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INntroduction

Within China, a large area stretching from 75°-125° E and 35°-50° N 1s severely threatened by sand storms
and desertification. This area spans semi-humid, semi-and, arid, and extremely ard bioclimatic regions. The
most vulnerable regions within the area are located in Northern China, and include the eastern desert and
the transition region between agriculture and pasturage interlaced, where annual precipitation i1s more than
250 mm, and the transition regions between desert and oasis, desert and desert grassland, which are west of
Helan Mountain and have an annual precipitation less than 200 mm. These extremely vulnerable regions make
up the key target regions for construction of an ecological screen against desertification in the north of China
through population without irrigation vegetation. To effectively contain the destruction caused by sand storms
and prevent further desert expansion, the Chinese government has successively launched a batch of significant
ecological restoration projects. These projects have focused on vegetative restoration, such as construction of
the “Shelter Forest System Programme in Three-North Regions of China”, “Grain for Green Project”, and
“Beijing-Tianjin Dust Storms Sources Control Project”. Through the last 60 years, the Chinese government
has implemented remarkable measures to curb desertification and promote restoration of vegetative
ecosystems in desert regions. While fully recognizing these impressive achievements, it is also important to
acknowledge that continued efforts are essential to the prevention of further desertification. Both the eastern
desert regions, with their relatively high precipitation, and the desert region west of Helan Mountain, with
its low precipitation, to different extents, suffer from declines in groundwater levels, and degeneration and
death of sand fixing vegetation. These changes have directly affected the ecological restoration of these desert
regions and the capacity to minimize the effects of wind and sustainably promote sand fixing. These problems,
from a certain perspective, reflect a lack of theoretical knowledge, and need for more scientific research
on desertification issues and restoration. For example, in the course of vegetation restoration for fixation of
moving sand dune, few studies have investigated the ecological functions of biological soil crust (BSC),
which are formed by sand fixing vegetation. The result is an overall poor understanding of how to best restore

vegetation to promote BSC formation. Some managers even attempt to enhance permeation of precipitation
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and improve soil moisture status by destroying the BSC. With large knowledge gaps, restoration of these
ecosystems 1s like “groping in the dark™, which obviously has great limitations.

BSC make up a key component of the arid and semi-arid desert surface landscape and provide an important
indicator of regional ecosystem health. They are made up of a complex composite of cryptogams (non-vascular
plants), such as cyanobacteria, green algae, lichens, mosses, microorganisms in the soil, and other related
organisms that bond with fine particles on the surface of soil via mycelia, rhizoids, and polysaccharides. Most
desert ecosystems are controlled and limited by abiotic factors, such as moisture limitations, which prevent the
event and continuous coverage with higher plant communities. The distribution of plant community patches
within desert ecosystems provides space and appropriate ecological niches for BSC. The importance of BSC
to arid ecosystems 1s evident in their immense distribution area. Within arid regions covered with living
organisms, BSC account for more than 40% (and in some regions more than 70%) of the surface area.

The succession stages of BSC provide a useful basis for diagnosis of desertification trends. Before research

increased our understanding of BSC, it was necessary to quantify a wide range of indicator variables in order
to assess ecosystem desertification status and trends. Therefore, assessments of the status of desert ecosystems
were impractical in application, requiring highly trained professional technicians, and possessing considerable
uncertainty both for restoration and research applications. For example, using the vegetation index (commonly
applied for large spatial scale quantification) and the vegetation coverage (used for small spatial scale
quantification) to identify the degree of desertification introduces large errors and contributes to misleading
conclusions. Vegetation coverage and index of a region vary independently with season. Therefore, data for
these two indices is unreliable when collected over long time periods. Furthermore, vegetation coverage is a
poor indicator of ecological restoration and/or desertification status in regions that are frequently hit by sand
storms or experienced desertification. Vegetative indices may vary with environmental factors, for example,
n desertificated grasslands, vegetation coverage i1s usually very high during high precipitation years, but low
during low precipitation years. During high precipitation years, annual plant populations within desertificated
grasslands spread like an outbreak. Remote sensing images or field investigations would quantify vegetation
coverage as very high, and conclude that the ecosystem has been restored and desertification has been
curbed. However, during a subsequent arid year, the same annual plants will disappear and the surface of
the ecosystem will again be subject to wind erosion. Using only vegetative coverage as an assessment of
ecosystem restoration, the temporary high vegetative coverage makes a non-restored ecosystem appear to be
restored during a high precipitation year.

The development and evolution of BSC in desertificated or sand fixed areas follows regular trends. After

restorative stabilization of moving sand dune surfaces, colonization of BSC will begin, and the crusts will
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settle and develop on the sand surface. Surface sand colonization will fix the sand allowing accumulation of
dust. When rain falls on the accumulated dust, 1t forms a physical crust with a high content of clay and silt
particles on the sand surface. Within four to five years, the sand surface will become colonized with bacteria,
soil microbes, and cyanobacteria, forming a crust dominated by cyanobacteria. Considerable xeric and super-
xeric desert algae, such as green algae, will then gradually become dominant in BSC, forming a desert algae
crust. Finally, crusts will become populated with lichen, resulting in mixed BSC of lichen, cyanobacteria and
desert algae. This mixed BSC provides conditions favorable for large amounts of moss to colonize the crust
in relatively flat areas and areas with relatively high moisture content. Within 50 years, this BSC development
process will give rise to a stable distribution pattern of higher plants and BSC cryptogams.

In highly disturbed regions, the diversity of BSC is reduced through reductions in abundance of lichen
and moss, resulting in BSC dominated by cyanobacteria. In relatively dry and stable regions, BSC tends to
be dominated by lichen. Whereas, in humid regions or small areas that collect rainfall or condensation, moss
crusts tend to proliferate. Therefore, domination of sand-fixing vegetation system or desertificated grassland

BSC with cyanobacteria suggests the system is at an unstable or degenerative stage, and desertification is

occurring. Otherwise, when the BSC of sand-fixing vegetation system or desertificated grassland is dominated
by moss and lichen, the system is likely at a relatively stable stage and desertification has been curbed

allowing restoration of the ecosystem. These simple and easy indicators have not attracted due attention in past

restoration efforts.

BSC resists wind and water erosion and maintains the stability of soil and fixed sand dunes. Several studies
have shown BSC to enhance soil stability. Wind tunnel experiments have shown BSC to resist wind erosion.
The mechanisms driving these functions stem from the processes leading to the formation of BSC. Fungi and
cyanobacteria within BSC secrete saccharine, and mycelium (generated by fungi and cyanobacteria) binds

particles smaller than 0.25 mm nto stable micro-aggregates. Through this process, soil microbes, algae, etc.,

tightly bind to non-crystalline sticky organic matter and the organic matter further binds fine mineral particles
to form spherical surface aggregates. Through these processes, mycelium tightly binds the soil particles, and
secretions produced by the soil microbes strengthen the stability of the sand surface, stabilizing it against wind

and water erosion. The special structure and complex composition of BSC can effectively attenuate the splash
caused by rainfall and alleviate the erosion caused by runoff. Such effects are especially obvious in the Loess
Plateau, where the soil structure i1s compact and dense, and within grey desert habitats, where calcium content
1s high. Despite the capacity of BSC to prevent permeation of precipitation, monitoring and simulation studies
have shown that only when cumulative 24-hour precipitation reaches 40 mm and surface runoff occurring,

which 1s rare 1in desert regions. Reductions to soil erosion within arid and semi-arid vulnerable habitats

13 Introduction



covered with BSC have been widely recognized. In addition to reducing water damage and soil loss, BSC can
reduce the destructive impacts of sandstorms, which are directly caused by anthropogenic alterations to the
environment. BSC can capture large amounts of dust, which infuses the system with nutrients and promotes
the formation of soil in desert regions. These actions change the impacts of abiotic stressors and create a
habitat for the reproduction of soil organisms within desert regions. In the absence of artificial disturbance,
once the BSC has developed on the sand surface, it will progress to a stage compatible with the climate, and
persist, acting to stop sands from moving, and provide a habitat for the colonization with and development of
other species in the sand-fixing regions. Therefore, BSC is often considered the “ecosystem engineer” of the
desert.

BSC is important to the maintenance of biological diversity within desert ecosystems. It provides habitat
for huge communities of microorganisms. Research has shown that the greatest abundances of micro-
arthropods on the earth's surface are found within BSC. A study comparing soil microorganism diversity
among four different habitats within the Shapotou region at the southeastern edge of Tengger Desert, found
both the biomass and density of soil organisms to positively correlate with the developmental stage of the
BSC. That 1s, the biomass and density of soil organisms within lichen- and moss-dominated BSC, which had
developed naturally with no disturbances, were clearly higher than biomass and densities within BSC at earlier
developmental stages. The BSC coverage of a region and the composition of the BSC (e.g., cyanobacteria,
algae, lichen, and/or moss) are closely related to the diversity and dominant species of insects within a
desert. When the soil surface around vegetation has a high coverage of later developmental stage BSC, the
dominant insects tend to be indicator species of grasslands and desertificated grasslands; whereas vegetation
with relatively low soil surface BSC coverage tends to be dominated with insects indicative of quicksand and
deserts.

It should be pointed out that many habitat factors, including vegetation type, influence soil organism
composition. BSC, to a certain extent, can indirectly influence soil organisms through impacts on habitat
factors. For example, by influencing precipitation permeation, BSC can re-allocate soil moisture. Soil moisture
directly influences the activity and distribution of many soil microbes and indirectly influences food chain
relationships among soil organisms. Some BSC 61gam'sms and their secretions, for example the saccharine
secreted by some BSC algae, are a food source for other soil organisms. Additionally, spores of some mosses
are a food source for soil organisms. The lichen and some algae from BSC resistance to UV-B radiation,
increasing soil temperature and supply of soil nutrients (e.g., carbon and nitrogen), supply of nutrients to the
vascular plants above the ground, and maintenance of earth’s surface stability (resistance to wind and water
corrosion) will directly or indirectly provide a suitable living environment for the reproduction and survival of
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soil animals. Namely, BSC plays important roles in maintaining habitats for desert organisms and the health
and sustainability of desert ecosystems.

The soil food chain structure is very important to soil nutrient circulation. The primary nutrnient producers
in desert soils are lichen, moss, green algae and cyanobacteria, which are all found within the BSC. Soil
organisms depend on these BSC organisms and plant matenals for their nutritional supply. During process of
decomposition, yeasts and bacteria at early developmental stages of BSC are consumed by nematodes and
protozoa, while mites control the quantity of nematodes. Fungi become the dominant decomposers in later
stage BSC, and are eaten by nematodes, collembolan, and mites. Therefore, the components of the BSC are
important food sources for other organisms making up the soil food chain. For example, bacteria within algae
crust are the dominant decomposer and consumer. Materials that are not decomposable by bacteria can often
be decomposed by fungi. Actinomycetes consume cyanobacteria as a food source; Nematodes and protozoa,
including amoebas, ciliates, and flagellates, feed on cyanobacteria and algae in BSC; micro-arthropods feed on

algae, fungus, cyanobacteria (especially Microcolus vaginatus), bacteria, other invertebrate animals, and plant
fragments.

The “ecosystem engineer” functions of BSC, it plays a role of a carrier and connects biotic and abiotic
processes to facilitate life and diversity in extreme desert habitats. For example, many ant species reproduce
in sand dunes covered with BSC. BSC provides a stable habitat with important food sources, such as the
saccharine secreted by BSC organisms, which is secured from destruction through sand movement. The high
capacity for BSC to capture water through absorption and condensation also provides precious moisture for
tiny invertebrate animals during the dry season. Therefore, BSC can transform simple artificially produced
sand-fixing desert ecosystems into complex, multiple species ecosystems that contribute to desertification
control and the sustainable development of desert ecology.

BSC facilitates the sustainable development of artificial sand-fixing ecosystems and consolidates the benefits

of sand fixing. By altering soil properties, such as surface roughness, texture, temperature, nutrient availability,
organic matter content, and moisture, BSC can influence the seeds germination, settlement and survival of
higher plants. The mechanisms through which BSC alters ecosystems include: 1) In tropical deserts,where
land surface disturbances through freezing and thawing do not occur, the soil surface can remain extremely
smooth. For example, land surfaces of areas with algae crusted soil tend to be smooth, whereas the growth of
lichen and moss in the BSC can introduce irregularities to the land surface. Notably, moss-dominated BSC
in temperate deserts form a special exception, and can contribute to areas of smooth land surface in lowlands
between sand-fixing dunes. However, in cold desert regions, the actions of soil erosion and diverse BSC,

contribute to roughening of the land surface, and can raise the surface by as much as 15 cm. By increasing the
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roughness of the soil surface, BSC can facilitate entrapment of seeds, organic matter, fine soil particles, and
moisture from wind and precipitation. i) By influencing the entrapment of seeds, BSC can indirectly influence
the quantity of seeds that successfully germinate and settle. Smooth land surfaces are poor at entrapping seeds.
In habitats where the land surface is rough due to the influences of BSC and frost heaving, seed entrapment
rates are very high. Cyanobacteria-dominated BSC does not introduce irregularities to the soil surface, which
results in poor seed retention. Interfere test will roughen these BSCs and the seed entrapment on the earth’s
surface will be enhanced obviously. Tropical desert soils tend to be extremely smooth compared to temperate
and cold desert soils, which are usually covered by lichen-moss crust and plant litter. Soils experiencing frost
heaves are characterized by limited physical and chemical hardening. This kind of rough land surface can trap,
not only seeds, but also organic matter, moisture and fine soil particles, and enhance the fertility of the soil
micro-habitat. 111) BSC can influence the nutrients available to higher plants. Studies have shown the changes
to soil chemical properties caused by BSC to correlate with chapges in the biological element contained within
the seed tissues of plants growing within the same area. Generally speaking, the existence of BSC can enhance
the absorption of Mg, K, Cu and Zn, and reduce the absorption of Fe by plants. 1v ) BSC can influence the
biological properties of seeds. The conditions which required to retain sufficient moisture for seed germination
vary with desert type. In a desert with dry air, seeds often require specific vegetation coverage and soil to retain
adequate moisture for germination. Tiny crevices and fractured micro-habitat within the land surface tend to
trap enough moisture for germination of tiny seeds, but large seeds require extra soil and plant litter coverage.
Plant seeds lacking a special penetration structure are usually annual species, and tend to be restricted to
regions with relatively high land surface disturbance. Germination for these species would be inhibited
in the regions with small amounts of plant litter, complete and stable BSC and relatively low land surface
disturbance. Soil mobility 1s another important factor constraining seed germination. Most seeds are influenced
by burying depth, with too deep or shallow depths hampering germination. Enhancement of the nitrogen
fertility of soil can stimulate seed germination for some plants. Germination of some species’ seeds can be
stimulated through to the existence of BSC. Additionally, BSC can guard against the invasion of alien species,
and thus maintain the stability of the system. This protection is becoming an increasingly significant advantage
of BSC in desert ecosystems under the context of global changes.

BSC enhances the productivity of desert ecosystems through providing carbon and nitrogen to nutrient poor
soils. BSC contributes to the flow of energy and materials and nutrient circulation within the desert ecosystem,
which enhances the biological productivity of the system.

The nitrogen fixing cyanobacteria in BSC are mainly comprised of heterocyst cells (e.g., Anabaena,

Calothrix, Nostoc, Schizothrix, Scytonema) with a few non-heterocyst cells (e.g., Lyngbya, Microcolus,
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