritage program. The Mogao Grottoes were exca-
vated on the vertical cliff of an alluvial terrace on the west bank of the Daquan River
(Fig. 10.5). The cliff is in the north-south direction. The entire cliff is 1600 m long
from north to south and 10–45 m wide. The caves are densely distributed in the
upper, middle, and lower layers of the cliff. The gravel, sand, and clay particles
account for 70%, 25%, and 5% of the particle composition of the rock layer,
respectively. The ground surface at the top of the grottoes is composed of gravel
gobi, sandy gobi, flat sand, and sand Mingsha Mountain. Mingsha Mountain is a tall
and large compound sand hill, which is a significant source of sand that threatens the
cave area, and gravel gobi is another sand source that affects the cave area.

The top of the grottoes is a windy and multiwind-direction area. Statistics show
that the average annual wind velocity is 4.3 m.s�1. The local sand-driving wind
velocity is 5 m.s�1 at a height of 2 m. Winds with velocities lower and higher than
the threshold sand-driving wind velocity account for 63.7% and 36.3% of all the
winds, respectively. The primary winds in this area are northeasterly, northwesterly,
and southerly winds (Fig. 10.5). Of these winds, the southerly winds occur the most
frequently and account for 49.5% of all winds. Among all of the winds with different
directions, northwesterly winds account for 25.3%, and northeasterly winds account
for 24.5%.

Westerly winds have a strong ability to transport sand from sand mountains.
Easterly winds are generally free of sand but are limited by rare sand sources in the
gobi area, thus presenting a vital erosion function. In spring, the frequency of

Fig. 10.4 Change in the biological crust and cryptographic plant abundance with the fixation time
of dunes (according to Li et al. 2014)
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northwesterly and northeasterly winds increases, and the wind is strong. Although
the southerly winds flow through areas where the sand sources are sufficient and the
wind frequency is high, the wind speed is relatively low, which results in the limited
capacity of the southerly wind to transport sand.

10.3.1 Theoretical Calculation of Sand Transportation
in the Gobi

The sand transport potential at the top of caves was calculated using the Fryberger
sand transport potential eq. (Fryberger 1979): Q / V2(V � Vt)t, where Q is the sand
transport potential; V is the wind velocity at the height of 10 m; Vt is the threshold
sand-driving wind velocity at the height of 10 m; and t is the wind blowing time,
expressed by frequency (%). The Fryberger sand transport potential is usually the
process of sand movement caused by surface wind. According to the local wind
conditions, the total sand transport potential during the monitoring period (May 2008
to April 2009) was 129 VU. The combined sand transport potential was 90 VU, and
the combined direction was 258�. Among the winds, the sand transport potential in
the westerly wind (SW, WSW, W, WNW, and NW) was 36 VU; the sand transport
potential in the easterly wind (NE, ENE, E, ESE, and SE) was 74 VU; and these two

Fig. 10.5 Landscape and dynamic wind conditions on the top of Mogao Grottoes in Dunhuang
(provided by WM Zhang)

10 Integrated System to Combat Aeolian Desertification and Disasters 229



values accounted for 28% and 57% of the annual sediment transport potential,
respectively (Fig. 10.6). According to the calculations, the easterly wind transported
500 kg m�1 per year. The westerly wind transported 320 kg m�1 per year, and the
total sediment transport was approximately 905 kg m�1 per year (Fig. 10.6).

As the westerly wind has an abundant sand supply from Mingsha Mountain, a
large amount of sand is added in passing, which caused the sand transport of the
westerly wind unit vector (VU) to be 1.8 times that of the easterly wind. However,
from the perspective of sediment transport at different wind speeds, the easterly
wind-sand transport potential was 2.1 times that of the westerly wind-sand transport.
Under high wind conditions, easterly wind-sand transport dominated, resulting in
easterly wind-sand transporting 1.5 times that of sand transported by westerly winds.
According to the quantitative relationship between different wind directions (veloc-
ities) and sediment transport potential, the sediment transport at different wind
speeds during the monitoring period of the grotto roof is shown in Table 10.1.
Westerly winds transported 265 kg m�1 of sand to the grotto area, while easterly
winds blew 410 kg m�1 of sand back to Mingsha Mountain (Fig. 10.6).

Fig. 10.6 Sand transport potential (left) and sand transport amount (right) at the top of the Mogao
Grottoes (2008.5–2009.4) (According to Zhang et al. 2014)

Table 10.1 Sand transport in different wind directions/velocities (kg/m)

Wind velocities (m s�1) 7–9 9–11 11–13 13–16

Easterly sand transport potential (kg m�1y�1) (sand transport
potential VU)

16
(7.1)

73
(31.8)

270
(23.1)

140
(12)

Westerly sand transport potential (kg m�1 y�1)
(sand transport potential VU)

15
(6.5)

39
(16.9)

203
(9.8)

62
(3)
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10.3.2 Basic Principles of the ISCAD at the Top of Mogao
Grottoes

There have been two different views on how to design aeolian disaster prevention
and control measures for protecting the Mogao Grottoes. The first design uses sand-
blocking measures on the top of the grottoes to clear the sands deposited in the grotto
area. The second design that other scholars have proposed focuses on sand transport
at the top of grottoes as a more appropriate method. The easterly wind is stronger
than the westerly wind. If the ground surface is an ideal sand transportation corridor,
then the easterly wind can bring the sands westward and cause sand to be deposited
on the sand mountain, which will effectively reduce the sand sediment in the grotto
area (Zhao 1990). In addition, Zhu (1999) noted that any single measure cannot
achieve the target of controlling aeolian disasters at the top of the Mogao Grottoes.
Therefore, it is urgent to set up an ISCAD composed of engineering, biological, and
chemical measures to fundamentally eliminate the aeolian disasters destroying the
Mogao Grottoes (Zhang et al. 2000, 2004; Wang et al. 2004).

Mingsha Mountain in the west and the sandy gobi in the east are two sand sources
on the top of the Mogao Grottoes. The main aeolian disasters influencing the Mogao
Grottoes are wind erosion and sand deposition during sand movement. Therefore,
sand-fixing measures should be set up first on Mingsha Mountain to reduce sand
movement eastward. Second, maintaining the stable wind regime in the gobi (east
part on the top of Grottoes) is crucial for reaching the balance between erosion and
sediment (Zou et al. 1995). To maintain this balance, any upright or semiupright
measures should not be placed on the gobi surface because they will result in more
sand depositing near the caves. Gravel has been suggested to cover the gobi surface
to reduce wind erosion and improve sand transportation ability. Under this scenario,
most sands coming fromMingsha Mountain can be returned to the mountain through
the gravel surface by the easterly wind.

The mean annual precipitation in the Mogao Grottoes is 39 mm. The harsh natural
conditions limit the large-scale implementation of biological sand fixation measures.
These conditions also indicate that the protection system must be based on engi-
neering measures. Therefore, the ISCAD on the top of the Mogao Grottoes includes
upright sand-blocking fences, semiupright sand-fixing wheat-straw checkerboard
barriers on the eastern margin of Mingsha Mountain (Fig. 10.7), and a gravel-
cover sand-transporting platform in the gobi area. Two simple biological measures,
two shrub belts, were set up between Mingsha Mountain and gobi area (Fig. 10.7) to
combine the blocking-sand and fixing-sand engineering measures. The gravel-cover
measure was introduced in Chap. 8. The gravel coverage is approximately 30%, and
the diameters of the gravel range from 3 to 4 cm. The gravel gobi on the top of the
Mogao Grottoes formed a new dynamic balance between sand deposition and
erosion and effectively reduced the damage to the Mogao Grottoes caused by
wind-sand (Xue et al. 2002; Wang et al. 2004, Zhang et al. 2014; Wang 2011).
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10.3.3 Overall Layout and Configuration of the ISCAD
on the Top of the Mogao Grottoes

The ISCAD is generally an irregular trapezoid with the long side to the north and the
short side in the south (Fig. 10.8). The length of the ISCAD from north to south is
2686 m, which is 1.7 times the grotto length. The width of the ISCAD from east to
the west changes with the abundance of sand sources, wind conditions, and distance
to the grottoes. The width is 2035 m at the north end and 770 at the south end. The
total area of the ISCAD is 2,928,881 m2. As mentioned in the previous section, the
ISCAD is composed of an upright sand-blocking fence zone, a semiupright sand-
fixing checkerboard barrier zone, a vegetation belt, a gravel-cover belt, and a blank
buffer zone.

Fig. 10.8 Integrated system combating aeolian disaster map (left, Zhang et al. 2014) and the
landscape (right, Wang 2011) on the top of Mogao Grottoes in Dunhuang

Fig. 10.7 Upright sand-blocking fences and semiupright sand-fixing wheat-straw checkerboard
barriers on the eastern margin of Mingsha Mountain (provided by WM Zhang)
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10.3.3.1 Upright Sand-Blocking Fence Zone (USBFZ)

The total length of the fences is 6395 m in the USBFZ, and the overall direction of
the fences changes with the topography of Mingsha Mountain. There are three kinds
of upright fences in the zone. Two kinds are feather-type fences. The length of the
feather-type fence is 5725 m, 89% of the fence’s total length. Among the two kinds
of feather-type fences, one kind is arranged along SSW-NNE, and the other is
arranged along NW-SE. The two kinds of feather-type fences can guide sand from
the southwest and west back to Mingsha Mountain (Fig. 10.9). The third kind of
fence is the blocking fence with a length of 670 m, which accounts for 11% of the
total fence (Table 10.2).

Fig. 10.9 First (left) and second (middle) kinds of feather-type sand-guiding upright fences and the
sand-blocking upright fence (according to Wang 2011)

Table 10.2 Technical indicators of the three kinds of upright fences on Mingsha Mountain

Indicators Feather-type fence I Feather-type fence II Sand-blocking fence

FAD SSW-NNE, 30� NW-SE, 135� NNW-SSE, 157�

D (m) 15 20 –

L (m) 50–200 50–213 876

P (%) 20 20 40

DTC (m) 5 5 15

Function Block the sands from the
NW, W, and SW and guide
them back to Mingsha
Mountain using the strong
NNE wind

Block the sands from the S
and NE and guide them
back to Mingsha Mountain
using the W and NW
winds.

Unsaturated wind-sand
flow can form and
transport the sand back
to Mingsha Mountain

FAD represents fence arrangement direction. D represents the distance between fences. L represents
the length of the fences. P is the porosity of the fences. DTC represents the distance to the
checkerboard barrier zone
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10.3.3.2 Wheat-Straw Checkerboard Sand-Fixing Barrier Zone
(WCSFBZ)

TheWCSFBZ adjacent to the USBFZ in the east has a width of 170 m at the northern
end, an average width of 390–502 m in the middle section, and a width of
352–866 m at the southern end. The total length of the WCSFBZ from north to
south is approximately 2638 m. The material of the checkerboard barrier is pressed
wheat straw with better flexibility. The height of the wheat-straw undersurface is
approximately 10–13 cm and 10–15 cm above the surface. The size of the checker-
board varies with the topography. Most are generally 1 m � 1 m but 0.5 m � 0.5 m
on the steep slopes of the dunes in the northern part. The amounts of wheat straw
used in the different parts of the WCSFBZ vary because of the different sizes. The
average amount is 0.65–0.7 kg/m2, with approximately 0.98 kg m�2 on the top of the
dune, 0.55 kg m�2 on the dune slope, and 0.43 kg m�2 in the interdunes.

10.3.3.3 Sand-Blocking Plant Zone (SBPZ)

As mentioned above, engineering measures dominate the ISCAD on the top of the
Mogao Grottoes because of drought. However, the engineering measure materials
can decay and degrade over time. Biological measures are thus used to assist the
engineering measures. With plant growth, the effect of biological measures becomes
increasingly significant, which has been shown by examples in Shapotou. The SBPZ
included three shrub belts from east to west. The eastern and middle shrub belts were
set up in the boundary between Mingsha Mountain and the gobi area. The western
shrub belt was set up in the second easternmost interdunes of the Mingsha Mountain
and mixed with the WCSFBZ (Fig. 10.10). The shrubs in the eastern, middle, and
western belts were Hedysarum scoparium Fisch. et Mey, Calligonum mongolicum
Turcz., and Haloxylon ammodendron. The length of the shrub belts from north to
south was 2140 m. Each shrub belt’s width was 8 m, and the space between the shrub
belts was 12 m. The total width of the SBPZ was 48 m. The shrub row spacing in

Fig. 10.10 Wheat-straw checkerboard sand-fixing barrier zone mixed with the western shrub belt
inside the eastern edge of Mingsha Mountain (left) and the gobi surface covered by annual natural
vegetation (right) (provided by WM Zhang)
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each belt was 1.5 � 2 m. Drip irrigation was used to support the growth of the
shrubs.

10.3.3.4 Gravel-Cover Zone (GCZ)

There are three kinds of ground surfaces in the gobi region on the top of the Mogao
Grottoes (Xue et al. 2002). They are gravel gobi, sandy gravel gobi, and sandy gobi
(Fig. 10.11). The dust (<63 μm) content of sandy gobi is 27%, the sand content is
41%, and the gravel content is 32%. When the gravel on the surface of the gobi is
destroyed, the sand and fine particles under the gravel layer will become a new sand
and dust source influencing the safety of the Mogao Grottoes. Gravel cover can
increase the content of gravel at the surface and inhibit the release of sand and dust
due to erosion (Liu et al. 1999; Xue et al. 2000; Tan et al. 2016). Additionally, gravel
cover is beneficial to sand transportation and reduces sand sediment.

Based on field experiments, the construction techniques for compacting the
ground and paving the gravel were determined. Different gravel paving methods
were adopted for the different surface characteristics of sandy gobi. The first step
was to spray water on the surface and then let it naturally dry to a soil moisture
content of 5%. Second, a layer of 0.5-cm-thick mixed soil was spread on the surface.
The mixed soil was made of lime (10%), sand (50%), and gravel (40%) with a
diameter of 1–2 cm. The layer was rolled twice by a roller to form a hard protective
shell. Above the processed surface, gravel with a diameter of 3–4 cm was put down
to a coverage of 30% (Fig. 10.12).

10.3.3.5 Blank Zone

The blank zone refers to the area where the natural surface has protective functions
and does not require protective measures. The gravel gobi on the top of the grottoes

Fig. 10.11 Surface of sandy gobi (left) and the fine particles underlying the surface (right) on the
top of Mogao Grottoes (provided by WM Zhang)
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is distributed near the cliff in the eastmost region. The gravel coverage is more than
40–60%. Gravel surface does not easily generate sand, and the protective function is
more obvious under strong wind conditions. Thus, no protective measures were
required. After passing through the USBFZ, WCSFBZ, SBPZ, and GCZ, most of the
sand is blocked. The gravel surface can be regarded as the bed surface that has
essentially reached a stable state. Moreover, the easterly wind can transport sand
toward the west through the gravel surface. Therefore, to maintain its natural sand
transport function, no measure was required. The blank zone not only transports sand
but also reduces engineering costs.

10.3.4 Effect of the ISCAD on the Top of the Mogao Grottoes

10.3.4.1 Change in Sand Deposition Amount in the Grotto Area

Sand collectors that were 20� 20 cm were installed in front of Grotto No. 208 on the
third floor and Grotto No. 256 on the second floor to continuously monitor the
changes in the amount of sand deposition. The results showed that sand deposition
during March to May was 30 and 36 kg m�2 in 1990 when there was no protection
system (Fig. 10.13). In 1991, an “A”-shaped sand-blocking nylon fence was
installed on the gravel gobi near the cliff. The amounts of sand deposition were

Fig. 10.12 Process of paving gravel on the sandy gobi, including watering (a), paving mixed soil
(b), rolling (c), and paving gravel (d) (provided by WM Zhang)
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10 and 8.5 kg m�2 in front of Grotto Nos. 208 and 256, respectively, which were
66.6% and 76.4% less than those in 1990. During 1992–1999, the Dunhuang
Research Institute established eastern and middle shrub belts on the edge of Mingsha
Mountain. The two shrub belts combined with the “A”-shaped nylon fence blocked a
large amount of sand and reduced sand deposition in front of the grottoes by 95.1%
and 88.8% in 2001.

After completing the ISCAD on the top of the grottoes by 2010, the amount of
sand deposited in the front of the grottoes was significantly reduced. The sand
deposition in front of the Mogao Grottoes was reduced by 97.2% in 2016 compared
with that in 1990. By 2020, the ISCAD had withstood several extreme sandstorms.
On April 24, 2014, when an extreme sandstorm with a westerly wind and a velocity
of 27 m s�1 occurred, sand deposition in the grotto area was 8–10 m3. On May
26, 2019, with a strong easterly wind with a velocity of 35 m s�1, sand deposition in
the grotto area was 7–8 m3. During strong winds, the sand deposition amounts were
much lower than the annual sand deposition amounts in the area during the 1960s
and 1970s (3000 m3 per year). The change in sand deposition amount fully proves
the effectiveness of the ISCAD on the top of the grottoes.

10.3.4.2 Change in Sand Deposition Amount near the “A”-shaped
Nylon Fence

In 1990, the Dunhuang Research Institute and the Lanzhou Institute of Desert
Research of the Chinese Academy of Sciences set up an “A”-shaped nylon sand-

Fig. 10.13 Interannual changes in the amount of sand deposited in front of the Mogao Grottoes
(according to WF Wang 2019)
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blocking fence on the gravel gobi near the grottoes (Fig. 10.8). The fence was
designed to block the sand from Mingsha Mountain and the sandy gobi in the
west. The fence arrangement direction was also supposed to guide the sand away
from the grotto area by moving it toward the north and south. The fence was
effective in its initial stage (Ling et al. 1996). However, after a while, a large amount
of sand accumulated around the northwest and southwest of the fence. The situation
shows that the single fence measure moved the sand source of Mingsha Mountain to
near the grottoes. The sand had to be cleared every 3–4 years, or the sand would turn
over the fences and directly destroy the grottoes. The amount of sand needed to be
cleared reached 30,000 m3 each time, requiring a considerable amount of labor and
funds. Additionally, the clearing efforts destroyed the gravel surface, which caused
additional fine particles underlying the gravel cover to be exposed, eroded, and
deposited in the grotto area. The suddenly increased sand deposition in front of the
grottoes (Fig. 10.13) in 2009 and 2010 was attributed to the sand-clearing work.
Since the ISCAD was set up in 2009, there has been no or minimal sand deposition
around the “A”-shaped nylon fence. This situation indicates that the current inte-
grated system has achieved an erosion-deposition balance on the top of the Mogao
Grottoes. It also proves that the effect of the ISCAD is better than that of any single
measure.

10.3.4.3 Improved Ecological Environment

With the establishment of the ISCAD, the environment on the top of the Mogao
Grottoes has also been effectively improved. Gravel cover prevents wind erosion,
enhances sand transportation, and reduces soil moisture evaporation, especially
during heavy rainfall. The local rainfall was 100 mm in 2019. The annual natural
vegetation coverage in the gobi area has reached 15%. These plant species include
Halogeton glomeratus and Salsola ruthenica var. ruthenica Iljin. (Fig. 10.10). In
2020, many Pterocles orientalis appeared in the region. These results prove that the
ecological environment on the top of the Mogao Grottoes is developing in a positive
direction.

10.4 Conclusions

To achieve the expected protection effect, any sand-control project functions and
objectives should be defined first, and the dialectical relationship between structure
and function should be deeply understood. Given that the sand-control grades of the
major national projects, such as railway traffic and nonrenewable cultural heritage
sites, tend to be higher than the standard of other general facilities, their control
target is much higher than that of other general projects. Thus, a comprehensive
protection project should be adopted, and these control measures must not cause
negative effects on the safe operation of the railway and the protection of cultural
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relics or pose a potential threat, which are the basic premises of sand control.
Protective measures should not have any negative impact on the environment in
the future (hundreds of years or more). Based on the scale of the project and the
determination of a reasonable width of the sand-control system, the selection of
relevant protection parameters should be based on safe operation of the railway and
the safety of the cultural relics in the caves to improve the insurance parameters of
the design of windblown sand-control engineering. Scientific sand-control technol-
ogy is guaranteed to enable successful sand control. The key technologies in
the system play a vital role in the windblown sand-control system and determine
the function and effect of the sand-control engineering system. For example, the
Shapotou Railway sand-control system has been tested for more than 50 years. The
principle of sand fixation combined with sand resistance and the model of plant sand
fixation without irrigation in semiarid areas have ensured the safety of railway
transportation, even if the railway is not buried by drifting sand in the process of
strong dust storms.

The dominant sand-fixing measures combined with sand-resistance measures and
the successful application of the new technology of paving grave at the top of Mogao
Grottoes prove that only when various single sand-control measures are organically
combined into an engineering system can the overall maximum functional benefit be
gained. Although the economic cost of a single sand-control protection measure is
low and some results are achieved in the short term, from the perspective of long-
term development, the inherent drawbacks and shortcomings of single sand-control
measures will gradually become prominent, and the service life and sand-control
efficiency will be greatly reduced.

This chapter presents two cases occurring in Shapotou and Dunhuang located in
the eastern and western parts of China’s arid areas, respectively. In the two regions,
the integrated system for preventing and controlling aeolian disasters has been set up
for over 50 and 20 years, respectively. These facts show the importance of and need
for an integrated system, including multiple measures and functions. However, many
current projects designed to protect against aeolian desertification and its related
disasters in China still involve a single measure. This situation has resulted in
unsustainable restoration effects and extreme waste in terms of labor and funds.
Therefore, the promotion and demonstration of scientific results are even more
urgent in combating desertification and disasters.
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Chapter 11
Land Management Policies for Sand-Dust
Storm and Aeolian Desertification in Source
Region Countries

Lihua Zhou and Cuizhen Xia

Abstract China and Mongolia, two major sources of dust in Northeast Asia, are
combating aeolian desertification. Considering the important role of the Chinese
government in addressing aeolian desertification, this chapter focuses on the policies
and actions taken by the Chinese government to combat aeolian desertification. First,
the historical policies and activities related to aeolian desertification control at the
central government level are introduced. Then, several major ecological restoration
projects are described in detail. Finally, China’s unique land reform system and
ecological compensation mechanisms are also introduced.

Keywords Aeolian desertification · Ecological restoration project · Northern
China · Sand control · Policy

11.1 Introduction

Aeolian desertification, the main type of desertification, is a serious problem in
Northeast Asia, with several sand-dust source regions, mainly in China and Mon-
golia (Dooley 2004; Wang 2004; Wang and Xue 2010; Zhang et al. 2003). Eighteen
of the 32 dust storms occurring in China in 2001 originated in southern Mongolia,
accounting for 56% of the dust storms (Qin and Zhou 2002). China and Mongolia
have different attitudes toward aeolian desertification control. In Mongolia, although
all pastures are state-owned property, they are jointly managed by local herdsmen,
with little supervision or involvement by local government (Bruegger et al. 2014;
Undargaa and McCarthy 2016; Upton 2010). In China, due to the political system,
the primary responsibility for combating aeolian desertification lies with the gov-
ernment, and the government has played an important role in the prevention and
control of aeolian desertification (Wang 2009). This chapter mainly introduces the
efforts of the Chinese government to overcome aeolian desertification and provides
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some information for readers to understand the role of the government in aeolian
desertification control. This chapter first reviews the government’s efforts to control
aeolian desertification throughout China’s history, then introduces several major
ecological restoration projects organized and implemented by the central govern-
ment since the founding of the People’s Republic of China, and finally introduces
China’s unique land reform and ecological compensation system.

11.2 History of Aeolian Desertification Control in China

Historically, rotational grazing was the main land-use type in the arid or semiarid
regions of northern China. Human interference on grasslands was negligible because
of the small population and extremely low productivity (Wang 2014). Inappropriate
farming or grazing activities have accelerated aeolian desertification since modern
times and are often a result of increasing population, poverty, and state policies (Fan
and Gao 2000; Fan and Zhang 2009).

Since 1949, the Chinese central government has paid attention to the problem of
aeolian desertification. In 1950, the State Council established the leading group on
sand control and set up the first forest protection field in Yulin, Shaanxi. In the late
1950s, with high enthusiasm for preventing and combating aeolian desertification,
the first aerial seeding experiment was completed in some sandy areas, such as Yulin
County and Minqin County, and the technology on aeolian desertification control
continued to improve. In 1959, many scientific and technological researchers in
various fields were organized by the Chinese Academy of Sciences to carry out
comprehensive surveys on most of China’s deserts, sandy lands, and Gobi, and they
set up six comprehensive test stations and dozens of central stations, initially
forming a platform for observation, scientific research, and experimental networks
in the northern deserts of China. From the mid-1960s to the mid-1970s, due to the
influence of far-left beliefs, the control of aeolian desertification was seriously
hindered. In addition, large-scale reclamation of land led to the rapid deterioration
of the ecological environment in northern China.

In 1978, the State Council officially approved a 73-year ecological construction
project, the Three-North Shelterbelt Project, involving 358.3 thousand km2 of land,
which meant the beginning of China’s major ecological conservation projects and
increased the national awareness of ecological protection. In the 1980s, China
implemented a sustainable development strategy with the goal of coordinated
development of economy, society, and environmental protection. The government
promulgated a series of laws and regulations, such as the Forest Law, Environmental
Protection Law, Water and Soil Conservation Law, and Grassland Law, which
provided legal guarantees for the protection and management of natural resources
in aeolian desertified areas and consolidated the achievements of previous ecological
restoration projects.

In the 1990s, efforts to prevent and combat aeolian desertification developed
rapidly and constantly improved. In 1991, the State Council held the first national
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preventing and combating desertification conference and then issued the “Nationally
Preventing and Combating Desertification Plan in 1991–2000,” “Suggestions on
Several Policies and Measures for Desertification Control,” and other related poli-
cies, all of which provided explicit directions for subsequent work on combating
desertification. The United Nations Convention to Combat Desertification, signed in
October 1994, marking China’s desertification control work, was officially in line
with international standards. The National Desertification Combating Coordinating
Group was headed by the forestry sector and composed of 19 ministries (commis-
sions, offices, and bureaus). From the central to the local level, a multilevel, cross-
field, and collective management system was gradually formed.

At the beginning of 2000, major national ecological restoration projects, such as
the project to return farmland to forests and grasslands and the pilot project of the
Beijing-Tianjin wind and sand source control project, started, opening a new era of
aeolian desertification control driven by major national ecological restoration pro-
jects. On August 31, 2001, at the ninth National People’s Congress, the law on desert
prevention and transformation, the first special law on aeolian desertification control
in China, was adopted, and it defined legal boundaries and laid the foundation for the
rule of law. This law was also a great effort in combating desertification worldwide
and won the Silver Award of Future Policy Award in 2017.

In August 2005, the State Council’s decision to further strengthen the work of
prevention and control of aeolian desertification was officially promulgated, and in
the same year, the State Council approved the national desert prevention and
transformation plan (2005–2010), which clarified the long-term goals and develop-
ment direction of national efforts on prevention and control of aeolian desertifica-
tion. In March 2007, the national conference on aeolian desertification control was
held to clarify the three steps to combat aeolian desertification at the national level. In
2013, the National Plan for Preventing and Combating Desertification (2011–2020)
was approved, and it clarified the structure, objectives, and tasks of national aeolian
desertification prevention and control. Since the 18th National Congress,
construction of ecological civilizations has been included in the overall structure
of the five-in-one strategic desertification prevention and control effort, which is an
indispensable part of the construction of ecological civilizations, resulting in unprec-
edented challenges and opportunities.

Aeolian desertification is a common challenge for humans, and global efforts
should be implemented to combat aeolian desertification. China has continuously
strengthened bilateral, multilateral, and regional international cooperation and
actively led and participated in the process of developing international mechanisms,
such as the Forum on China-Africa Cooperation, the Forum on Cooperation between
China and the Arab States, the Forum on Cooperation between China and the Gulf
Organization, the China-Japan-ROK Cooperation Mechanism, and the Northeast
Asia Environmental Mechanism, which have designated desertification prevention
and control a priority. In 2011, China, South Korea, and Mongolia established a
subregional, network cooperative mechanism for desertification and land degrada-
tion in Northeast Asia, which played a positive role in promoting regional cooper-
ation in combating desertification and mitigating sandstorms. China and many
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countries along the Belt and Road launched the joint action initiative on June 17,
2016, which promotes the joint efforts of countries along the Belt and Road to
combat desertification through a variety of mechanisms, including conferences,
information sharing, and project demonstration by those that signed the initiative.

11.3 Major Ecological Restoration Projects in China

At present, the Chinese government has led the implementation of major ecological
construction projects, including the Three-North Shelter Forest, Natural Forest
Protection, Grain for Green, and Beijing-Tianjin Sandstorm Source Control. All
these projects form crucial parts of national environmental protection and construc-
tion. The main sources of investment for these projects were central financial funds
and national debt funds, which supported the unprecedented coverage area, scale of
investment, and construction period. The progress of these projects and relevant
information are briefly introduced in Table 11.1, and the provinces covered by these
ecological restoration projects are shown in Fig. 11.1.

11.3.1 Three-North Shelter Forest Project (See Appendix,
Point 2)

Before 1978, there were eight deserts, four sandy lands, and the vast Gobi Desert in
the Three-North (northwest, northeast, and north) area of China, with a total area of
1.48 million km2, accounting for 85% of the total land area of aeolian desertification
in China. Windblown sand damage and soil erosion were very serious; wood, fuel,
fertilizer, and feed were all in short supply; and agricultural production was low and
unstable. It was necessary to change the local agricultural and animal husbandry
production conditions by building a protective forest system with a combination of
belts, corridors, and buffers in a planned way. On November 25, 1978, the State
Council approved the plan of the State Forestry Administration for the construction
of large-scale shelterbelts in the key areas of sandy hazards and soil erosion in the
Three-North area and officially launched the Three-North Shelter Forest Project.

The construction scope of the Three-North Shelter Forest Project involves the
main ecologically vulnerable areas in northeastern, northwestern, and northern
China. The construction area spans nearly half of China, with a length of 4480 km
from east to the west and a width of 560–1460 km from north to south, including
551 counties (banners, cities, and districts) in 13 provinces (autonomous regions or
municipalities) of Shaanxi, Gansu, Ningxia, Qinghai, Xinjiang, Shanxi, Hebei,
Beijing, Tianjin, Inner Mongolia, Liaoning, Jilin, and Heilongjiang. The total con-
struction area of the project is 4.069 million km2, accounting for 42.4% of the total
land area of the country.
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The planning of the Three-North Shelter Forest Project started in 1978 and will
end in 2050, thus lasting for 73 years, and the planning can be divided into eight
phases. The planned afforestation area of the Three-North Project is 0.35 million
km2 (including the converted area of the forest belt and forest network), of which
artificial afforestation occurs on 0.26 million km2, accounting for 75.1% of the total
area; aerial afforestation occurs on 11.14 thousand km2, accounting for 3.2% of the
area; and mountain sealing and sand sealing occur on 75.98 thousand km2, account-
ing for 21.7% of the area. In all, 5.24 billion trees will have been planted in the area
of the project. By 2050, the forestland area should have expanded from 0.23 million
km2 in 1977 to 0.61 million km2, and the forest coverage rate should have increased
from 5.05% in 1977 to 14.95%. In the 40 years since the construction of the project,
by 2018, the accumulated afforestation and conservation area of the Three-North
Shelter Forest Project covered 0.30 million km2, the forest coverage rate of the
project area increased from 5.05% in 1979 to 13.59%, and the stock of standing trees
increased from 740 million m3 to 3.33 billion m3.

Fig. 11.1 The provinces covered by the ecological restoration projects
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11.3.2 Natural Forest Protection Project (See Appendix,
Point 3)

Natural forests consist of two types of forests: primitive forests and secondary
forests. In China, by 2019, there were 19.8 million km2 of existing natural forest,
accounting for 64% of the country’s forest area; the stock of wood was as high as
12.96 billion m3, accounting for 83% of the total national stock. The distribution area
of natural forest in China can be summarized in four main categories: the first
category is natural forest in the basic state of protection, including various types of
nature reserves, scenic spots, forest parks, and undeveloped forest areas; the second
category is scattered natural forest throughout the country; the third category is the
natural forest distributed in the upper reaches of the Yangtze River and the upper and
middle reaches of the Yellow River; and the fourth category is the natural forest
distributed in northeastern Inner Mongolia and other key state-owned forest areas.

The core of this project was the classification management of forest farms; that is,
the main forest area was divided into key ecological public welfare forests, general
ecological public welfare forests, and commodity forest bases. With the background
of strict protection of the ecological public welfare forests, the operation of com-
modity forests could address the gap in natural forest logging. According to the
national forest protection plan, the upstream Yangtze River and the Yellow River
were the key areas for the implementation of natural forest protection projects, with
0.70 million hm2 of natural forests, accounting for 69% of the country’s 0.11 billion
km2 of natural forests. Given the suspension of mining, the government increased
the rate of forest construction in 36.7 thousand km2 of the wasteland located
upstream of the Yangtze River and the Yellow River and increased the forest
cover ratio from 17.5% to 21.24%. The total investment in the whole project was
106.4 billion CNY, of which the financial special fund investment covered 81.2% of
the total, and the State Council also stipulated that the financial debt of the financial
enterprises might be reduced due to mining restrictions and suspension.

11.3.3 Grain for Green Project (See Appendix, Point 4)

China formulated a 10-year plan to return farmland to forest (grass), covering 1580
counties in 25 provinces (municipalities or autonomous regions) in China. The
project planned to return 53 thousand km2 of farmland to forest, implement 80 thou-
sand km2 of afforestation in suitable desert mountains, and control soil erosion on
0.36 million km2, and control wind and sand on 0.70 million km2.

The core content of this project was that in areas suitable for returning farmland to
forest, farmers could voluntarily convert suitable sloping farmland into woodlands
or grasslands, and the government provided free grain, seedlings, and cash subsidies
for afforestation to farmers in accordance with uniform standards. The categories of
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this project also included the return of farmland to forest, grassland, and lakes and
afforestation in conditional desert mountains.

In 2001, the State Forestry Administration set up a project management center for
the Return of Farmland to Forest (Grass) Project, which was responsible for the
entire work; relevant provinces, autonomous regions, and municipalities set up
provincial-level forestry administrative departments; the forestry bureaus of each
county of the project and forestry workstations in each town were responsible for
implementation within the administrative areas. In 2002, the State Council formu-
lated regulations for returning farmland to forest, which clearly defined the contents,
scopes, measures, and responsibilities of various departments, turning the manage-
ment of this project into the law. The compensation due to the additional costs
caused by this project included compensation for farmers and local governments. To
the farmers, the state provided free subsidies for food, seedlings, etc. and provided
subsidies for local finance to compensate for the losses due to the reduction in
farmland. In 2014, this project entered a new phase and continued to increase
investments. From the start of the project to 2019, the cumulative investment has
been more than 500 billion CNY, the implementation area has covered 0.34 million
km2, and the average forest coverage of the project area has increased by more
than 4%.

11.3.4 Returning Grazing Land to Grassland Project (See
Appendix, Point 5)

On November 16, 2002, the State Council formally approved the implementation of
the Returning Grazing Land to Grassland Project in 11 provinces and cities in the
western region. Starting in 2003, after 5 years, in the degraded grasslands in eastern
Inner Mongolia and the eastern Qinghai-Tibet Plateau, the initial centralized man-
agement area was 6.7 million km2, approximately 40% of the severely degraded
grasslands in the western region. The Return of Grazing Land to Grassland Project
has been carried out in three ways, including prohibiting grazing, delaying grazing,
and rotational grazing in different regions. During the return of grazing lands, the
state will provide food and feed subsidies to herders.

In the “12th Five-Year Plan” period, 0.33 million km2 pastures were prepared for
fence construction, and 0.10 million km2 of degraded grasslands were replanted and
improved. On August 22, 2011, the National Development and Reform Commis-
sion, the Ministry of Finance, and the Ministry of Agriculture issued a notice on
improving the policy of returning pasture to grass, announcing that from 2011
onward, no more subsidies for grain would be provided, and the incentive mecha-
nism of the grassland ecological protection subsidy would be fully implemented in
the project area. For grasslands that have been subject to a ban on grazing, the central
government provided the herders subsidies in accordance with the measurement
standard of 6 CNY per mu (1 mu is equal to 666.67 m2) per year and regarded
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5 years as a subsidy period; for grasslands where grazing was suspended or rotated,
the central government provided balanced rewards to herdsmen who were
overloaded, at 1.5 yuan per mu per year. At the same time, the central government
supplied the subsidy for supporting the construction of fences, artificial grassland
construction, and shelter shed construction.

11.3.5 Beijing-Tianjin Sandstorm Source Control Program
(See Appendix, Point 6)

In 1999, the Forestry Department formulated the “Beijing-Tianjin Sandstorm
Sources Management Plan,” which included the execution mechanism of returning
desert mountain to the forest, created a desertification prevention and control system,
and included ecological migration and ten other measures. The first phase of the
project was launched in 2002 to maintain ecological security around Beijing and
Tianjin by reducing soil erosion. The project area involved 19.58 million people,
458,000 km2 of land, and 10.12 million km2 of sandy lands, which were divided into
four governance areas, namely, the northern arid grassland desertification manage-
ment area, the Hunshandak sand land management area, sandy land management of
the agropastoral transition area, and water source reserve of the Yanshan hilly
mountain. The total area of the governance task was 1.5 million km2, and the initial
budget investment was 55.8 billion CNY. The project adopted comprehensive
management measures based on the construction of forest and grass vegetation.
Forestry measures included the return of 26.3 thousand km2 of farmland to forest and
the planting of 49.4 thousand km2 of forest. Agricultural measures included 14.8
thousand km2 of artificial grass, 2.9 thousand km2 of aerial seeding grass, 27.9
thousand km2 of enclosure, 3.4 thousand km2 of basic grassland construction, 0.39
thousand km2 of grass seed base, and 56.8 thousand km2 of no grazing. Water
conservation measures included 66,059 water source projects, 47,830 water-saving
irrigation projects, 23.4 thousand km2 of integrated management of small water-
sheds, and 180,000 ecological migrants.

The second phase of this project occurred from 2013 to 2022, with a total
investment of 87.79 billion CNY. Through the construction of the second phase of
the project, the outcomes in the first phase were effectively consolidated, and the
sandy lands in the project area were managed, generally curbing the expansion trend.
In addition to the improvement in the ecological environment and the further
enhancement of ecosystem stability, sand and dust events and sand hazards were
further reduced in the Beijing-Tianjin area; for example, sand and dust events in the
Beijing-Tianjin area decreased from an average of 13 per year in 2000 to 2–3 in
2016. A green ecological barrier was built in Beijing and northern China.
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11.3.6 Ecological Construction Planning After 2020 (See
Appendix, Point 7)

On June 11, 2020, the National Development and Reform Commission and
the Ministry of Natural Resources jointly issued the “National Master Plan for the
Protection and Rehabilitation of Major Ecosystems (2021–2035),” focusing on the
ecological barrier area of the Qinghai-Tibet Plateau, the key ecological areas of the
Yellow River (including the ecological barrier area of the Loess Plateau), the key
ecological area of the Yangtze River (including the ecological barrier area of
Sichuan and Yunnan), the northeastern forest belt, the sand control belt in the
north, the hilly and mountainous areas in the south, and the coastal belt. Nine
major ecological protection and restoration projects have been deployed in these
areas, and compared with the original ecological restoration projects, they focus
more attention on integrity and systems.

11.4 Reform of China’s Land Property Rights System

After 1949, to effectively safeguard the rights and interests of farmers, the central
government actively explored the property rights of rural land (mainly including
farmland, grassland, and woodland). From 1978 to 1988 was the main period of
carrying out the household contract responsibility system, which started based on the
attempt to implement land contracts in Xiaogang village, Fengyang County, Anhui
Province. After the Third Plenary Session of the Eleventh Central Committee of the
Communist Party of China, the implementation of the household contract responsi-
bility system throughout the country was approved and allowed farmers to have the
autonomous right to use land and gain the interest from production under the premise
of collective ownership of land. This action greatly mobilized the enthusiasm of
farmers to implement agricultural production and eliminated the constraints of the
“common big rice pot” system.

After 2003, based on the excessive tax burden of farmers, the agricultural tax was
completely abolished, and the reform of the transfer system of land contract and
management rights started to promote the integrated development of urban and rural
areas and to change the long-standing dual economic structure. In October 2008, the
communiqué of the Third Plenary Session of the 17th Central Committee of the
Communist Party of China stated that the next tasks were to improve the right to
contract land management rights; to protect farmers’ rights to the possess, use, and
operate and other rights to contracted land in accordance with the law; to strengthen
the management and service of the transfer of land contracts and management rights;
to establish and improve the transfer market of land contract and management rights;
to allow farmers to transfer land contracts and management rights in the form of
subcontracting, leasing, swapping, transferring, joint stock cooperation, etc. in
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accordance with the principle of voluntary compensation; and to develop various
forms of moderate-scale operations.

In 2014, the Central No. 1 document, “Several Opinions on Comprehensively
Deepening Rural Reform and Accelerating Agricultural Modernization,” clearly
stipulated that farmers (herdsmen) are given collateral and security rights to the
possession, use, proceeds, and circulation of contracted land under the premise of
adhering to the most stringent system of farmland protection. In 2017, the Central
Document emphasized that the weak link of agriculture and rural areas should be
complemented, and the impetus for the endogenous development of rural areas
should be activated. In 2017, the focus of the work was the reform of the rural
property rights system. In fact, it was also the focus and main point of rural reform in
China’s “13th Five-Year Plan period.” In 2018 and 2019, the Central Committee’s
Document No. 1 continued to include clear directions and requirements for the
reform of the rural property rights system. The 19th National Congress of the
Communist Party of China (CPC) proposed to keep the land contract relationship
stable and unchanged for the long term and extend the contract period for another
30 years after the expiration of the second land contract period.

Considering Inner Mongolia grassland property practices as an example, grass-
land property rights are composed of a series of rights, such as use, transfer,
operation, and regulation. The rights are related not only to the attribution of
grasslands but also to use and effective use of grasslands. Without a reasonable
grassland property rights system, the sustainable development of rural pastoral areas
cannot be achieved. The relevant legal provisions of the current grassland property
rights system can be found in the Rural Land Contract Law, the Property Law, the
Grassland Law, etc. Since the reform and opening-up, the government of the Inner
Mongolia Autonomous Region has carried out active exploration and practices in the
grassland management area. In 1984, the government began to implement the
“common grassland, contract management, livestock pricing, family feeding”
responsibility system and dual-power system, that is, the implementation of grass-
land ownership, use rights, and contract-to-house responsibility system. Since then,
for many years, this area has gradually entered the grassland “two power, one
system” policy.

In 2017, the government of the Inner Mongolia Autonomous Region promulgated
implementation options for improving measures to separate the rights of land and
grassland contracts in rural pastoral areas, and these options were consistent with the
deployment requirements of the State Council for strengthening the reform of the
rural land system and showing respect for the willingness of farmers and herdsmen
to retain the right to contract and transfer land. The right of grassland contracts and
management was divided into contract rights, management rights, ownership, and
efforts to promote the modernization of agriculture and animal husbandry. The
separation of powers improved the basic management system of rural pastoral
areas, conforming to the objective law of a productive relationship and adapting to
the development of productive forces.
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11.5 Ecological Compensation Mechanism

Financial transfer payments are the most important ecological compensation
methods in China; at present, the main sources of investment for ecological resto-
ration projects are central financial funds and national debt funds. While
implementing these projects, supporting funds, grain, seedlings, and other subsidies
are paid together. For example, in the Returning Grazing Land to Grassland Project,
starting in 2003, with a 5-year cycle, the state has granted the necessary grassland
fence construction fund subsidies and feed-grain subsidies in various regions every
year. The central government bore 70% of the subsidy for fence construction, and
local governments and individuals bore 30%. Since 2011, the state has raised the
standard of cash subsidies, and the proportion of central subsidies for fence con-
struction has increased from 70% to 80%. The grain subsidy was cancelled, and the
grassland ecological protection subsidy incentive mechanism was fully implemented
in the project areas, including three types of subsidies: grazing prohibition subsidies
(7.5 CNY per mu after 2016), grass and animal balance subsidies, and performance
evaluation rewards. In the Grain for Green Project, the state adopted a subsidy policy
to provide grain, cash, and seedlings to farmers who have returned farmland to
forests, and the state also established a special fund to consolidate the project’s
results by basic grain field construction and rural energy construction, ecological
migration, and replanting.

Various government departments, such as the departments of land, forestry, water
conservancy, agriculture and environmental protection, and local governments, were
also trying to adopt flexible financial transfer payment policies to stimulate the
protection and construction of the ecological environment. They implemented a
series of plans to establish special funds to provide financial subsidies and technical
assistance for ecological protection and construction, such as new energy construc-
tion in rural areas, ecological public welfare forest compensation, soil and water
conservation subsidies, and farmland protection.

11.6 Conclusions

After decades of concerted efforts by the government and its people to fight aeolian
desertification, China has performed remarkably. The Hobqi Desert almost
disappeared, the aeolian desertification area of Mu Us sand land decreased sharply,
and the aeolian desertification in the Hunshandak sand land and Horqin sand land
was effectively controlled. However, the achievements of ecological construction
still need to be further consolidated. At present, China is carrying out a new round of
research on ecological policies, and on June 11, 2020, the Chinese government
proposed a more comprehensive and systematic plan, namely, the “National Master
Plan for the Protection and Rehabilitation of Major Ecosystems (2021–2035).” This
plan deploys nine major ecological protection and restoration projects, which form a
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basic framework for the protection and restoration of major ecological systems and
provide a guarantee for maintaining China’s overall ecological security. According
to the plan, by 2035, the national forest coverage rate will reach 26%, the natural
forest area will remain stable at approximately two million km2, the vegetation
coverage rate of grasslands will reach 60%, and more than 75% of the land that
can be controlled for desertification will be managed. Through the coordinated
advancement of ecological construction projects and other societal projects such as
poverty alleviation, the Chinese government is striving to achieve a balance between
ecological protection, economic development, and people’s livelihoods so that the
achievements of ecological protection will truly benefit the people.

Appendix

1. The information in Table 11.1 is collated from the following sources:

(a) Implementation plan of Natural Forest Protection Project in upper reaches of
Yangtze River and upper and middle reaches of Yellow River. http://www.
docin.com/p-20452549.html

(b) State Forestry Administration. The implementation plan of the second phase
of the Natural Forest Resource Protection Project in northeast China, Inner
Mongolia and other key state-owned forests. http://www.docin.com/p-42841
9856.html

(c) 360 Baike. Grain for Green Project. https://baike.so.com/doc/2870457-30290
80.html

(d) Ministry of Agriculture. The country’s 13th Five-Year Plan for grassland
protection, construction and utilization. (2017-01-20). http://www.moa.gov.
cn/nybgb/2017/dyiq/201712/t20171227_6129885.htm

(e) Ministry of Agriculture. Opinions on further strengthening the Implementa-
tion management of the Project of Returning Grazing land to Grassland.
(2005-04-11). http://www.law-lib.com/law/law_view.asp?id¼91539

(f) The State Council. Some opinions on further perfecting the policy and
measures of Returning Farmland to Forests. (2002-04-11). http://www.gov.
cn/gongbao/content/2002/content_61463.htm

(g) Baidu Baike. Three-North Shelter Forest Project. https://baike.baidu.com/
item/%E2%80%9C%E4%B8%89%E5%8C%97%E2%80%9D%E9%98%
B2%E6%8A%A4%E6%9E%97%E5%B7%A5%E7%A8%8B/11046362
Shelter Forest Project/110463

2. Three-North Shelterbelt Construction Bureau. The general plan of the Three-
North Shelterbelt Construction Project. https://www.forestry.gov.cn/sbj/5030/
index.html

3. Office of Natural Forest Protection. The natural forest protection is of great
merit—a review of the 20-year construction of China’s Natural Forest Protection
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Project. (2018-05-18). http://www.forestry.gov.cn/main/425/20180518/110300
6.html

4. The History of the People’ s Republic of China (HPRC). Returning farmland to
forests. (2009-12-30). http://www.hprc.org.cn/gsgl/dsnb/zdsj/200912/t200
91230_39594.html

5. National Development and Reform Commission, Ministry of Agriculture, Min-
istry of Finance. Suggestions on improving the policy of returning grazing land to
grassland. (2011-08-22). https://www.gaodun.com/guoshui/649684.html

6. (a) National Development and Reform Commission. Planning of Beijing and
Tianjin Sandstorm Source Control Project (2001–2010). [2007-09-28]. https://
www.ndrc.gov.cn/fggz/fzzlgh/gjjzxgh/200709/t20070928_1196575_ext.html
(b) Baidu Baike. The second phase of Beijing and Tianjin Sandstorm Source
Control Project. https://baike.baidu.com/item/%E4%BA%AC%E6%B4%A5%
E9%A3%8E%E6%B2%99%E6%BA%90%E6%B2%BB%E7%90%86%E4%
BA%8C%E6%9C%9F%E5%B7%A5%E7%A8%8B/4482355

7. National Development and Reform Commission and the Ministry of Natural
Resources. National Master Plan for the Protection and Rehabilitation of Major
Ecosystems (2021–2035). (2020-06-03). https://www.forestry.gov.cn/main/
72/20200612/093234638407152.html
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Chapter 12
Successful Implementation of Measures
to Combat Aeolian Desertification in China

Tao Wang

Abstract China has achieved remarkable advances in controlling aeolian desertifi-
cation. Many proven practical techniques, successful demonstrations, and valuable
experiences as well as extension service models to combat aeolian desertification
have been developed at local and national levels, and some have been successfully
applied elsewhere in the world. This chapter details examples of successful projects
that have addressed aeolian desertification in China. In China, major sand control
and ecological construction projects designed for regional and national develop-
ment, either through predominantly mechanical or biological methods and in com-
bination with other supplemental measures, have been comprehensively and
successfully applied to control aeolian desertification.

Keywords Aeolian desertification · Comprehensive approach · Project ·
Implementation · Demonstration · China

12.1 Introduction

China has led a long struggle against land desertification. As early as the 1950s, the
government of China organized scientific surveys and studies on affected lands and
has prioritized combating desertification in seriously impacted regions. Since the
1970s, China has successively initiated and implemented aeolian desertification
control and sand industry development projects in typical aeolian desertification
regions and urgent national projects for eco-environmental improvement and
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important construction protection. The land use categories that are suffering most
from aeolian desertification in China mainly include agricultural areas, highways,
railways, roads, cities, industrial sites, and mining areas. In the following sections,
the projects exemplified are as follows: the most comprehensive and far-reaching
ecological construction projects in China that aim to improve the overall ecological
environment in the country through a clean urban and rural environment, naturally
functioning ecosystems, and healthy mountains and rivers in most regions of China;
successful desertification control and sand industry development models under
several typical natural conditions in China; and the moving sand-prevention project
along the traffic corridors that are related to the national economy.

12.2 Successful Desertification Control and Ecological
Construction Projects

The China National Plan for Eco-environmental Improvement, proposed in 1997
and adopted by the State Council in 1998, is the most comprehensive and longest-
ranging plan for eco-environmental improvement. The plan is divided into three
stages: the near term (1997–2010), the medium term (2011–2030), and the long term
(2031–2050). By 2050, the overall ecological environment in the country will be
improved, a clean urban and rural environment and a natural cycle of ecosystems
will be achieved, and healthy mountains and rivers will exist in most regions.

Under the National Plan, some key desertification control and ecological con-
struction projects were formulated and implemented, i.e., the “Three North” Shel-
terbelt System Engineering project; the Beijing-Tianjin Sand Source Control Project;
the project of returning farmland to forests and grazing land to grassland; and the
grassland desertification control project. The activities carried out during these
projects mainly include (a) construction of desertified land enclosure protection
zones for protecting and promoting the natural restoration of forest and grass
vegetation and curbing the expansion of aeolian desertification; (b) afforestation
according to natural climate characteristics of different desertification areas;
(c) desertified grassland restoration by changing the mode of animal husbandry
production, balancing grass and livestock, and implementing desertified grassland
enclosures and house feeding; (d) catchment management and water source and
water-saving irrigation engineering to create favorable conditions for returning
farmland to forest and grass and enclosure protection; (e) eco-migration by
constructing small towns and rural energy sources to reduce ecological pressure
and to consolidate sand control efforts; and (f) sand industry development by making
desertification control consistent with income increases for farmers and herdsmen
and increasing the efficiency of enterprises and tax increase by the government.
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12.2.1 “Three North” Shelterbelt System Engineering

The “Three North” Shelterbelt System Engineering project (running from 1978 to
2050) refers to the large-scale artificial ecological forestry system constructed in the
“Three North” areas of northwestern, northern, and northeastern China that involves
a total area of 4.069 million km2, accounting for 42.4% of China’s land area (Three
North Bureau 1993). A well-performing shelterbelt system to coordinate the devel-
opment of agriculture, forestry, and animal husbandry, which began by establishing
a combination of trees, shrubs, and grasses and then included combining forest belts,
forest networks, and forest patches and finally focused on the rational allocation of
multiforest and multitree species, was required in the overall project plan. The plan
noted that this system should be established by different afforestation methods to
protect the existing forest and grassland vegetation. The forest coverage in the
“Three North” area will have increased from 5.05% in 1977 to 14.95% by 2050
(Fig. 12.1).

Before the China National Plan for Eco-environmental Improvement was devel-
oped in 1997, the first phase (1978–1985) and the second phase (1986–1995) of the
“Three North” Shelterbelt System Engineering project were successfully completed.
During the period, the forest coverage in the “Three North” area increased from
5.05% to 8.2%, accounting for 12% of the desertified lands and protecting more than

Fig. 12.1 Plan for the construction of the protection forest system in northwestern, northern, and
northeastern China (Three North Office and NW Institute 1990)
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16.0 � 106 ha of farmland in the “Three North” area (Wang 2011a). By the end of
the twentieth century in the middle near-term stage of the China National Plan for
Eco-environmental Improvement, a total of 4.76 � 106 ha windbreak and sand-
fixation forests were constructed and preliminarily controlled 20% of the desertified
lands in the “Three North” area; 3.7 � 105 ha of pasture protection forest were built,
and over 1.0 � 107 ha of seriously degraded grazing land had been protected and
restored. A total of 6.63 � 106 ha of forests for soil and water supply conservation
were planted and preliminarily controlled 40% of the soil erosion area on the Loess
Plateau; 2.13 � 106 ha of farmland shelter forests were built and effectively
protected 21.3 � 106 ha farmlands. The “Three North” shelterbelt system was
extended to 4480 km, becoming a “Great Wall” that stopped the southward migra-
tion of blown sand (Wang 2011a). In 2003, Guinness World Records awarded a
certificate for “The World’s Largest Afforestation Engineering” to “Three North”
Shelterbelt System Engineering project.

The “Three North” Shelterbelt System Engineering project uses a form of “pri-
vate run and state aid” and implements the construction policy of people providing
labor and multichannel financing, with self-reliance and state support as supplemen-
tation, providing a demonstration of shelterbelt forest construction with Chinese
characteristics that gives equal attention to ecological and economic benefits. China
is leading in the world in research on the following five aspects: “aerial sowing for
afforestation on sand lands,” “high-yielding technology for dryland forestry,” “nar-
row-belt and small-grid farmland shelterbelt network,” “wide-belt and large-grid
pasture shelterbelt network,” and “mountain enclosures for forest conservation” in
arid zones. As the main project of ecological environment construction in China, the
state will attach importance to supporting the “Three North” Shelterbelt System
Engineering project and continuously increase its capital investment.

12.2.2 The Beijing-Tianjin Sand Source Control Project

The Beijing-Tianjin Sand Source Control Project started in 2001, mainly to address
problems related to wind and sand hazards in Beijing, Tianjin, and surrounding
areas. The total area involved is 4.58 � 105 km2, with an aeolian desertification area
of 1.01� 105 km2 and a total population of 19.58� 106 persons (Wang 2011a). The
project focused on the comprehensive control of grassland desertification, the
Hunshandake Sandy Land, desertified lands in agricultural and pastoral interlaced
areas, and sandy lands in the Yanshan mountainous water source protection area
through the implementation of afforestation, conversion of farmland to grassland,
grassland protection, catchment comprehensive management, water source and
water-saving facilities, etc.

The practical approaches of the project involve (a) forestry measures, including
afforestation of 1.34 � 106 ha that were converted from farmlands, afforestation of
1.29 � 106 ha in badlands, artificial afforestation of 1.31 � 106 ha, aerial affores-
tation of 1.80 � 106 ha, and a mountain enclosure of 1.78 � 106 ha for forests;
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(b) agricultural measures, including artificially planting grass on 1.48 � 106 ha,
aerial sowing of plants on 0.29 � 106 ha, fencing on 2.79 � 106 ha, constructing a
basic pasture on 0.34 � 106 ha, establishing a pasture seed base on 0.04 � 106 ha,
prohibiting grazing on 5.68 � 106 ha, building greenhouse on 2.86 � 106 km2, and
supporting 23,100 feed machinery sets; (c) water conservancy measures, including
66,059 water source projects, 47,830 water-saving irrigation projects, and
23,445 km2 of small watershed comprehensive management; and (d) ecological
migration, including that of 1.8 � 105 persons (Wang 2011a, b).

The implementation of the project not only improved environmental quality but
also increased farmers’ income. According to a survey in 2009, from 2000 to 2009,
the rate of shelterbelts for protecting farmland and pasture increased from 3.5% to
14.8%, and the surface dust release decreased by 19%; the concentration of air
negative oxygen ions in the Beijing region doubled, and the cumulative number of
days with the air quality equal to or better than Level 2 was 285 days, increasing by
110 days from the start of the project; the income of farmers increased significantly,
which was higher than the national average in the same period (Wang 2011a).
Although the Beijing-Tianjin Sand Source Control Project has achieved periodic
results, it is arduous and long-term; thus, it is necessary to continue to consolidate
achievements and further utilize science and technology.

12.2.3 Other Important Desertification Control
and Ecological Construction Projects

There are two other key national desertification control and ecological construction
projects that occurred over the first 10 years of the twenty-first century.

1. The returning farmland to forest/grass project was mainly implemented in areas
with increased land desertification, soil erosion, and grassland degradation due to
vegetation deterioration caused by firewood overharvesting, over-reclamation,
overgrazing, and steep slope-farming, among other reasons. During the 10-year
period, 1.4 � 106 ha of desertified land was controlled, and the ability of the area
to resist wind and sand hazards was enhanced by returning farmland to forest/
grass and restoring and increasing grassland vegetation (Wang 2011a).

2. The grassland desertification control project aimed to protect existing grasslands
by fencing and rotational grazing and to promote conservation by restoration,
such as artificial plantings, aerial sowing, and grassland improvements. In alpine
regions, river source ecosystems should be restored and protected mainly through
measures of returning grazing land to grassland and grass plantings; in areas with
better light, heat, and water conditions, grass-crop rotation should be carried out
to increase the development of high-yield and high-quality artificial pastures.
During the project period, control of desertified land occurred on 12.79 � 106 ha
(Wang 2011a).
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12.3 Successful Models of Aeolian Desertification Control
and Sand Industry in Typical Regions

The sand industry, a growing area in future desert science development, is an
agricultural knowledge-intensive industry, and it involves the development of
desertification control engineering. The intention of the sand industry is to coordi-
nate the relationship between ecological environmental construction and economic
development of sandy areas to fully utilize resources and advantages, avoid disad-
vantages, and establish a good feedback relationship between the ecological envi-
ronment and eco-social sustainable development. Successful desertification control
and development patterns under several typical natural conditions in China are
summarized based on the activities in the agricultural areas of China for more than
50 years.

12.3.1 The Hotan Oasis in Xinjiang: Representing Efforts
to Combat Desertification and a Sand Industry
in an Oasis in an Extremely Arid Region

The Hotan oasis is located on the southwestern edge of the Taklimakan Desert. The
southern part of the oasis contains a sand gravel plain in front of the Kunlun
Mountains, and the northern part is directly connected to moving sand dunes.
There is an average annual precipitation of only 34.8 mm and evaporation up to
2564 mm. The main mechanism to combat oasis desertification is to set up protection
systems and stabilize the oasis ecosystem by implementing the following approaches
(Wang 2011a):

1. Constructing water conservancy infrastructure. An integrated irrigation system
was constructed to make full use of the water resources of the Yurungkax River
and the Karakax River. Eighty percent of farmlands have been equipped with
small agricultural water conservancy facilities. The utilization coefficient of the
canal system increased from 0.35 to 0.40, and the irrigation quota decreased from
1800–2250 m3/ha to 900–1050 m3/ha.

2. Establishing a complete desertification control system with oases at the center. To
protect natural vegetation through enclosures in the semifixed sand dune areas
outside the oasis, a protective belt was established by planting shrubs and grasses
through flooding irrigation. This approach not only prevents the occurrence of
blown sand but also creates advantageous conditions for the development of
animal husbandry. In the project area, a windbreak forest belt that was 358 km
long and 10–300 m wide was built around the oasis, and a field protection
network with a narrow forest belt and small grid was built inside the oasis. The
total forest coverage of the oasis has reached 40.2%. On the farmlands, many
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kinds of fruit trees were selected and arranged to carry out intercropping with
grain crops or cotton.

3. Implementing additional measures. On the periphery of the oasis, in addition to
enclosures for vegetation restoration, some other measures were applied to
stabilize shifting sand dunes and to expand arable land through flooding in
regions with suitable conditions, such as flattening isolated sand dunes and
afforesting interdune lowlands for those that continuously distribute moving
sand dunes.

This model to combat desertification has improved the oasis climate environment
and produced evident economic benefits. For example, the wind speed has been
reduced by 25%, and the sand content in the sand flow was reduced by 40–60% on
the farmland compared with that in open areas (Zhu et al. 1989). In comparison to in
the late 1970s, at the end of the twentieth century, the total grain, cotton, and
vegetable cooking oil production in Hotan County increased 1.17-fold, 1.1-fold,
and 2.31-fold, respectively; the grain yield per unit increased 3.3-fold, and the per
capita income increased by 7.5-fold (Team for RDIX 1989).

12.3.2 The Pingchuan Oasis in Gansu: Representing Efforts
to Combat Desertification and the Sand Industry
in an Oasis in an Arid Region

The Pingchuan oasis in Linze County of Gansu Province, situated on the northern
bank of the Heihe River in the middle Hexi Corridor, has a long and narrow shape.
Its northern part is close to dense moving sand dunes and gobi. The annual
precipitation is 117 mm, and there is a prevailing northwest wind. Aeolian desert-
ification in the oasis is serious due to the original fixed shrub-coppice dunes being
reactivated because of vegetation destruction, resulting in most cultivated lands
being abandoned and the oasis retreating southward for 200–500 m (Wang
2011a). Therefore, establishing a complete protection system along the northern
side of the oasis is an important measure.

First, using the long and narrow interdune lowland terrain along the northern side
of the oasis, a sand-prevention forest belt with a width of 10–50 m was constructed
through irrigation with spare cropland water. The forest belt contains Populus
gansuensis and Elaeagnus angustifolia. The former has a remarkable wind-
prevention effect and is mostly planted in areas with underlying soil layers, and
the latter has abundant branches and leaves as well as a good ability to block wind
and sand and is suitable for infertile soil layers.

Second, a 300 m � 500 m farmland shelter forest network was also built inside
the oasis. The tree species were mainly Populus gansuensis, P. nigra var. thevestina,
Salix matsudana, and Ulmus pumila.

For the dune and interdune lowlands outside the sand-prevention forest belt,
sand-blocking barriers consisting of clay or reed were first set up, and then, different
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sand-fixation plants such as Haloxylon ammodendron, Hedysarum scoparium,
Caragana korshinskii, and Tamarix chinensis were planted under protection of the
sand-blocking barriers. To further prevent the external sand source, an enclosure
belt with a width of 800–1000 m for vegetation recovery was planned outside the
protection system. In winter, the farmland irrigation spare water is diverted into the
enclosed area to accelerate the restoration of the vegetation.

Thus, an oasis-centered protection system was formed, using the combination
effect of “blocking blown sand, fixing surface moving sand, and enclosing sand land
for vegetation recovery” from the edge of the oasis to the periphery (Wang 2011a).
Sheltered by the integrated protection system, the cultivated land in the oasis
affected by desertification decreased from 17.8% to 0.4%, and the amount of
agricultural and forestry lands in the sandy areas increased from 6.1% to 43%; in
addition, the per capita income has increased by 153.6%.

12.3.3 The Naiman Banner in Inner Mongolia: Representing
Efforts to Combat Desertification and the Sand
Industry in an Interlaced Agropastoral Zone
in a Semiarid Region

Naiman Banner is located in the middle of the Horqin Sandy Land and belongs to the
interlaced area of agriculture and animal husbandry in the semiarid zone, where the
average annual precipitation is 352.1 mm, the annual number of gale days is 21 days,
and sandstorm days total 26 days. The original landscape is sparsely forested
grassland developed on a terrain of sand dunes interlaced with bottomlands. The
vegetation coverage varies regionally according to human activity intensity, which is
at approximately 5–50%. As a result of excessive cultivation, overgrazing, and
firewood harvesting, aeolian desertification has developed rapidly, and desertified
land accounted for 20% of the total area in the late 1950s, 53% of the total area in the
mid-1970s, and 77.6% of the total area in the late 1980s. Vegetation is commonly
seen retrogressively developing from sparsely forested grassland to sandy vegeta-
tion. It is one of the severely desertified areas in northern China.

The model used to combat desertification and implement the sand industry is
different according to different landscapes and land use characteristics in a region
(Wang 2011a):

1. For wide interdune bottomlands mainly used for agriculture, the following
measures have been implemented: (a) reestablishing artificial sand-fixing vege-
tation belts vertical to the main wind direction, where 3–5 years later, a relatively
stable sandy shrub vegetation system formed; (b) contracting with each house-
hold, setting up fences to protect the vegetation on semifixed and fixed sand
dunes, strictly prohibiting grazing and firewood collection, and taking supple-
mentary measures such as sowing grasses; (c) adjusting the land use structures,
returning desertification-influenced croplands to grassland, strengthening the
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capital construction of farmlands with good soil and water conditions, increasing
high-yield crop planting, and developing cash crops; and (d) adjusting the
livestock structure, increasing the number of house-feeding animals, and reduc-
ing the number of grazing animals.

This desertification control model was adopted in Yaoledianzi village in the
middle of Naiman Banner. After 10 years of desertification control, the desertified
land area decreased from 77% to only 13% of the total area; the vegetation
coverage increased from less than 15% to more than 30%; the proportion of dry
cropland to cultivated land decreased from 78.8% to 17.3%, while the share of
irrigated land increased from 21.1% to 82.7%; the per unit area yield of grain
increased from 675 kg/ha to 5130 kg/ha, and the per capita income increased by
126.3%.

2. For fixed and semifixed sand dune lands mainly used for animal husbandry, each
ecological household considered as a unit was contracted as responsible for
desertification control of its adjacent land, and the tasks mainly included
(a) flattening the interdune lowland near the homestead to develop irrigated
agriculture with groundwater (water table generally at a depth of 3–4 m), where
if conditions permit, then rice cultivation in film-bottomed sandy land could be
adopted, using this as the base to further develop cash crops, and (b) setting up
enclosures around the base for future rangeland use, that is, to build tree and shrub
forest belts near the base, to plant sand-fixing plants on sand-shifting lands, and to
enable grass vegetation to naturally develop or to supplement by sowing forage
seeds.

Thus, many small eco-economic areas combining agriculture, forest, and
animal husbandry were formed, with areas of 0.15–0.25 km2 each. This small
green eco-economic area not only solved the economic issues of each household
but also prevented the expansion of land desertification. The model was adopted
in Baiyintala village in Naiman Banner. Five years later, the vegetation coverage
in the enclosed area increased from 5–15% to 60–70%; the per capita annual
income increased from 400 to 1500 RMB yuan, with an increase of 75% over the
10-year period.

3. For slightly undulating desertified lands, the countermeasures implemented were
the following: (a) changed from extensive rainfed farming with grain as the main
crop and adjusted the ratio of agriculture to forestry and to animal husbandry from
6:2:2 to 2:4:4; (b) constructed farmland and rangeland sheltering forest networks
at a large scale and enclosed the marginal areas for vegetation restoration;
(c) developed irrigation agriculture in sheltered grids with good soil and water
conditions; and (d) developed animal husbandry forage bases in grids on fixed
and semifixed sand dunes on slightly undulating terrain.

This model was adopted in Huanghuatala village in the south of Naiman
Banner, where desertified land originally accounted for 83% of the land area.
After the model, more than 500 shelterbelts of small ecosystem grids were built.
Approximately 85% of the desertified lands have been managed. The agriculture
and animal husbandry economies developed harmoniously, and the total grain
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production, forage yield, and per capita annual income increased 3-fold, 1.5-fold,
and -fold, respectively.

4. For greatly undulating regions mainly with dense moving sand dunes, the fol-
lowing measures were implemented: (a) shrubs were planted on moving sand
dunes, under the premise of establishing a sand-blocking tree forest belt in front
of them, and evergreen trees were planted within the shrubs; (b) in some open
interdune lowlands, groundwater was exploited to irrigate crops by applying rice
cultivation in film-bottomed sandy land; and (c) natural enclosures combined
with artificial supplementary grass sowing were the most basic form of land
desertification control in the interlaced semiarid agriculture and animal
husbandry area.

This model is well demonstrated in Bagapoli village in Naiman Banner. In the
approximately 10 years from 1975 to 1985, vegetation coverage increased from
20% to 71%, and the total biomass dry weight increased from 1089.0 kg/ha to
7675.5 kg/ha; the organic matter content in the 0–50 cm soil layer increased from
0.045% to 0.537%, and the grass yield increased 1.5-fold. The per capita annual
income increased two-fold.

12.3.4 The Zhanggutai Region of Liaoning Province:
Representing Efforts to Combat Desertification
and the Sand Industry in a Loess Hilly Area
in a Transition Zone Between Semiarid
and Semihumid Regions

The Zhanggutai area, situated at the southeastern margin of the Horqin Sandy Land
and in the agricultural and pastoral interlaced zone, has a temperate continental
monsoon climate. Historically, the Zhanggutai region had dense forests and lush
pastures. However, driven by immediate interests, the vegetation was seriously
damaged and became a large area of sandy desertified land due to unsustainable
human activities such as forestland reclamation, overharvesting of firewood,
overgrazing, and exploiting natural resources. On the other hand, because the land
surface in the Zhanggutai region originally consisted of sandy sediments, the soil
mechanism is unstable; the monsoon climate increases the effect of wind erosion
when the surface is exposed during periods of farmland cultivation in winter and
spring, which aggravates the aeolian desertification of the lands. This is a typical area
of land aeolian desertification in northern China; 41.2% of the area has moving or
semimoving sand dunes, and 58.8% of the area has fixed dunes (Su et al. 2006).

The main mode of desertification control in this area is to restore vegetation
mainly by afforestation. Measures taken include the following (Zhao 2013):
(a) strengthening the conservation and sustainable exploitation of existing forest
resources and establishing a long-term mechanism of harmony between man and
nature; (b) promoting afforestation steadily; creating an integrated desertification
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control system combining trees, shrubs and grasses; and converting sandy cultivated
land to forest and grass in a planned way; (c) establishing and improving protective
measures for natural restoration of surface vegetation in hill regions; (d) constructing
nature reserves to improve microclimates, fanning the effect out; (e) nationally
exploiting and utilizing water resources, ensuring ecological water use in desertifi-
cation areas; and (f) strengthening management and protection of forests according
to laws and comprehensively consolidating the achievements of desertification
control.

After a group of young science and technology researchers from all over the
country established the Sand-Fixing Afforestation Experimental Station in
Zhanggutai in 1952, they successfully introduced and built the first windbreak and
sand-fixing forest of Pinus sylvestris in China in 1955. They then continued to carry
out a series of studies on the construction techniques of mixed forests, farmland/
grassland shelterbelts, and sandy orchards, as well as on forest conservation tech-
niques. After more than 50 years of efforts by several generations, the forest cover in
the Zhanggutai region has increased from 6% to 67%, and the total grain output
increased tenfold (Zhu 2014). The Zhanggutai area, developing toward the integra-
tion of forestry, agriculture, animal husbandry, and tourism, is now a national sandy
land forest park.

12.4 Successful Protection System for Traffic Projects
Related to the National Economy

Shifting sand is one of the serious contributors to desertification in China. In the vast
desert areas in northern China, transportation facilities, as important infrastructure
and the leading industry of the national economy, often suffer from moving sand
damage. The establishment of a protection system along traffic lines has always been
the key topic of scientific researchers, for which several generations have
implemented painstaking efforts and have achieved a series of successes in different
regions. These successful experiences can be used for reference in combating
desertification in areas with similar conditions.

12.4.1 The Protection System for the Baotou-Lanzhou
Railway: The Shapotou Section as a Typical Case
in the Moving Sand Dune Region

The Baotou-Lanzhou Railway, formally opened to traffic in 1958, is a pioneering
work in the history of railways in China because it crossed the Tengger Desert six
times, with a cumulative length of 40 km through the desert. In particular, it crossed
a region of undulating latticed crescent dunes with a relative height of 10–20 m at the
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Shapotou section in the southeastern edge of the desert. The Shapotou Desert
Experimental Research Station, established in 1956, has always provided theoretical
and technical support for preventing the railway from moving sand damage. Exper-
imental research in the Shapotou region over many years indicated that the railway
sand-prevention system essentially achieved the purpose of long-term biological
sand fixation and eco-environmental improvement (Wang 2011a):

1. Primary vegetation formed, and its protection function improved. In comparison
to in bare sand dune areas, in the fixed sand area with vegetation coverage at
20–30%, the wind speed was reduced by 55% (compared with that at a 20 cm
height over the moving sand dune area), the ground roughness increased 957.7-
fold, and the near-surface sand flux was only 21.7%.

2. Microclimatic environmental improvements occurred due to the existence of
aboveground sparse vegetation and plant roots in soil. Vegetation allows solar
radiation to transmit but slows airflow so that solar and surface radiative heat is
not easy to emit; thus, heat conduction and heat storage capacity are relatively
weak in soils with plant roots.

3. Biological soil crust formed, and soil developed. Wind tunnel experiments have
shown that gray or gray-black crust can prevent soil erosion under a wind speed
of 25.6 m/s. The contents of physical clay particles and organic matter in the soil
crust and lower substratum increased significantly in comparison with those in the
moving sand dune area. The minimum water-holding capacity of this thin sandy
soil layer was as high as approximately 20%, and the thin sandy soil layer
intercepted rain water four times more than that of bare dune sands. The relatively
fertile wet topsoil created a favorable habitat for the reproduction of annual plants
and cryptogams in the rainy season. These plants were well developed and in turn
beneficial to biological crust formation and soil-forming processes.

4. Based on artificial vegetation, biodiversity increased, and herbs, lower plants, and
microbes multiplied in large numbers, forming a naturalized multifunctional
ecosystem more stable than artificial vegetation. The sand land ecosystem com-
posed of animals, plants, and the environment has a tendency to evolve from an
azonal geographical environment (moving sand) to a zonal geographical envi-
ronment (steppe desert).

The successful experiences in moving sand fixation for the Baotou-Lanzhou
Railway have been extended in the whole country and even in developing countries.
The comprehensive techniques of the railway protection system are detailed in
Chap. 10 and will not be repeated here.
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12.4.2 The Protection System for the Lanzhou-Xinjiang
Railway: The Yumen Section as a Typical Case
in the Gobi Region

The Lanzhou-Xinjiang Railway, opened to traffic in 1962, is an important traffic line
leading from northwestern China to all parts of the country. It includes an important
part of the New Eurasian Continental Bridge, with a total length of 1892 km, of
which 1100 km runs in the vast Gobi Desert. Most of the gobi surface is covered by a
Quaternary gravel layer, and there is no sufficient sand source; thus, the wind-sand
flow is mostly unsaturated. More than 80% of the sands in wind-sand flows are
distributed within a height of 200 cm, far more than the 10 cm over bare sand dunes
(Wu and Ling 1965; Yin 1989; Zou et al. 1995). The gobi surface is rough and often
cemented with mud or calcium; the threshold of the wind speed for sand movement
is 6–7 m/s, slightly higher than that in desert areas. The blown sand damage in the
gobi area can be classified into three categories: wind erosion, sand accumulation,
and sand abrasion. The establishment of railway forest sand control systems is an
economical, reliable, and long-term effective method to control sand (Feng et al.
1995). The research project “Sand-combating System in Yumen section of
Lanzhou–Xinjiang Railway” is a successful demonstration of irrigation afforestation
in the gobi region with good water conditions. This project involved forest belts with
different widths and different numbers of strips, which were arranged in parallel or
nearly parallel to the railway line (Fig. 12.2). The main purpose of this system was to
reduce the wind speed and cut off the sand supply (Qi 1996).

Erecting a vertical sand barrier on the windward side of sand-prevention belts is
an effective measure to prevent sand accumulation. The distance between a sand
barrier and forest belt depends on the strength of the wind-sand flow, generally
15–20 m; the height of the sand barrier should not be less than 1.5 m; and its
direction needs to be consistent with the direction of the forest belt.

Forest belts are the basis of the railway protection system; the width, configura-
tion, and tree composition of forest belts directly affect the function of the system.

Fig. 12.2 Cross section of a complete sand-prevention system for the Yumen section of the
Lanzhou-Xinjiang Railway (Wang 2011b)
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The setting of forest belts follows a principle of adapting measures according to local
conditions, defending against harm and emphasizing prevention over treatment. A
forest belt is mainly used to prevent outside wind-sand flow and can be widened
appropriately to control local sand. The distance between forest belts is most
effective when the main afforestation tree species in the forest belt grow to their
normal heights. Tree species selected for building forest belts should have the
following properties: (a) substantial ground coverage and long life spans;
(b) strong root sprouting, fast-growing and uniformly distributed roots, and large
root amplitude; and (c) tolerance to atmospheric and physiological droughts as well
as to soil infertility and strong wind resistance. The forest belts should include at
least 3/5 to 2/3 of sandy or xerophytic shrubs and semishrubs that are easy to
propagate, fast growing, and strong self-renewing. The afforestation method with
nonnative soil naturally deposited in excavated ditches has been proven to be
beneficial to the survival and growth of tree species. The stable water content in
guest soil can be increased by 54–60%, and the total nitrogen content can be
increased by 62.5% (Wang 2011a). This approach can promote early canopy closing
of stands. In addition, irrigation and coppicing in time can promote the rejuvenation
of trees.

The function of railway sand-prevention systems to reduce wind speed is closely
related to their own structure (forest belt height, width, and sparseness), wind
velocity, and other meteorological conditions. The higher the forest belt, the greater
the protective distance is; a forest belt that is too wide or too narrow will reduce its
effect, and the optimum width of a forest belt is 25 to 8 m; the best effect is when the
porosity of the forest belt is at 0.3–0.4.

The completely established railway forest protection system showed obvious
eco-environmental effects. Wind-sand damage to railways can be reduced after
1 year and can be essentially eliminated within 2–3 years. These protection systems
have reduced wind speeds by 20.2–30.5% within the distance of 0–30 H (H, height
of forest belt) behind the forest belt, with the best reduction at 47.0% at 10–15 H; in
comparison with that in an open field, the forest protection system can increase air
temperatures by 0.6–2.8 �C (at 0.5–2.0 m in height) in spring and autumn seasons
and decrease it by 1.2–1.5 �C in summer. In summer, these systems can also reduce
the daily maximum ground surface temperature by 3–5 �C and the minimum by
4–6 �C; it can reduce evaporation by 38.7–71.8% and increase air relative humidity
by 5.1–6.8%; under the forest, fine composition of less than 0.1 mm in the 0–5 cm
soil layer increased by 6.0–3.7% or two- to sixfold than that in the open field; the soil
bulk density decreased by 0.06–0.11 g/cm3, and the porosity increased by 1.6–4.1%
(Wang 2011a). In addition, a large amount of plant litter and decomposed roots
participate in fertility cycling, supplying nutrients for plants.
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12.4.3 The Protection System for the Tarim Desert Highway:
A Typical Case in an Extremely Arid Region

The Taklimakan Desert is the largest desert in China and the second largest desert in
the world. The Tarim Desert Highway runs through the Taklimakan Desert from
north to south, with a total length of 522 km. The Tarim Desert Highway, with its
whole-line sand-prevention system, has set a Guinness World Record. The idea of
sand prevention is taken into consideration not only in the maintenance of highways
but also in early route selection, linear and cross-section design, and construction.

In establishing the highway sand-prevention system, it followed the two-step
strategy of “first engineering then biological” measures and the implementation
method of “engineering measures ensuring highway operations as a basis, chemical
measures as assistance, and ecological rehabilitation and restoration as a goal” (Wang
2011a). A comprehensive highway sand-prevention system (Fig. 12.3) has been
designed based on a series of concentrated studies: field observations of meteoro-
logical and climatic conditions, studies of blown sand movement laws, wind tunnel
simulation tests of different desert landforms and highway directions, field tests of
various sand-prevention methods (mechanical, chemical, and biological),
observations of sand-prevention benefits of the system, investigations of all kinds
of sand-fixation material resources, and studies on development and breeding of
sand-fixation plants.

To increase the development rate of oil fields, the highway was partially opened
to traffic while being built, and a highway protection system of “sand blocking in
combination with sand fixing,” using sand-blocking fences and straw-checkerboard
sand barriers as the principal measures, was simultaneously established to ensure
smooth operation of the highway. This combination system initially included the
front sand-blocking belt, the bare sand-accumulation belt, the semihidden straw-
checkerboard sand barrier belt, and the highway slope protection belt. As of
September 1995, when the highway ran through the Taklimakan Desert, 800 km
of sand-blocking fences had been erected, and 42 � 106 m2 of checkerboard sand
barriers had been laid (Wang 2011a).

Fig. 12.3 Cross section of a complete sand-prevention system along the Tarim Desert Highway
(Wang 2011b)
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To ensure that the sand-blocking engineering performed its sand-prevention
function well with a maximum time duration, it was necessary to adopt a technology
of fixed fences combined with movable fences to strengthen the front sand-blocking
effect according to local terrain and sand damage conditions (Feng and Qian 1986;
Dong et al. 1998). To improve the sand-fixation efficiency of straw-checkerboard
sand barriers, it is also necessary to improve the design and construction of sand
barriers at different sites; for example, it is advisable to set up a 0.5 m � 0.5 m scale
of checkerboard sand barriers in an upwind landform region, 2 m� 2 m in a leeward
region, and 1 m � 1 m or 1 m � 2 m in a smooth, open, and flat sandy area.

In continuously or intermittently distributed flat, open sandy areas, where sand
damage mainly occurs from blown sand and low dune movements, the shoulder
slope of a highway could be solidified by using synthetic chemical materials. There
is a certain distance on both sides of the highway that can be solidified after clearing
obstacles (obstacles include plants and shrub-coppice dunes, and the solidified width
is far smaller than the cleared width); thus, a smooth section can be created, and the
wind-sand flows can smoothly transmit over the road. Such measures can effectively
control sand damage to highways and save costs.

The width of a protection belt should be determined flexibly according to the local
wind strength, cross-section sand flux, dune distribution and moving speed, as well
as the angle between the highway direction and the main wind direction (Feng and
Qian 1986). Although factors affecting the reasonable protection width are complex,
many different empirical models to obtain in situ optimum widths have been
proposed by Chinese scholars, and they have significant reference value (Wang
and Chen 1997).

Biological sand fixation is a fundamental solution to control sand damage to
desert highways. However, plant habitats in the Taklimakan Desert are extremely
harsh, so irrigation is a prerequisite for plant survival. First, reasonable irrigation
should be implemented using local salty groundwater to ensure the normal growth of
plants; second, plant species suitable for local climate conditions and water sources
and planting methods are key to the success of biological sand fixation.

Taking into consideration the adaptability of plants to arid environments, the
stability of plant growth, and salinity adaptability to soil salt accumulation under
different irrigation methods, three tree species, i.e., Tamarix chinensis (Tamarix
taklamakanensis, Tamarix austromongolica, and Tamarix gansuensis), Calligonum
arborescens (Hedysarum scoparium and Calligonum caput-medusae), and
Haloxylon ammodendron (Haloxylon persicum and Haloxylon aphyllum), were
selected as sand-fixation plants cultivated in large areas through field experiments.
In comparison to introduced plant species, as domestic plants, Tamarix
taklamakanensis and Calligonum caput-medusae have better adaptability to the
growing environment. Based on its physiological and ecological characteristics,
Tamarix taklamakanensis was planted on the outermost side in the upwind direction
because of its strong resistance to sand erosion and sand burying, fewer branches,
and greater sparseness; Hedysarum scoparium, being fast growing and relatively
drought tolerant, was planted in the middle dunes; Tamarix austromongolica, which
grows fast, has many branches and tall trees and was planted near the highway.

274 T. Wang



Haloxylon ammodendron grows slowly in the early stage and has bright green
leaves; it was also planted near the highway. All these species have developed
considerable tolerance for aridity, wind, salinity, and limited nitrogen. In terms of
plant growth performance, the method of border irrigation is better than furrow
irrigation and drip irrigation; in terms of physiological adaptation, the stress resis-
tance of the three tree species under drip irrigation was the highest among the three
irrigation patterns.

In October 2006, the project “Ecological Forest Engineering for the Tarim Desert
Highway” received approval, soon after the Tarim Desert Highway was completed
(in autumn 2005). A forest belt of 436 km was built along the desert highway, with
more than 20 million shrubs planted, covering an area of 3128 ha; there were
111 newly drilled irrigation wells, 430 km UPVC main water supply pipelines,
25.63 km of 10 kV HV line, and many other service facilities (TOB 2007).

The sand-blocking effects of high fences and the sand-fixation effect of straw-
checkerboard barriers are outstanding. Sand-blocking fences rapidly reduced the
energy of wind-sand flow and changed saturated or unsaturated wind-sand flows into
supersaturated flows so that some sand grains were intercepted. The checkerboard
sand barriers changed the structure of sand flow fields near the ground surface, which
decreased the wind speeds rapidly at a 2 cm height, and the sand-carrying capacity of
flow and the sand flux decreased sharply at a 10 cm height. The shrub sand-fixation
belt constructed along the Tarim Desert Highway is a tight-structure forest. Sand
blocking and sand fixation are its main functions, and the resulting improvements in
the local microclimate will also be beneficial to the permanent role of the system.
Considering a shrub forest belt 3 years after its planting as an example (Wang et al.
2003; Wang 2011a, b), the wind speeds at a 2 m height within the checkerboard
barrier 20 m from the forest, 2 m from the forest, and at site in the forest decreased by
21.05%, 32.69%, and 77.68%, respectively, compared with that in an open field
(50 m to the forest belt), and wind speeds at a 0.5 m height decreased by 44.67%,
93.72%, and 98.23%, respectively; the shrub cover was over 90%, and the wind
speed in the forest belt was often less than the minimum threshold of the anemom-
eter, which completely prevented the local wind erosion. In comparison with that in
an open field (50 m to forest belt), the sand flux at 2 m and 15 m behind the forest belt
decreased by 95.33% and 85.82%, respectively, but the sand flux at 2 m to the front
of forest belt decreased by 26.10%, indicating that the shrub forest belt had a greater
sand-preventing effect than that of checkerboard sand barriers. Overall, the estab-
lishment of a shrub sand-fixing forest belt not only provided protection for the Tarim
Desert Highway but also improved the local microclimates, resulting in the
reestablishment of some natural plants, an increase in birds and other animals, and
the creation of a stable and harmonious eco-environment.
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12.5 Conclusion

The Chinese government has always attached great importance to combating aeolian
desertification for the protection of national structures, improvement in the
eco-environment and improvement in living standards of the rural population, and
has incorporated combating aeolian desertification as a basic state policy in the
National Economic and Social Development Plan. In the long history of combating
aeolian desertification, some acceptable and practical techniques, successful dem-
onstrations, and valuable experiences as well as extension service models have been
developed at community, local, and national levels, for instance, the techniques for
dune fixation and sand stabilization by using biological and mechanical measures;
the techniques of aerial seeding to restore vegetation on sand-shifting lands; the
establishment of sheltering forest networks on farmlands; the construction of
national ecological barriers; sustainable rotational grazing and determination of
rangeland quality and carrying capacity; approaches to develop fodder farms and
high-efficiency grazing lands and the development of eco-farms as a means of
improving vegetation cover; rice cultivation in film-bottomed sandy land; and
other successful experiences. Combating aeolian desertification is a long-term and
arduous task as well as a grand effort in systematic engineering, which requires the
integration of knowledge among various disciplines and the mobilization of all
social forces to participate in and make use of advanced science and technology to
promote aeolian desertification control.
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Chapter 13
Implementation of Measures to Combat
Aeolian Desertification in Mongolia

Tao Wang, Mandakh Nyamtseren, and Jing Pan

Abstract In Mongolia, there are several major anthropogenic factors that have a
serious impact on the aeolian desertification process, including animal husbandry
and related overgrazing, inappropriate transformation of rangelands into croplands,
deforestation mainly for household purposes, inadequate rehabilitation of lands
affected by mining activities, and poor planning efforts related to settlement and
road construction, with animal husbandry having the highest pressure on land over
the years. As a party to the United Nations Convention to Combat Desertification,
Mongolia has developed United Nations Convention on Combating Desertification-
National Action Plans (UNCCD-NAPs) to combat aeolian desertification, and under
this comprehensive framework, many national and international projects with assis-
tance from international organizations and donor countries have been implemented
to tackle aeolian desertification. Some success stories have emerged related to the
implementation of projects to combat aeolian desertification in Mongolia, and the
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future focus of UNCCD-NAPs in Mongolia should be on a sustainable mechanism
to enable the interaction of agriculture, animal husbandry, forestry, and industry.

Keywords Desertification combating · Project · Implementation · Demonstration

13.1 Introduction

Based on the definition of desertification in the United Nations Conference on
Environment and Development (UNCED) (1992), approximately 90% of the Mon-
golian territory is considered vulnerable to land degradation and aeolian desertifica-
tion. However, 75% of Mongolian land is rangelands, including grasslands,
shrublands, sandy lands, and semideserts. Vast territory and low population density
on the one hand and the harsh climate with the highest amplitude of diurnal,
monthly, and seasonal temperatures and relatively low precipitation on the other
hand have predetermined the development of an extensive grazing pattern in the
country. In terms of other land use types, urban land occupies 5.2% of the territory,
croplands occupy 6.4%, and mining occurs in ~2.2% of the territory (Gazriin
hariltsaa, geodezi, zuragzuin gazar 2019). According to the latest assessment of
land degradation and desertification, approximately 76.8% of the land in Mongolia is
considered degraded, of which 22.1% is severely degraded and needs immediate
measures on restoration and rehabilitation. Among the major factors that have had
the strongest influence on grassland degradation and aeolian desertification over the
years, anthropogenic activities and animal husbandry have been the main causes of
land degradation in the country (Hudulmur and Tsogtbaatar 2010; Tuvshintogtokh
and Ariungerel 2013). Improving rangeland management, therefore, should be one
of the main solutions for tackling degradation and desertification in Mongolia
(Bedunah and Schmidt 2004; Nixson and Walters 2006; Sekiyama et al. 2014).

There are different reasons for the desertification of grasslands in Mongolia, and
desertification is closely linked with the increased overgrazing that occurred after the
country’s socioeconomic transformation, which started in the late 1990s. The other
major reasons for aeolian desertification, in addition to climate change, which is
highly pronounced in the steppe regions of the country, are disturbance from mining
activities, uncontrolled roads and transportation networks (especially dirt roads),
inappropriate transformation of grasslands into croplands, deforestation, and forest
degradation.

This section will discuss recent progress toward addressing land degradation and
desertification, focusing on aspects such as policy, legislation, projects, programs,
best practices, and future projections.
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13.2 Policy and Legislation

Until 1996, Mongolia had no policies or actions focused on land degradation and
aeolian desertification, although the national assessment of desertification was
conducted in 1992 jointly with the Turkmen Institute of Desert Study. Even though
this first-ever assessment considered only the Gobi region of the country, it
highlighted several problems related to land use practices, especially the high
concentration of livestock in one place (Kharin and Tsolmon 1994). With adoption
of the United Nations Convention on Combating Desertification (UNCCD) in 1996,
Mongolia agreed to mainstream policies addressing desertification. The first
National Action Plan to Combat Desertification and Drought was developed in
1996 with technical support from the United Nations Environment Programme
(UNEP), United Nations Development Programme (UNDP), and Economic and
Social Commission for Asia and the Pacific (ESCAP). In conjunction with
implementing this plan, the National Committee to Combat Desertification was
established under the Ministry of Environment. The first National Action Plan
(NAP) of Mongolia to combat desertification developed a project list with strict
milestones and practical objectives. In total, 11 project concepts were developed,
and of these, 3–5 projects were supported by donor countries and international
organizations. The advantages of this first NAP were in its concreteness, robustness,
and management focus. However, because not all proposed projects were
implemented, several gaps were defined and addressed during the development of
the second NAP, which was developed in 2003 (Mandakh et al. 2016). In the
following years, NAP development followed the general guidelines defined by the
UNCCD in connection with its strategies. In total, the Mongolian government
changed its NAP, which until 2015 was as both a legal and policy document, three
times, in 1996, 2003, and 2010 (Banzragch and Enkhbold 2010; Dorj et al. 2013).
The current NAP to combat desertification aims to (1) strengthen institutional
capacity; (2) improve the legal and policy framework; (3) enhance science, technol-
ogy, and knowledge integration; (4) increase advocacy to raise awareness and
increase education; and (5) intensify concrete actions at the grassroots level and
increase investment (Jamsran et al. 2015). The advantage of this NAP is in its
practical approaches to solve complex problems, and it is more action-oriented
than previous versions; thus, in comparison to earlier versions, this version is
people-centered. For the first time in 20 years, Mongolia aimed to separate legal,
policy, and institutional issues related to combating desertification, which created the
space for involving broader communities, especially from non-environmental sec-
tors that have impacts on land.

To support the implementation of the UNCCD-NAP, improve cross-sectoral
involvement, and address other development issues, the government of Mongolia
has been initiating and implementing several national programs, e.g., the National
Green Belt program, Mongolian Livestock program, Millennium Road program, and
Poverty Eradication program. The implementation of these cross-sectoral programs
is supported by the national budget, donor countries, and international organizations.
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In addition to these nationwide programs, the government of Mongolia and
Parliament, with support from donor countries and international organizations and
the impact of the global trends, have paid substantial attention to improving its
environmental legislation and enhancing policies toward achieving SDGs and con-
serving the environment. During the past 30 years, Mongolian environmental
legislation has drastically improved; e.g., the concepts of community-based natural
resource management have become increasingly important and been included in
several laws and policies as major mechanisms for sustaining environmental
resources and their flows. The importance of restoration and support for the natural
regeneration of native ecosystems has become a cornerstone of all resource-, land-,
and environment-related sectoral policies. With the legislation related to the conser-
vation offset concept, all extractive industries, road construction activities, and large
construction projects are urged to implement actions to avoid, reduce, or restore any
impacts to nature. Such changes and integration of environmental requirements into
non-environmental sectors may have a positive impact in the long term.

In addition, in 2012, the Parliament and government of Mongolia made a
“revolutionary” decision by approving the Law on Soil Protection and Desertifica-
tion Prevention. The Soil Protection and Desertification Prevention Law provides a
framework of actions dedicated to preventing, restoring, and rehabilitating degraded
land (NCCD 2018). Compared to other environmental laws, the current law has the
advantage of defining different response levels to address land degradation and
desertification, which is novel to Mongolian environmental legislation. The law
stresses that preventing and combating desertification and land degradation should
be addressed jointly with other economic sectors because they are at the core of the
problem. Although much attention is given to pasture use problems, the law pro-
nounces that all actions should follow a sustainable land management approach. As
the law is new and no monitoring efforts or evaluations exist yet to judge the pros
and cons of this law, it is expected that several amendments must be added,
especially considering the new approaches and practices that are emerging with
targets to achieve land degradation neutrality for the country.

Furthermore, land degradation and desertification problems are highlighted in
several national development policies, e.g., Sustainable Development Vision 2050
and the Green Development Policy (Lee & Ahn 2016). According to these nation-
wide plans, Mongolia aims to reverse degradation by 10–30%, increase forest
coverage by as much as to 8–9%, and expand areas of protected lands to ensure
sustainability and resilience in the future.

13.3 Projects and Programs

Although the government of Mongolia is paying considerable attention to land
degradation and desertification problems, its human, technical, and financial capac-
ity is not enough to address all aforementioned goals and targets. Therefore, the
country is taking a significant step by initiating bilateral and multilateral cooperation
and mechanisms at regional and global levels. Several projects and programs have
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been implemented in Mongolia with the support of donor countries and international
organizations (MNEM 1997; UNCCD 2006; Darima 2020). Below, the projects that
have had a significant impact are highlighted:

– Sustainable land management to combat desertification in Zamyn Uud Sum
(1997–2000). Supported by the Global Environment Facility-Small Grants
Programme (GEF-SGP).

– Rangeland Management Project in Mongolia’s Gobi Desert (1995–2006).
Implemented by the German Agency for Technical Cooperation.

– Combating Desertification in Asia (2001–2005). Supported by the Asian Devel-
opment Bank, UNCCD Secretariat.

– Combat Desertification by Improving Pasture Management (2000–2003).
Supported by the German Agency for Technical Cooperation.

– Sustainable Grassland Management (2002–2007). Implemented by the GEF,
UNDP, the Government of Netherlands.

– Prevention of Dust and Sand Storms in North-East Asia (2003–2005). Supported
by the Asian Development Bank, Government of Japan, and Global Environment
Facility.

– Mongolian Pasture – Green Gold (2004–2007). Supported by the Swiss Devel-
opment Cooperation Agency.

– GL-CRSP Gobi Forage Project (2004–2008). Implemented by USAID.
– Let’s Make Mongolia Green (2004–2009). Initiated and implemented by the

International Rotary Organization, Government of Mongolia.
– Korea-Mongolian Green Belt (2005–2035). Implemented by the Korea Forest

Service, Republic of Korea.
– Coping with Desertification in Mongolia Project (2005–2015). Funded by the

Swiss Development Cooperation (SDC).
– Sustainable Land Management to Combat Desertification in Mongolia

(2008–2012). Financed by the Global Environment Facility, Netherlands, gov-
ernment in-kind contributions.

– Prevention and Control of Dust and Sand Storms in North East Asia
(2002–2011). Financed by the UN Economic and Social Commission for Asia
and the Pacific (ESCAP), among others.

The projects supporting the implementation of national strategies to combat
desertification can be classified into the following three categories:

13.3.1 Sustainable Land Management Projects

Sustainable land management projects are principally for protecting and restoring
ecosystems and essential ecosystem services that are key to reducing poverty in
Mongolia, strengthening the environment for sustainable land management by
building capacities in appropriate government institutions and user groups, and
demonstrating good practices through on-the-ground interventions that are inte-
grated with national economic and social development policies. The following
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projects are included in this category: (1) UNDP-supported Sustainable Land Man-
agement to Combat Desertification, (2) SDC-supported Coping with Desertification,
(3) Sustainable Grassland Management, and (4) the Green Gold projects. All
abovementioned projects involved implementing activities at all household, local,
regional, and national levels by leveraging national policies and adopting new
concepts and models, specifically for land use and land management. In particular,
sustainable grassland management projects in Mongolia were intended to increase
the welfare of herding families through sustainable management of grasslands by
strengthening and formalizing the existing customary herder community institutions
and strengthening linkages between them and formal governance structures and the
private sector. In addition to these objectives, some of the projects included creating
a competitive and cost-effective market environment, improving livestock produc-
tivity by supporting genetic diversity, and enhancing the value chain and all other
market-oriented models. This category includes projects such as the UNDP-led
Sustainable Grassland Management project, which was a pilot for all preceding
projects and programs; the SDC-supported Mongolian Pasture –Green Gold project;
the USA-supported Mercy Corp Grassland project; etc. These projects successfully
implemented and adapted the community-based natural resource concept in Mon-
golia, even though there were some conflicts with the land tenure system that small
models established by these projects, indicating that such a governance system may
contribute greatly to addressing both the environmental and socioeconomic prob-
lems facing the country.

13.3.2 Sustainable Livelihoods and Rural Poverty Reduction
Projects

All these projects aim to reduce vulnerability and achieve secure and sustainable
livelihoods by targeting poor and vulnerable near-poor households and individuals
nationwide. Projects such as Pastoral Risk Management (PRM), Sustainable Grass-
land Management, and Green Gold addressed using grasslands wisely, and these
projects directed a great amount of their actions to livelihood and alternative income
generation. The majority of the projects have implemented the following activities
under this objective: (1) risk forecasting, preparedness, and response planning;
(2) pasture-land tenure, management, and use; (3) implementation of good practices
in terms of pastoral livelihood improvement and alternative income generation; and
(4) institutionalization of pasture management and risk reduction. The aforemen-
tioned efforts and many other local initiatives have addressed livelihood and poverty
with several impactful solutions.
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13.3.3 Afforestation Projects

With the ratification of the UNCCD, the government paid attention to the develop-
ment of country-specific approaches to fight sand encroachment and prevent degra-
dation and desertification. Reforestation and afforestation are currently considered
the core activities for implementing national strategies. The first large-scale affores-
tation project was implemented by the Institute of Geoecology (former name) in
1997–2000 with the support of the GEF-SGP. As a result of this project, a total of
200 ha of a green strip was established that prevented the soum center from dust
storms and sand encroachment. In addition to tree plantations, 400 ha of an addi-
tional buffer zone was fenced, and the natural regeneration of vegetation occurred
(Khaulenbek and Mandakh 2004; Schoberg 2008). This project laid the foundation
for the development of the national Green Belt program.

The Green Belt program was adopted by Government Resolution # 44 in 2005.
The program proposed establishing a forested belt with a total length of 3700 km to
cover 200,000 ha of territory. The Green Belt has main and subforest strips and was
developed in three phases: phase 1, established 26,692 ha of forest strips during
2005–2015; phase 2, established 39943.8 ha of forest strips in 2015 and will
establish until 2025; and phase 3, established 66,573 ha of forest strips in 2025
and will establish until 2035 (Fig. 13.1).

The aim of this program is to establish a “green” zone along the natural borders
between the steppe and semidesert to create favorable environmental conditions that
prevent further degradation of steppe ecosystems, reduce risks associated with dust

Fig. 13.1 Spatial plan of the National Green Belt program in Mongolia (revised according
to Khaulenbek and Avirmed 2005)
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and sandstorms, and create soil conditions suitable for further expansion of forests.
The national program has its own dedicated fund, which is sourced from the national
budget and supported by donor countries, international organizations, regional
funds, and public donations. The program approaches are defined as follows:

1. Overall management should use the government of Mongolia’s institutional strategy.
2. The program should adhere to a participatory approach as much as possible.
3. The program should prioritize projects/initiatives seeking multiple benefits for

both the environment and socioeconomy.
4. The program should involve different economic sectors, e.g., road and transpor-

tation, agriculture, mining, and urban development (Mongol Ulsiin Zasgiin Gazar
2005).

To date, the National Green Belt program has been implemented in 82 sums
within 20 aimags, and a total of 1640.4 ha of land have been afforested (Banzragch
2014; Fig. 13.2).

According to the Ministry of Environment and Tourism (MET), since its imple-
mentation, 2127.44 million MNT investments have been made from the state budget
(Fig. 13.3). Unfortunately, the allocation of the budget for the Green Belt program
has been decreasing yearly, and the reason for this decrease is linked to very diverse
issues. First, because the project relies on private-public partnerships (PPPs), which
are a relatively new concept, few were prepared for such changes. Second, during the
period of Green Belt program initiation and implementation, there were at least two
significant economic collapses in the global market that impacted state decisions on
how to prioritize investments from the budget. Third, starting in 2005, many small
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and large international initiatives began funding the Green Belt directly or by
implementing independent projects under a common goal.

As mentioned above, the National Green Belt program initiative of the govern-
ment of Mongolia is favored by UNCCD, ESCAP, and different countries. The
government of Korea, Korean NGOs, and volunteers are actively participating in
efforts to reach the goals and targets of this program. However, an evaluation of the
National Green Belt program showed that 15–20% of the program has been
implemented. Such relatively low implementation can be explained first by the
harsh biophysical settings of the Mongolian drylands. Second, given the predomi-
nantly nomadic lifestyle in the country, implementing this program requires time,
technology, and a solid knowledge base.

Parallel to the Green Belt program, the government of Mongolia has also devel-
oped several policies related to forests and woodlands. One of them was a Govern-
ment Resolution prohibiting the cutting and collecting of saxaul and other dryland
trees for firewood in 2006, and this effort positively impacted the state of saxaul
growth in the Gobi region of the country.

In conclusion, the government of Mongolia, in collaboration with the interna-
tional community, is eager to succeed in the field of combating desertification. In
addition, all the projects and activities have tried to integrate lessons learned from
preceding projects. Even though, in addition to afforestation, there is a lack of
different actions focused on on-the-ground implementation, a positive aspect is
that the country has started to consider the socioeconomic side of the problem,
thus acting on two fronts. This scenario might result in better solutions in the near
future, especially in regard to achieving multiple benefits through nature-based
solutions related to land use.
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Fig. 13.3 Total funds allocated to the Green Belt program from the state budget (Baigali Orchin
Ayalal Juulchlaliin Yam 2019)
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13.4 Sectoral Policies, Programs, and Projects That Impact
Desertification

In addition to the state organization responsible for the environment, economic
sectors such as mining, agriculture, roads, and urban development also pay attention
to decreasing their impacts on land degradation and desertification.

13.4.1 Millennium Road National Program

Mongolia, a vast and sparsely populated country, has very little formal road infra-
structure, and the total road length in Mongolia is 11,100 km, of which only 11.9% is
asphalt-paved, 12.5% is gravel-paved, and the remaining 75.6% is not paved
(Chimgee and Uranbileg 2001; UNESCAP 2001; Keshkamat et al. 2013). Vehicle
tracks in the dirt are one of the serious environmental problems in Mongolia’s fragile
grassland ecosystems. The vehicle tracks in the dirt destroy vegetation and cause soil
erosion, resulting in approximately 8000–10,000 km2 of desertified land across the
country (Dregne 1983; MNEM 1997; Belnap 2002; Keshkamat et al. 2013). Li et al.
(2006) noted that revegetation of such damaged areas due to vehicle tracks requires
approximately 10–15 years after the track has ceased to be used. Moreover, the
pioneer plants in natural revegetated tracks are invasive weed species and not
endemically edible forage species, which are socioeconomically important bases
for livestock herding.

Since 2005, the Mongolian government, through the support of the Asian Devel-
opment Bank and the World Bank, has begun building a formal system of paved
roads across the country as a means of social and economic connectivity for its
people. Mongolia has proposed a “Millennium Road” project to eliminate vehicle
tracks as a factor of land desertification, but the proposed paved road system also can
link the key cities and resources in Mongolia (Fig. 13.4).

Although paving essential arterial roads throughout Mongolia is undoubtedly an
ideal solution, without foregoing future related efforts, the adoption of
low-investment and low-risk mitigation measures to reduce or control dirt vehicle
track corridor widths is currently necessary.

The asphalt ring roads around towns, which were designed following a user-
centric approach, could serve people within towns and help reduce the land desert-
ification caused by these dirt tracks. Other similar cost-effective actions could also be
developed. The creation, shift, and modification of asphalt roads could then be
verified based on nomadic practices and seasonal forage situations and used to adjust
them as needed.
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13.4.2 Renewable Energy to Reduce Fuelwood Collection

Renewable energy is widely available in Mongolia and could be considered a key
solution for providing energy supplies to remote areas, particularly small villages
and settlements, including traditional households in arid and semiarid zones. Despite
its high installation costs, renewable energy has very low operating costs and
significant advantages, such as lower greenhouse gas emissions, toxicity levels,
and particulate emissions. For residents in the Gobi areas in Mongolia, solar and
wind energy are good alternatives for reducing the vegetation destruction resulting
from gathering fuelwood. The government of Mongolia has announced a project of
“100 thousand solar Ger (Mongolian traditional house)” to improve the electricity
supply to remote rural area and avoid cutting desert bushes for household use. This
effort is another positive step in minimizing triggers of sand-dust storms and
ultimately preventing desertification overall.

13.4.3 Sustainable Agriculture

To provide healthy and nutritious food to the population as well as to address
overgrazing and create green jobs, the government of Mongolia has developed
several policy steps focused on sustainable agriculture. The Atar 5 program has

Fig. 13.4 Millennium Road program in Mongolia (revised based on Ukhnai 2005)
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been successfully implemented in northern agri-regions (Bulgan, Huvsugul,
Zavkhan, Selenge, Tuv, and Khentii aimags) by restoring recently abandoned
agricultural fields and introducing irrigated agriculture and innovative soil
processing techniques. The program has fulfilled its main goal; however, due to
the increased number of livestock breeding households and conflicts of interest since
2018, the Ministry of Agriculture announced that agri-regions should favor farming
more than extensive pasture use, and the number of livestock should be cut. In the
same year, the Ministry proclaimed that forest strips needed to be established around
croplands, but these have not yet been established due to several problems mainly
related to irrigation and human capacity.

13.5 Projects and Their Outcomes

13.5.1 Rangeland Management Project in Mongolia’s Gobi
Desert (1995–2006)

The project was designed to provide both environmental conservation and livelihood
benefits. It has been reported that the project resulted in great increases in household
incomes and increases in rangeland productivity, and the success of this project was
mainly attributed to the incorporation of community-based management into the
design (Leisher et al. 2012). The project created community-based organizations
(CBOs) to improve pasture management, develop alternative livelihoods, and
strengthen cooperation among local communities and district governments. Range-
land management improvement involved the coordination of access to rangelands
for all participants, improvements in water sources for livestock, and development of
specific winter grazing areas for CBO members. Every district had a community
organizer who supported the development of the CBO, was responsible for organiz-
ing and encouraging the communities, and acted as a liaison with local government,
resource agencies, and the rest of the project team. By the end of the project in 2006,
the project covered an area of 13.5 million ha, comprising 12 districts across
3 provinces, and there were 83 CBOs, involving 1175 households, or approximately
14% of the households in the project area (Dorj et al. 2013).

13.5.2 GL-CRSP Gobi Forage Project (2004–2008)

The Gobi Forage project under the Global Livestock Collaborative Research Sup-
port Program (http://glcrsp.ucdavis.edu), described as a cutting-edge project,
established forage monitoring and forecasting services that regularly provide pasto-
ral communities, policy makers, and administrators in charge of agriculture and rural
development with valuable information through forage resource maps for the future
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30 and 60 days. The successes of the project were partly derived from the project’s
ability to successfully carry out four complementary activities tailored to local
conditions: (1) adopting specific technology to measure forage quantity;
(2) conducting detailed field measurements of forage quality; (3) effectively
extending accurate forage distributing information; and (4) linking information
with herder alliances. This seminal method (technology) applied in Mongolia has
resulted in dramatic effects. The high-quality predictive ability of the project tech-
nology and the effective dissemination of its information were sufficient to convince
people to use the forage prediction maps who were originally suspicious of their
accuracy. Approximately 93% of government officials use Gobi forage products to
make recommendations on livestock movements.

The beneficiaries of this project were not just livestock farmers. In Mongolia,
almost all important short-term population movements are related to forage condi-
tions. Gobi forage products can assist in managing pastoral migration, greatly
improving the natural resource management and institutional functioning. One
provincial governor described how the forage information system helped him
manage the influx of approximately 50,000 herders and their families from neigh-
boring drought-stricken provinces, avoiding conflicts over pasture resources.

13.5.3 Coping with Desertification in Mongolia (2004–2011)

The objective of this project was to support Mongolia on effective coordination and
implementation of obligations toward coping with desertification and promoting
sustainable livelihoods in arid and semiarid areas. The project resulted in four
different outcomes: (1) The NCCD is effectively coordinating and reporting on
desertification issues relevant to Mongolia; (2) local communities are empowered
in the sustainable management of natural resources and diversification of livelihoods
to address desertification; (3) Mongolia’s youth and the general public are aware of
the country’s environmental challenges and have basic knowledge about the threats
of desertification; and (4) a database with appropriate information, technologies,
approaches, and tools to cope with desertification in Mongolia was established and
disseminated to support project implementation, scaling up at the grassroots level
and informed decision-making at the policy level (https://www.eda.admin.ch).
Within a framework of knowledge management, Mongolia first assessed and
mapped the extent of desertification and land degradation using a spatial model,
remote sensing, and GIS. The project supported the transfer of the WOCAT
approach to documenting and reporting best practices through a framework in
which 30 technologies and approaches were documented and disseminated in the
form of books, brochures, and flyers. Another great impact of this project was the
implementation and experimentation of watershed management in the Buyant River
basin.
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13.6 Conclusion

Aeolian desertification, as a form of land degradation and desertification, clearly
threatens Mongolian lands. Although this process is associated with natural and
biophysical factors, the exacerbation of aeolian desertification in Mongolia, unlike in
other parts of the world, is closely related to the human-environment nexus. Over the
past 30 years, Mongolia has developed policies and legislation integrating both
lessons learned and international trends; however, there are still more efforts needed
to be able to succeed in achieving defined goals and targets. The environmental
sectors of the country are also young compared with other economic sectors as is the
current state of the art in nature conservation, especially in terms of combating
desertification based on classical notions of protecting land. The projects and pro-
grams implemented in this period showed that there are tremendous possibilities for
preventing desertification and land degradation, and the key is working toward
public engagement and raising awareness. Although a number of projects have
been implemented as part of public-private partnerships, livelihoods, and diversifi-
cation of income sources, it is still important to pay attention to how these activities
can benefit nature; i.e., the use of novel concepts related to ecosystem services and
nature-based solutions need to be translated and implemented on the ground.
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Chapter 14
Sustainable Land Management to Combat
Aeolian Desertification

Atsushi Tsunekawa

Abstract The activities implemented by the international community to combat
desertification can be traced back to the United Nations Conference on Desertifica-
tion (UNCOD) held in Nairobi, Kenya, in 1977. Since this conference, the interna-
tional goal has been “combating desertification,” which means entirely preventing
desertification. However, the new concept of “land degradation neutrality” (LDN)
was included in 15.3 of the Sustainable Development Goals (SDGs) that were
adopted in 2015, and the goal of today’s international community is to achieve
LDN. Sustainable land management (SLM) plays an essential role in addressing
desertification and land degradation. SLM refers to technologies and approaches that
enable sustainable land production, livelihood improvement, and environmental
conservation through appropriate soil and water management, and various SLM
projects are being implemented worldwide. Future challenges for SLM relate to
linking land management activities to socioeconomic empowerment of people,
exploring exit strategies from development aid and introducing diverse sources of
funding, and responding to climate change in terms of both adaptation and
mitigation.

Keywords United Nations Convention to Combat Desertification (UNCCD) ·
Combat desertification · Land degradation neutrality (LDN) · Sustainable
Development Goals (SDGs) · Sustainable land management · Soil and water
conservation

14.1 Introduction

The activities implemented by the international community to combat desertification
can be traced back to the United Nations Conference on Desertification (UNCOD)
held in Nairobi, Kenya, in 1977. This conference adopted a Plan of Action to
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Combat Desertification (PACD) that nations and international communities could
implement “to prevent and to arrest the advance of desertification and, where
possible, to reclaim desertified land for productive use.”1 Since this conference,
the international goal has been to combat desertification to prevent the advancement
of desertification. However, land degradation neutrality (LDN), which was included
in 15.3 of the Sustainable Development Goals (SDGs) that were adopted in 2015, is
a new concept that calls for avoiding further land degradation and restoring degraded
land. The goal of today’s international community is to realize the net land restora-
tion (¼(restored land area) – (degraded land area)) by avoiding further land degra-
dation and restoring degraded land, that is, to achieve land degradation neutrality
(Safriel 2017).

Sustainable land management (SLM) plays an essential role in addressing desert-
ification and land degradation. SLM refers to technologies and approaches that
enable sustainable land production, livelihood improvement, and environmental
conservation through appropriate soil and water management. A variety of SLM
projects are being implemented around the world.2

This chapter summarizes the international efforts led by the UNCCD from the
past to the present to cope with desertification, explains the significance of LDN and
its monitoring methods, and determines the current status and future challenges of
SLM as it relates to combating Aeolian desertification and achieving LDN.

14.2 United Nations Convention to Combat Desertification
(UNCCD)

The UNCCD3 is officially named the “United Nations Convention to Combat
Desertification in Those Countries Experiencing Serious Drought and/or Desertifi-
cation, Particularly in Africa” and is an international treaty that stipulates that
affected countries that are party to the Convention prepare and implement national
action programs and developed countries that are party to the Convention provide
substantial financial resources and other forms of support to assist the affected
developing countries.

The Convention was adopted in Paris, France, on June 17, 1994, and it entered
into force on December 26, 1996, following the agreement to establish an intergov-
ernmental negotiating committee to prepare the Convention at the United Nations
Conference on Environment and Development (UNCED, abbreviated Earth Summit
or Rio Summit) held in Rio de Janeiro, Brazil, in 1992. This Convention, the United
Nations Framework Convention on Climate Change (UNFCCC), and the

1http://www.ciesin.org/docs/002-478/002-478.html.
2https://www.wocat.net/en/.
3https://www.unccd.int/convention/about-convention.
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Convention on Biological Diversity (CBD), which were established in the wake of
the Rio Summit, are referred to as the “Rio Conventions.”

The Convention consists of a preamble, 40 articles in the main text, and 5 regional
implementation annexes for the 5 regions affected by desertification and drought:
Africa, Asia, Latin America and the Caribbean, the northern Mediterranean, and
Central and Eastern Europe.

In Article 1 of the main text, “desertification” is defined as a “reduction or loss, in
arid, semi-arid and dry sub-humid areas, of the biological or economic productivity
and complexity of rainfed cropland, irrigated cropland, or range, pasture, forest and
woodlands resulting from land uses or from a process or combination of processes,
including processes arising from human activities and habitation patterns, such as
(i) soil erosion caused by wind and/or water; (ii) deterioration of the physical,
chemical and biological or economic properties of soil; and (iii) long-term loss of
natural vegetation.”

The Conference of the Parties (COP) is the supreme body of the Convention
(Article 22), which has met every 2 years since 2001 and held its 14th session in
September 2019 in New Delhi, India (Fig. 14.1). The Committee on Science and
Technology (CST) is a subsidiary body of the Convention under Article 24 of the
Convention, and the Committee for the Review of the Implementation of the
Convention (CRIC) is responsible for the periodic review of the implementation of
the Convention and was established by the decision of the Fifth Conference of the
Parties (COP5/Decision 1).

As of April 2021, 197 countries have ratified the UNCCD. One of the features of
the UNCCD is that it stipulates the obligations of affected party countries and those
of developed party countries separately. That is, UNCCD provides the general

Fig. 14.1 UNCCD COP 14 held in New Delhi, India (Photo: September 3, 2019, by Atsushi
Tsunekawa)
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obligations in Article 4, obligations of affected party countries in Article 5, and
obligations of developed party countries in Article 6. In effect, every country that is
party to the Convention is obliged to submit periodic country reports to the COP
through the Secretariat (Article 26), and affected party countries are obliged to
formulate national action programs to combat desertification and mitigate the effects
of drought (Article 10).

14.3 From “Combating Desertification” to “Land
Degradation Neutrality”

The activities implemented by the international community to combat desertification
can be traced back to the United Nations Conference on Desertification (UNCOD)
held in Nairobi, Kenya, in 1977. This conference adopted a Plan of Action to
Combat Desertification (PACD) that nations and international entities could imple-
ment “to prevent and to arrest the advance of desertification and, where possible, to
reclaim desertified land for productive use.” Since this conference, the international
goal has been to combat desertification to prevent the advancement of
desertification.

However, the aim of completely stopping desertification and reducing the area of
land degradation to zero has not been achieved. For example, the Millennium
Ecosystem Assessment report (MA 2005) reported that 10–20% of the world’s
drylands are degraded, and Luc Gnacadja, who became Executive Secretary of the
UNCCD in 2007, launched an initiative to revitalize the UNCCD. Building on the
introduction of offset mechanisms by the Convention on Biological Diversity (CBD)
and the United Nations Framework Convention on Climate Change (UNFCCC), the
UNCCD Executive Secretary envisioned adapting the offset principles to address
land degradation globally, and a “zero net rate of land degradation (ZNLD)” that
incorporated these offset principles was proposed (Safriel 2017).

Thus, “combat desertification” as a goal was renewed to realize the net land
restoration (¼(restored land area) – (degraded land area)) by avoiding further land
degradation and restoring degraded land, that is, to achieve land degradation neu-
trality (Fig. 14.2), which is a new goal of the international community.

In June 2012, the United Nations Conference on Sustainable Development4 was
held in Rio de Janeiro, Brazil. The conference, also known as the Rio+20 Summit,
was held with the aim of reviewing and following up on the 20 years of activity since
the UN Conference on Environment and Development that was held in Rio de
Janeiro in 1992. On the final day of the conference, the outcome document, “The
Future We Want,”5 was adopted. Desertification, land degradation, and drought
(DLDD) were included in Articles 205–209 of the document as one of the

4https://sustainabledevelopment.un.org/rio20.
5https://sustainabledevelopment.un.org/futurewewant.html.
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26 thematic areas and cross-sectoral issues for action and follow-up. Article 206 calls
for achieving a “land degradation neutral world.”

At the United Nations Sustainable Development Summit6 on September
25, 2015, more than 150 world leaders adopted the new 2030 Agenda for Sustain-
able Development,7 including the Sustainable Development Goals (SDGs). The

Fig. 14.2 The key elements of the scientific conceptual framework for LDN and their interrelation-
ships (cited from Orr et al. 2017 with modification)

6https://sustainabledevelopment.un.org/post2015/summit.
7https://sdgs.un.org/2030agenda.
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SDGs were formulated as the successor to the Millennium Development Goals
(MDGs) which consists of 8 goals to be achieved by the year 2015.8

There are 17 goals and 169 targets under the goals. With respect to dryland
development, SDG target 15.3 states: “By 2030, combat desertification, restore
degraded land and soil, including land affected by desertification, drought and
floods, and strive to achieve a land degradation-neutral world.”

The definition of land degradation neutrality was determined at the UNCCD/
COP12 held in Ankara, Turkey, from October 12 to 23, 2015, and the definition
states that “land degradation neutrality is a state whereby the amount and quality of
land resources necessary to support ecosystem functions and services and enhance
food security remain stable or increase within specified temporal and spatial scales
and ecosystems” (Decision 3/COP.129).

14.4 Monitoring and Reporting on Land Degradation
Neutrality

There are two international frameworks for monitoring LDN in each country and for
submitting reports on the results. One framework is for monitoring the progress of
the 17 SDGs, and the other framework is for country reports on the UNCCD.

The United Nations has established “SDG indicator metadata” for the indicators
that measure the 17 Sustainable Development Goals and 169 targets, and these
metadata include the definition of each indicator, data source, and data collection
method. Regarding LDN, the specific measurement methods are defined as SDG
indicator 15.3.1 (Fig. 14.3).

SDG indicator 15.3.1 essentially uses the UNCCD country report process, and the
data are obtained from the 2018 report. The UN publishes the Sustainable Devel-
opment Goals Report10 annually, and more detailed information is available on the
Internet. For LDN, the statistical annex of 202011 includes supplementary informa-
tion (United Nations Economic and Social Council 2020), and indicator 15.3.1
includes the table “Proportion of land that is degraded over total land area by
regions” that is current as of 2015 (Table 14.1). The table notes state that regional
data are based on the country-level data that were in the 2018 UNCCD national
reports submitted by 123 countries and that the estimates were prepared by UNCCD
based on global data sources.

On the other hand, the UNCCD party countries are required under the Convention
to provide, through the UNCCD Secretariat, reports on measures undertaken to

8https://www.un.org/millenniumgoals/.
9https://www.unccd.int/sites/default/files/sessions/documents/2019-08/3COP12_0.pdf.
10https://www.un.org/sustainabledevelopment/progress-report/.
11 https://unstats.un.org/sdgs/files/report/2020/secretary-general-sdg-report-2020%2D%2
DStatistical-Annex.pdf.
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implement the Convention. This is in accordance with Article 26 and the decisions of
the Conference of the Parties (COP), particularly decision 11/COP.1. Accordingly,
the UNCCD party countries were required to submit reports to the Secretariat once
every 2 years prior to 2017 and once every 4 years starting from the 2017–2018
reporting cycle, and the UNCCD uses submitted Convention country reports to
monitor LDN. To determine the progress toward achieving land degradation neu-
trality, the initial status is quantified and considered the baseline of land degradation,
and then, the balance between the area of “gains” (significant positive changes/

Fig. 14.3 Framework for monitoring and reporting on land degradation neutrality (The Global
Mechanism of the UNCCD 2016)
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improvements) and “losses” (significant negative changes/degradation) is measured
against the baseline for each land type at the end of LDN implementation12

(Fig. 14.4). The indicators and their associated metrics (in parentheses) are already
used for UNCCD reporting and for the sustainable development goals (SDGs)
related to land cover (land cover change), land productivity (net primary productiv-
ity, NPP), and carbon stocks (soil organic carbon, SOC).

Table 14.1 Proportion of land that is degraded over total land area (United Nations Economic and
Social Council 2020)

Regions

2015

Degraded land
area (kma)

Total land area
(kma)

Share of degraded land
(percentage)

World 23,962,509 119,681,858 20.0

Sub-Saharan Africa 4,950,699 22,107,557 22.4

Northern Africa and Western
Asia

847,523 12,211,454 6.9

Northern Africa 432,119 7,720,758 5.6

Western Asia 415,405 4,490,696 9.3

Central and southern Asia 2,950,693 10,557,737 27.9

Central Asia 1,383,958 3,940,962 35.1

Southern Asia 1,566,735 6,616,775 23.7

Eastern and southeastern Asia 3,942,095 16,140,899 24.4

Eastern Asia 2,888,889 11,731,466 24.6

Southeastern Asia 1,053,205 4,409,432 23.9

Latin America and the
Caribbeanb

5,257,898 19,809,979 26.5

Oceaniaa 2,978,078 8,391,420 35.5

Australia and New Zealand ... ... ...

Oceania (exc. Australia and
New Zealand)

... ... ...

Europe and Northern
Americac

3,035,523 30,462,812 10.0

Europe ... ... ...

Northern America ... ... ...

Landlocked developing
countries

3,835,033 16,734,270 22.9

Least developed countries 3,453,498 20,354,573 17.0

Small island developing states ... ... ...

Note: Regional data are based on the country-level data submitted in UNCCD 2018 national reports
from 123 countries and estimates prepared by UNCCD based on global data sources
Source: United Nations Convention to Combat Desertification (UNCCD)
aIncluding Papua New Guinea, Australia, and New Zealand but excluding the islands of Oceania
bExcluding the islands of the Caribbean
cExcluding the USA and Switzerland

12https://knowledge.unccd.int/ldn/ldn-monitoring.
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As of April 2021, the most recent report is the 2017–2018 report,13 and the
reports from each country are available on the Internet, and the reports include
information on indicators SO1–1: Trends in land cover, SO1–2: Trends in land
productivity or functioning of the land, and SO1–3: Trends in carbon stocks above
and below ground, and SO1: Proportion of land that is degraded over total land area
(SDG 15.3.1). However, the methods used to measure these indicators vary from
country to country. Therefore, great care must be taken when comparing and
interpreting these data across countries.

Fig. 14.4 A hypothetical example showing how LDN status is monitored on the basis of changes in
the value of the metrics, using the one-out, all-out approach applied to each land unit (cited from Orr
et al. 2017 with modification)

13https://prais.unccd.int/unccd/reports.
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14.5 Sustainable Land Management (SLM) to Achieve
LDN

In recent years, the concept of sustainable land management has played a central role
in efforts to address desertification and land degradation and achieve land degrada-
tion neutrality. Sustainable land management (SLM) is a concept that encompasses
the technologies and approaches used to achieve sustainable land production, live-
lihood improvement, and environmental conservation through appropriate soil and
water management.

SLM has three main objectives (Fig. 14.5). The first objective is to increase the
productivity of food, fodder, fuelwood, etc., which is achieved by improving water
use efficiency and soil fertility through appropriate soil and water management or by
improving agronomic practices. The second objective is to improve people’s liveli-
hoods and well-being, for example, by increasing income through conversion from
traditional crops to more profitable crops or by protecting people’s health through
infectious disease control. The third objective is to conserve ecosystems, which
involves preventing land degradation, conserving biodiversity, and maintaining
proper water and material cycles.

Current good practices in drylands include not only appropriate soil and water
management technologies directly related to desertification and land degradation but

Fig. 14.5 Principles of the best SLM practices (Liniger et al. 2011)
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also capacity building for local people, promotion of voluntary efforts, institutional
frameworks, generation of the necessary funding for implementing SLM projects,
and broad networks of stakeholders and relevant organizations. From our past
experience, in addition to individual technologies, we have gradually begun to
understand the importance of the methods and approaches for disseminating these
technologies, for example, the process for encouraging local people to voluntarily
use the technologies and approaches for providing institutional and financial support
for such activities. Therefore, in the following, individual elemental technologies are
described as SLM technologies, and the methods, mechanisms, and devices used to
introduce, implement, and disseminate them are described as SLM approaches.

14.5.1 SLM Technologies

The importance of local and traditional knowledge or indigenous technologies that
have been developed over time to combat desertification has been recognized. The
SLM technologies used in a given area mainly depend on how the land is used, and
these technologies are introduced to address the challenges the land faces (Fig. 14.6).

Fig. 14.6 Categories of SLM measures by WOCAT (Harari et al. 2017)
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More specifically, to combat Aeolian desertification, technologies to appropri-
ately manage land surface conditions are important. The magnitude of Aeolian
desertification can be explained through wind erosivity and land surface erodibility;
wind erosivity is the capacity of wind to cause dust emission and is often expressed
by wind speed; land surface erodibility is the susceptibility of land to wind erosion.
Therefore, measures to alleviate Aeolian desertification are based on two aspects:
how to reduce wind erosivity and how to enhance resistance of land surfaces to
erodibility. For arable land, managing residues, mulching, composting, and improv-
ing compost and manure are used to prevent land surfaces from being exposed to
directly blowing wind. For grazing land, it is necessary to mitigate overgrazing
through proper livestock and grazing pressure management, such as herd manage-
ment, changes in stocking rates, or timing of use (Duniway et al. 2019), so that the
grass cover can protect the land surface from blowing wind. For plantations and
afforested areas, SLM technologies include the introduction of wind breaks and
agroforestry, which can reduce the wind speed, eventually mitigating wind erosivity.

The following conditions are required for SLM technology in the target area: first,
the technology should be affordable, and the technology should be able to be
introduced and maintained without a heavy economic burden to farmers. Second,
the technology should be easy to use and accessible to the farmers who are going to
use it. Third, the technology should be environmentally sound and not impair
biodiversity or impose a burden on the environment. Fourth, the technology should
be socially acceptable; for example, it should not be religiously or culturally
unacceptable.

Therefore, SLM technologies vary according to the target region and people’s
requirements, and it is necessary to select the most appropriate technology for a
region based on a thorough understanding of the natural, socioeconomic, and
cultural background of the region.

14.5.2 SLM Approaches

An SLM approach is a method or means of supporting the introduction and practice
of SLM technologies and promoting the dissemination of SLM technologies. There
are three basic principles of an SLM approach.

The first principle is that the approach must be participatory (collaborative).
Considering past efforts to address desertification, technology transfer was carried
out in a one-way fashion, from researchers to agricultural extensionists and then
agricultural extensionists to farmers. Spontaneous initiatives conducted by farmers
were ignored, and farmers were encouraged to implement technologies developed by
external researchers or someone outside of their villages. There was no way for the
technology to be accepted and implemented on the land. Even if there was a problem
with the technology, this information was not provided to the researchers, and no
improvement could be implemented. On the other hand, the recently developed
participatory approach puts the farmers at the center of the process, emphasizes
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bottom-up involvement from the farmers, and encourages the engagement of farmers
by giving them responsibility. Empowerment, capacity building, research, dissem-
ination, and organization are the key elements of this approach.

The second principle is that the approach must be integrated. In the past, SLM
projects often had a single objective, such as increasing crop yield, and aimed to
introduce a single type of technology. However, in recent years, there has been a
trend toward implementing an integrated approach that aims to improve the envi-
ronment, economy, and society of a village in a comprehensive and integrated
manner, such as by increasing the productivity of the land, improving the livelihood
of farmers, and empowering vulnerable people such as women. Examples of inte-
grated approaches include integrated watershed management and integrated rural
development.

The third principle is that the approach must involve a partnership through which
diverse stakeholders participate. It is important to establish a framework where the
various actors involved in the SLM project, i.e., government officials, NGOs,
farmers, landowners, researchers, mass media, and aid agencies, can cooperate
with each other while sharing roles.

The significance and role of SLM were recognized at the United Nations Con-
ference on Environment and Development (Earth Summit) held in 1992. Since that
time, SLM has been developed in various parts of the world depending on the land
uses and other aspects of the local natural environment in those areas.

SLM is further expected to play a major role to realize land degradation neutral-
ity. Moreover, given the current situation caused by the COVID-19 pandemic, the
importance of maintaining food security, especially in rural villages, is being
increasingly recognized due to the lockdown of cities and restrictions on the
transportation of people and goods. SLM is also even more important given these
issues.

Given this context, the following three challenges facing SLM are addressed:
First, it is necessary to link SLM activities with the socioeconomic empowerment

of local people. Most current SLM projects are expensive and often carried out by
local laborers (sometimes free labor) from the local village where the project is being
implemented, which raises questions about the economic viability, sustainability,
and autonomy of SLM. In addition, donors are considering exit strategies to avoid
continually providing financial aid; thus, the issue of how to end this aid-heavy
system needs to be addressed. Thus, the first challenge for SLM is how to link SLM
to improving the livelihoods of local people so that they will be able to implement
SLM autonomously and sustainably. It is also important to establish a mechanism to
address the empowerment of socially vulnerable and people that live in poverty,
such as women and landless youth, through their participation in SLM activities,
such as acquiring skills to improve their livelihoods, increasing their cash income
through the sale of their products, and establishing an innovation platform where
empowerment can be discussed among a community.

Second, it is expected that countries and funding entities will explore exit
strategies so that they do not continually provide aid; thus, diverse sources of
funding need to be identified. Achieving the global goal of land degradation
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neutrality by 2030 (SDG target 15.3) requires mobilizing large amounts of financial
resources. Public and philanthropic resources alone will not be enough, as recog-
nized in the Addis Ababa Action Agenda.14 Thus, various new financial instruments
and intermediaries are currently being explored to catalyze private capital to achieve
land degradation neutrality (LDN). For example, in relation to the UNCCD, an LDN
fund was officially launched at the COP 13 held in Ordos, China, which is the first
investment instrument to leverage public money to raise private capital for SLM
projects. The LDN fund will invest in financially viable private projects focused on
land rehabilitation and sustainable land management, and the fund is expected to
provide environmental and socioeconomic benefits as well as financial returns.

Third, it is crucial to respond to climate change through both adaptation and
mitigation. The IPCC Special Report on Climate Change and Land (2019) shows
that better land management can contribute to addressing climate change, and SLM
can prevent and reduce land degradation, maintain land productivity, and sometimes
reverse the adverse impacts of climate change on land degradation. SLM contributes
to climate change mitigation through, for example, the sequestration of soil organic
carbon on cropland. On the other hand, SLM practices can also play an important
role in climate change adaptation by coping with changing climate conditions in the
future. For example, more runoff accumulation and improved sediment runoff
functions will be required to cope with intensified precipitation under a changed
climate in the future. Therefore, this type of innovative SLM that contributes to both
adaptation and mitigation of climate change is a climate-smart SLM, and we are
currently developing its methodology and trying to implement the concept in
practice.

14.6 Case Study of an SLM Project That Addresses Aeolian
Desertification in Northeast Asia

This section introduces “Sustainable Land Management for Combating Desertifica-
tion in Mongolia” as an example of an SLM project to address Aeolian desertifica-
tion in Northeast Asia. Funded by the UNDP, the government of the Netherlands,
and the Swiss Agency for Development and Cooperation (SDC), this project began
in January 2008 and ended on December 31, 2012.

The overall goal of the project was to ensure that pastures, agricultural areas,
forests, and other terrestrial land use types are productive and sustainable and that
ecosystem services and functions that are essential to improving livelihoods and
reducing poverty are protected and enhanced, as well as to build institutional
capacities within government, research agencies, organizations, individual person-
nel, and local communities and demonstrate good practices of sustainable land

14https://sustainabledevelopment.un.org/index.php?page¼view&type¼400&nr¼2051&menu¼3
5.
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management (SLM) in line with national economic and social development policies
(Swenson and Erdenebileg 2012).

The project worked extensively in the 4 aimags of Tuv, Sükhbaatar, Dornogovi,
and Uvurkhangai, concentrating on 13 target soums. Land management personnel in
the soums were trained in land use planning and mapping. Seventy-four different
trainings were conducted, including training on pasture management, traditional
rotational grazing practices, and planting of trees and shrubs. In addition, material
support was provided for the restoration of wells and springs, and fencing was
provided for hay production and vegetable-growing areas.

The project supported the formation of 109 herder communities (HGs) and
13 forest user groups (FUGs) for a total of 122 resource user groups. These groups
consisted of 1236 households with 2781 members from the 13 target soums in the
4 target aimags. The 74 different trainings included training on a wide range of SLM
activities, desertification control and livelihood enhancement occurred, and
exchanges and sharing of experiences with pastoralists and forest user groups were
conducted. Over the 5 years of the project, a total of 8605 local participants from the
soum government and pastoralist groups were trained in land management planning,
vegetable growing, tree planting, producing better milk products, wood product
processing, water harvesting, producing brick fuel, increasing energy efficiency,
constructing barriers against sand movement, hay making, managing pastures,
controlling rodents (Brandt’s vole), teaching herder group leadership, and other
related training. This approach laid a solid foundation for knowledge sharing and
ongoing activities to sustain the SLM activities of the local soum and herder
communities even after the completion of the project.

The project also actively supported the restoration of water springs and shallow
hand-dug wells and worked with local soum officers and herder groups to determine
the best ways to restore and protect these water sources. New deep wells were dug,
and many of deep wells were rehabilitated. Three of the deep wells were equipped
with solar-powered pumps, allowing them to pump water without relying on a
motorized engine, thus reducing the cost of benzene while protecting the environ-
ment. Ponds were also installed and rehabilitated early in the project.

Fenced areas were created for vegetative cover and hay production to protect and
provide winter forage production for livestock. Trees and shrubs such as larch,
tamarisk, elm, and saxaul were initiated and planted in the targeted soum areas
during the project period. In addition, approximately one million hectares of grass-
land were protected through traditional rotational grazing practices.

As summarized above, the project worked at the “local level, on the ground,”
while building the capacity of government land management agencies and academic
institutions and helping improve policies and laws. As mentioned in Sect. 14.5,
individual SLM technologies such as livestock fencing, installing wells, and tree
planting were introduced, but there was also an emphasis on various SLM
approaches such as training and forming herder groups to ensure the other technol-
ogies and efforts could be maintained. The importance of combining SLM technol-
ogies and approaches in an appropriate manner is exemplified by this project.
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14.7 Conclusion

The current, common global goal to combat desertification is to achieve land
degradation neutrality by 2030, as set out in SDG 15.3. The progress of each country
toward achieving its LDN targets is reported in the country reports submitted to the
UNCCD and the annual Sustainable Development Goals Report of the United
Nations. Great expectations have been placed SLM in terms of achieving LDN,
and various SLM projects have been implemented worldwide based on the land uses
and agricultural practices of the project sites.

Future challenges for SLM are to link SLM activities with the socioeconomic
empowerment of local people, explore exit strategies to end development aid for
SLM, identify diverse sources of funding, and respond to climate change in terms of
both adaptation and mitigation through the establishment of a new climate-smart
SLM methodology.
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