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ABSTRACT

Many of the cyanobacterial species are capable of growing on the soil and other terrestrial habitats. Soil particles form an intimate
association with cyanobacteria and this results in the formation of cyanobacterial crusts that covers the surface of the soil as a coherent
layer. The crusts cover the open spaces between the plantations and the soil surface remain covered by these highly specialized organisms.
Crusts are found in an astonishing variety of habitats throughout the world — in desert and semi-desert plant communities ranging from
shrubs and succulent desert to open woodlands, in steppe formation in both northern and southern hemisphere, in the gaps between
evergreen shrubs and in the forests, on open ground or between alpine or tundra vegetation. Cyanobacteria were the major component of
the blackish-brown crusts on the upper surface of the soil. Major works on cyanobacterial crusts have been reported from Africa, North
and South America, Europe, Mediterranean region and Asia. Reports from India are meager. Cyanobacterial soil crusts are an important
source of fixed carbon and nitrogen, which enrich the soil. They act as ecological indicator, polysaccharides produced by them prevent
desiccation, presence of cyanobacteria in the soil augments mineral upake by vascular plants and seed germination is enhanced. Con-
sidering the significance of cyanobacterial soil crusts in improving the soil condition and fertility attempts are being made to develop soil
crusts artificially. In this review, crust formation, types of cyanobacterial crusts, physiological and biochemical characters of crust cyano-
bacteria, importance of cyanobacterial crusts in ecology and their distribution in various parts of the world have been discussed in detail.
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INTRODUCTION

Cyanobacteria or Cyanoprokaryonta (earlier referred to as
cyanophytes or blue-green algae) are oxygenic photosyn-
thesizing prokaryotes with a wide distribution in habitat and
range in morphology from unicellular to multicellular fila-
mentous organisms capable of cellular differentiation.
Cyanobacteria originated approximately 3.5 billion years
ago (Schopf 1992; McClendon 1999; Schopf 2010). They
were the dominant form of life on Earth for more than 1.5
billion years. They had ample time to diversify and adapt to
newly evolving niches that exist on earth (Schopf et al.
2002; Blank 2004; Tice and Lowe 2004).

Many of the cyanobacteria are capable of growing on
the soil and other terrestrial habitats. In addition, extant
cyanobacteria also dominate the microbial populations of
many extreme environments including soda lakes (Spirulina,
Cyanospira), the nutrient-poor open ocean (7richodesmium),
thermal springs (Synechococcus and Mastigocladus), and
the cold dry polar deserts (Chroococcidiopsis) (Schopf et al.
2002). They are present as cryptoendoliths in rocks in the

cold dry deserts. The successful growth of cyanobacteria in
varied habitats including extremes of environments is due
to their photoautotrophic mode of nutrition, capability of
switching from oxygenic to anoxygenic photosynthesis
when they occur in environments where hydrogen sulfide is
present at relatively high concentrations (e.g., 3 pm).
Cyanobacteria have the capacity of chromatic adaptation
due to change in synthesis of phycobiliproteins and com-
position of phycobilisomes. They can protect themselves
from growth inhibiting light intensities and UV radiation
with a variety of UV-absorbing pigments like Scytonemin
in the sheath and other carotenoids and xanthophylls. Some
cyanobacteria have the ability to grow photoheterotrophic-
ally using simple organic compounds as sole carbon sources
and light as a source of energy. Many cyanobacterial spe-
cies are capable of biological dinitrogen fixation by the
enzyme nitrogenase and can thrive in habitats low in com-
bined nitrogen (N).

In arid and semi-arid lands throughout the world, vege-
tation cover is often sparse and absent. In open spaces
between the higher plants, the soil surface is generally not
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devoid of autotrophic life but covered by a community of
highly specialized organisms. These communities are
referred to as biological soil crusts or cryptogamic, crypto-
biotic, microbiotic or microphytic soil crusts (Harper and
Marble 1988; West 1990). Soil particles form an intimate
association with cyanobacteria, algae, lichens, mosses,
microfungi and other bacteria resulting in biological crust
that covers the surface of the soil as a coherent layer (Bel-
nap et al. 2001). Cyanobacteria are one of the most impor-
tant components of biological soil crust. They are common
colonizers among biological soil crusts, stabilizing soils and
facilitating establishment of mid to late-successional
mosses and lichens (Danin ef al. 1998; Belnap and Eldridge
2003).

The biological soil-crusts are found in an wide range of
habitats throughout the world — in desert and semi-desert
conditions, in steppe formation in both the northern and
southern hemispheres, in Mediterranean type climate, on
open ground or between alpine or tundra vegetation and in
temperate climatic region (Biidel 2000; Belnap et al. 2001).
Soil crust biota also occurs in hostile environment that in-
clude extremes in temperature, light and scarcity of water
(Ullman and Biidel 2001). Many species of cyanobacteria
can withstand such adverse ecological conditions and res-
pond to the onset of dry conditions by entering into a dor-
mant resistant state and thus has been distinguished as pio-
neers of succession on soil. It has been stated that biodiver-
sity of biological crusts on the topsoil surfaces is the most
poorly researched habitats on earth (Moore 1998; Copley
2000). In this review we have made an attempt to discuss in
detail the formation, types of cyanobacterial crusts, physio-
logical and biochemical characters of crust cyanobacteria,
distribution of the crusts in various parts of the world and
importance of cyanobacterial crust in ecology.

METHODS OF STUDYING CRUSTS
Sample collection

To study general features of soil crust cyanobacteria, crust
samples are collected from the upper surface of soil stored
in pre-sterilised screw cap bottles for analysis. Samples can
be collected by — (i) Pressing a sterile test tube into the crust,
(i1) pressing a Petri dish into the crust, (iii) collecting crust
with a spatula and putting into a Petri dish. The depth of
sampling can be either a standard depth of 1 cm or deter-
mined by initial studies to characterize the depth of the
crust (Hawkes 2001). Sarafis et al. (2006) reported about
visualizing cyanobacteria in soil crusts from a semi-arid
environment using confocal fluorescence imaging.

Study of the morphology of cyanobacteria isolated

(a) The crust samples are wetted with sterile distilled water
and examined under light microscope. Within a few hours
of wetting, cyanobacterial filaments can be seen but the
morphological features on which identification is made are
not distinct. So the crust samples are put into liquid or agar-
plated media for growth. Crust samples can be collected
from 25 positions in each site of interest and combined to
homogenize by crushing and mixing.

(b) To quantify cyanobacteria from each composite samples
one hundred fold dilutions are made by adding 1 gm of
crust to 99 ml of 0.7% saline solution and aliquots of 0.1
and 0.2 ml are spread in triplicate on two agar-solidified
media Z-8 (Carmichael 1986).

(c) Small fragments of soil crust may be placed in BG-11
medium (Stanier et al. 1971) with or without combined
nitrogen. They may also be placed on agar plates (1.2% w/v
agar-agar in BG-11 medium). It is incubated at 25 + 1°C
under continuous light from fluorescent tubes at an intensity
7.5 w/m® for up to 30 days.

The organisms that appear in the enriched culture are
morphologically and morphometrically studied and identi-
fied following Desikachary (1959), Rippka et al. (1979),
Komarek and Anagnostidis (1986, 1989) and Anagnostidis
and Komarek (1988, 1990). Microphotographs are taken
with a trinocular research microscope with digital camera.

Study of growth, pigments and macromolecules

To characterize crust samples physiologically and bioche-
mically their growth, pigments and macromolecules are stu-
died.

(a) Chlorophyll (Chl) a estimation is done following the
methodology of Mackinney (1941).

(b) Carotenoids estimation is done following the methodol-
ogy of Davis (1976).

(c) Phycobiliprotein estimation is done following the
methodology of Glazer and Fang (1973).

(d) Scytonemin assay to be done by following the method
of Garcia-Pichel and Castenholz (1991).

(e) Carbohydrate estimation is done following the metho-
dology of Herbert ez al. (1971).

(f) Protein estimation is done following the methodology
of Lowry et al. (1951).

(g) Amino acids are studied following the methodology of
Lewis and Gonzalves (1962), Raftery and Heocha
(1965).

(h) Extracellular polysaccharides, if produced by crust sam-
ples, are studied following De Phillips (1998).

(i) Stress protein — To detect various stress proteins, the
methods of Hill et al. (1994) and Lyra et al. (2001) are
followed.

Nitrogenase activity (acetylene reduction assay)

Methodology of Dilworth (1966) based on the fact that
nitrogenase reduces C,H, to C,H,, is employed to assess
nitrogenase activity.

Dark adopted F,/F,, measurement

F/F, is a parameter widely used to indicate the maximum
quantum efficiency of photosystem II (PSII). Efficiency of
open reaction center in light (@ PSII) = F,/F,, is calculated
by the formula F,/F,, = (F,, —Fy) /F.

Here, F, represents emission by excited Chl a mole-
cules in the antennae structure of PSII, F,, represents the
maximum Chl flouorescence value obtained for a continu-
ous light intensity, F, represents the variable component of
the recording and relates to the maximum capacity for
photochemical quenching. It is calculated by subtracting the
Fy value from the F, value.

Differentiating types of biological soil crusts in the
field

Biological soil crusts are usually composed of various orga-
nisms and divided into morphological groups, unless the
crust is in an early succession stage. Morphological groups
consist of organisms that are similar in shape and general
appearance. The crust morphology largely determines its
ecological function relative to water infiltration, erosion,
water retention, and resistance and resiliency to disturbance.
However, one or two morphological groups will normally
dominate the crust. The following are examples of morpho-
logical groupings of biological soil-crusts. Belnap (2001)
classified soil crusts on the basis of surface roughness and
presence of frost heave-smooth, rugose, pinnacled and rol-
ling. Among these both smooth and rugose crusts are domi-
nated by a thin layer of cyanobacteria and fungi. Belnap et
al. (2004) classified cyanobacterial soil crusts on the basis
of their colouration. Light cyanobacterial biological soil
crusts are light coloured due to the lack of soil surface
colouration. This type of crust is dominated by Micrcoleus
vaginatus and occurs in area of low rainfall or in deserts
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where the disturbance level is high and prevents establish-
ment of lichens and mosses. The second type is dark cyano-
bacterial biological soil crusts. When moist, organisms may
be visible as black filaments on and near their soil surface.
This type of crust is dominated by Scytonema myochrous,
Nostoc commune and M. vaginatus. Dark crusts occur in hot
and cool deserts where either precipitation or soil stability
limits lichen development and when disturbance is low.

PHYSIOLOGICAL AND BIOCHEMICAL FEATURES
OF CYANOBACTERIAL CRUST

Water relation

The various types of organisms that comprise the crust
share some interesting physiological traits. They are all
capable of drying out and temporarily suspending respira-
tion without negative effects, unlike vascular plants that
either die or must re-grow new tissue. These types of orga-
nisms are referred to as “poikilohydric.” Most of them
equilibrate their water content with the atmospheric humi-
dity or soil surface moisture content. Poikilohydric orga-
nisms generally become photosynthetically active very
quickly, producing carbohydrates or sugars minutes after
wetting. However, most species still require high levels of
hydration for optimal physiological functioning. The mois-
ture content threshold for activity is species specific and
helps to determine the distribution of various taxa that make
up the biological crust. Many of these organisms perform
under a variety of light intensities and prefer to dry out
rapidly. Because they lack a waxy epidermis, crustal orga-
nisms also tend to leak nutrients into the surrounding soil
upon wetting and drying (Belnap et al. 2001). Mager (2010)
studied soil crusts in the South west Kalahari, Botswana
and stated that cyanobacterial soil crusts are well adapted to
dry lands because EPS secretions provide stabilization of
soil and resistance to desiccation. When the carbohydrate
content was evaluated in the upper soil profile on Kalahari
sands and pan soils, it was found that topsoil carbohydrate
concentration decreased exponentially with depth. The car-
bohydrate content produced in cyanobacterial soil crusts in
the south west Kalahari represents up to 75% of the total
soil organic carbon and is thus an essential component for
the fertility of Kalahari sand soil. For survival in harsh con-
ditions the organisms in the biological soil crusts developed
survival mechanisms. Most important of these is the ability
to reversibly activate metabolism and grow in the short
periods when water is available and to retard metabolic acti-
vity during dehydration. Potts (1994, 2000) and Billi and
Potts (2002) studied the acclimation of the desiccation tol-
erant Nostoc commune to hydration dehydration cycles. It
was concluded that stabilization of existing protein during
dehydration must be involved to ensure rapid reappearance
of growth of Nostoc under favourable conditions.

Belnap er al. (2004) reported about the response of
desert biological soil crusts to alterations in precipitation
frequency. According to them, biological soil crusts are a
critical component of desert ecosystems. They are only
metabolically active when wet. As soil surfaces dry quickly
in deserts during late spring, summer, and early fall, the
amount and timing of precipitation is likely to have signifi-
cant impacts on the physiological functioning of these com-
munities. Using the dominant soil crust types found in the
western United States, three levels of precipitation fre-
quency were applied (50% below-average, average and
50% above-average) while maintaining average precipita-
tion amount. As the impact of these treatments on photo-
synthetic performance (dark adopted quantum yield and Chl
a concentration), nitrogenase activity (NA- means catalysis
of the reduction (“fixation”) of molecular nitrogen to am-
monia in diazotrophs, using reduced ferredoxin and ATP),
concentration of radiation of protective pigment was mea-
sured, it was found that increased precipitation frequency
had large negative impact on the above mentioned factors.
Under field conditions of high air temperatures and frequent

small precipitation event crust organisms appear unable to
produce protective pigments in response to radiation stress
as they dried more quickly. Larger and less frequent precipi-
tation was more favourable for the crusts. Reduced activity
time likely resulted in less carbon available to produce or
repair Chl a and protective pigments.

Photosynthesis

Tirkey and Adhikary (2005) measured photosynthesis of
soil crust cyanobacteria, collected from laterite soils in and
around Bhubaneswar on the east coast, brown soils in the
forest of Salboni, arid soils in and around Tiruchirapally
and Sandy soils of old Goa in the west coast of India. Chl a
content was also determined. According to these authors,
photosynthetic oxygen evolution increased steadily and
within 12 to 24 h of wetting, it nearly stabilized. Early
stabilization of the rate of photosynthesis within 12 h of
wetting was observed in the crust from Tiruchirapally, this
also showed maximum oxygen evolution per gram of crust.
Photosynthesis of the wetted crusts from sandy soils of Goa
and lateritic soils of Bhubaneswar took longer time for
saturation.

Ohad et al. (2005) reported about inactivation of photo-
synthetic electron flow during desiccation of desert biologi-
cal sand crusts and Microcoleus sp. enriched isolate. Desic-
cation of native crusts resulted in a rapid decline of F)
(minimum fluorescence) and complete loss of F, (variable
fluorescence). These changes were accompanied by a
decrease of energy transfer from phycobilisomes to PSII.
Lowering the turgor pressure through the addition of 1.5 M
trehalose to natural crusts, reduced F./F,, (F,/F, used to
determine how much solar energy can be converted into
fixed carbon) by over 50% and was accompanied by a
decrease of 77 K PSI (77 degrees K fluorescence maxima)
fluorescence induced by chlorophyll excitation. Excitation
of phycobilisomes resulted in a downshift of the PSI emis-
sion wavelength by 8 nm. Decline of F,/F,in trehalose-
incubated Microcoleus sp. isolates grown on nitrocellulose
filters did not induce significant changes in 77 K fluores-
cence emission. These results suggest that alterations in
energy transfer from antennae to reaction centers may be
part of the survival strategy of Microcoleus.

Harel et al. (2004) reported about activation of photo-
synthesis and resistance to photoinhibition in cyanobacteria
within biological desert crust. They have studied the kine-
tics of activation of photosynthesis during rehydration of
the cyanobacteria, primarily Microcoleus sp. within crust
samples from Nagev desert. Activation of the photosyn-
thetic apparatus did not require de novo protein synthesis.
Over 50% of the PSII activity, assembled phycobilisomes
and PSI antennae were detected within less than 5 min. of
rehydration. The cyanobacteria within the crusts are remar-
kably resistant to photo-inhibition even in the absence of
protein synthesis. The rate of PSII repair increased with
light intensity and time of exposure. Ability of the crusts
organisms to rapidly activate photosynthesis up on rehydra-
tion and withstand photoinhibition under high light intensity
may partly explain their ability to survive in desert eco-
system.

Tiwari et al. (2005) reported distribution and physiolo-
gical characterization of cyanobacteria isolated from arid
zones of Rajasthan. Soil samples were collected from
selected arid zones of Rajasthan, namely Achrol, Jaiselmer,
Manwar and Pokhran. These isolates were characterized for
Chl content, specific metabolic content and N-fixing ability.
Nostoc piscinale from Achrol showed highest Chl content
and total carbohydrate content while Phormidium sp. from
Jaiselmer and Nostoc carneum from Manwar produced
maximum Chl and proteins. Nostoc linckia from Achrol
showed highest Nitrogenase activity but lowest Chl ac-
cumulation and soluble proteins but was most efficient for
its N-fixing ability in comparison to other isolates examined
from soils of Jaiselmer. Nostoc carneum from Manwar
exhibited lowest NA but showed highest Chl accumulation
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and soluble protein content. Calothrix javanica from Pokh-
ran showed poorest growth in terms of Chl accumulation
but was most efficient for N-fixing potential.

Mineral nutrition

Harper and Belnap (2001) reported the influence of biolo-
gical soil crusts on mineral uptake by associated six vascu-
lar plants of the deserts of Utah. According to them, pre-
sence of soil crusts increases surrounding soil N by up to
200%. Crust organisms show negative influences on ion up-
take by seed plants for iron (Fe), manganese (Mn), sodium
(Na), phosphorus (P) and zinc (Zn). Crust organisms secrete
extracellular polymers. They increase soil polysaccharides
and total carbon by up to 300%. Polysaccharide production
can be stimulated by soil magnesium (Mg), potassium (K)
and calcium (Ca). In turn more polysaccharides result in
greater availability of those nutrients. Inorganic compounds
like sulphides of copper (Cu), Zn, lead (Pb), Zn dust, mag-
nesic oxide and ferric hydroxide many bind to crustal orga-
nism and remain available to vascular plants. Cyanobacteria
secrete metal chelators such as siderochromes that maintain
metals in a biologically available form. They also secrete
peptide N and riboflavin, which form complexes with trical-
cium phosphate, Cu, Zn, nickel (Ni) and ferric iron, keeping
them available to plants. Cyanobacteria secrete glycollate (a
common extracellular product) which stimulates uptake of
phosphate. They also secrete vitamins, auxin-like com-
pounds that promote growth and cell division in plant tis-
sues. The mineral content of a deeply rooted shrub was less
influenced by co-occurrence of biological soil crusts.

N fixation

The N-fixing ability of the soil crust organisms in general
and cyanobacteria in particular has been established. In
desert ecosystems, N fixed by the cyanobacteria and cyano-
lichens found in the biological soil crusts can be the domi-
nant source of N. This is especially true for regions where
rainfall and anthropogenic inputs of N are low. Tirkey and
Adhikary (2005) examined NA of soil crusts by using ARA.
NA increased with time of wetting and maximum activity
was noticed after 72 h. The crust from lateritic soils of Bhu-
baneswar and sandy soils of old Goa contained non-hetero-
cystous forms of cyanobacteria that did not show ARA in
light up to 72 h of incubation. The brown forest soils of
Salbani and arid soil of Tiruchirapally showed NA in light
as well as dark due to presence of heterocystous cyanobac-
teria. ARA value in dark was much lower corresponding to
incubation in light.

Most cyanobacterial N fixation takes place in hetero-
cysts. Heterocystic genera that commonly occur in soil
crusts include Anabaena, Calothrix, Cylindrospermum,
Dicothrix, Hapalosiphon, Nodularia, Nostoc, Plectonema,
Schizothrix and Scytonema (Harper and Marble 1988). N
fixation has also been measured in non-heterocystous soil
genera such as Lyngbya, Microcoleus, Oscillatoria, Phor-
midium and Tolypothrix (Rogers and Gallon 1988; Belnap
1996). N fixation rates in individual species of soil cyano-
bacteria are controlled by species composition, moisture,
temperature and light (Kershaw 1985, 1988; Nash 1996).
Belnap (2002) has reported N fixation in cyanobacterial
members of biological soil crusts from Southeast Utah,
USA. Crusts that were used for this study contained pre-
dominantly Microcoleus, along with Nostoc and Scytonema
and soil lichen Collema sp. In all observations Collema had
higher NA activity than dark crusts, which had higher NA
than light crusts, indicating that species composition is criti-
cal when estimating N inputs. Climatic conditions also had
effect on NA. Without precipitation within a week of col-
lection no NA was recorded regardless of other conditions
being favourable. Low (<1°C) and high (>26°C) tempera-
tures precluded NA, even if the soil was moist. Annual N
input from dark crusts found at relatlvely undisturbed sites
was estimated at 9 kg ha™' year”. N input from light crusts,

generally 1ndlcat1n$ soil surface disturbance, was estimated
at 1.4 kg ha year™. It appears that much of the N fixed by
crusts is released almost immediately to the surrounding
soils mainly in the form of NOj,, with small amounts of
NH4 , amides, peptides and free amino acids. The released
N is readily taken up by surrounding organisms, including
vascular plants, fungi, actinomycetes and bacteria (Stewart
1967; Jones and Stewart 1969; Rogers and Burns 1994).

Klubek and Skujins (1980) reported that in biological
soil crusts of the great Basin, Artemisia, Ceratoides and
Atriplex plant communities contain a significant heterotro-
phic N-fixing microbial population in addition to the pre-
dominating filamentous cyanobacteria. Heckman et al.
(2006) reported distribution and activity of hypolithic soil
crusts in a hyper-arid desert (Baja California, Mexico).
They examined physiology and potential soil N contribution
of hypolithic, biological crusts in hyper-arid ecosystems of
the Baja California peninsula and islands in the midriff
region of the Gulf of California, Mex1co Evidence of low
rates of N fixation was inferred from 8'"°N values of crust
and soil. Hypolithic crusts were found to have minimal in-
fluence on soil salinity, pH and NOs ", but may represent up
to 14% of the biomass of primary producers on these is-
lands and provide C and N to the below ground and pos-
sibly above ground heterotrophic communities where crusts
exist.

Yeager et al. (2007) reported three distinct clades of
cultured heterocystous cyanobacteria which constitute the
dominant N-fixing members of biological soil crusts of the
Colorado plateau, USA. The identity and diversity of the
dominant diazotrophs in typical biological soil crusts of the
Colorado plateau were determined by combining large-scale
environmental nifH (nifH is the structural gene that codes
for the subunits for dinitrogenase reductase of nitrogenase
enzyme complex. DNA sequences of a fragment of nifH
from diverse cyanobacteria have been sequenced to deter-
mine the evolutionary relationship of nitrogenase within the
cyanobacteria as a group and can be used as a parameter to
identify uncultivated strains of cyanobacteria (Zehr et al.
1997) surveys with morphological and molecular analysis
of cultured cyanobacteria. Of the nifH sequence-types
detected in soil crusts of the Colorado plateau, 89% were
most closely related to nifH signature sequences from
cyanobacteria of the order Nostocales.

UV-absorbing pigment

Many members of cyanobacteria contain UV-A/B absorbing
MAA (Mycosporine-like amino acids — Mycosporines com-
prise a diverse family of small molecular weight, colourless,
water-soluble secondary metabolites) (Dunlap and Chalker
1986). It is present either in sheath or in the cytoplasm.
MAA comprise the diverse family of small molecular
weight, colourless, water soluble secondary metabolites.
MAA synthesis is induced by osmotic and UV stress. In the
firm sheaths of many colonial and filamentous cyanobac-
teria yellow, red and blue pigments may accumulate. The
typical yellow brown pigment has been characterized as a
UV-absorbing protective pigment — scytonemin (Garcia-
Pichel and Castenholz 1991). It is effective in absorbing
UV-A, -B and -C. Matsunaga et al. (1993) reported UV-A-
absorbing biopterin glucoside in a marine Oscillatoria sp.
Chazal and Smith (1994) reported a brown pigment from a
Nostoc sp. that was isolated from a soil sample, collected
from Java, Indonesia, which was absorbing in the UV
region. In addition to their resistance in white light intensity,
the brown cells were also resistant to UV, particularly UV-C.
Bowker et al. (2002) studied variation in community com-
position, pigmentation and quantum yield of desert cyano-
bacterial soil crusts. Concentrations of scytonemins, MAA,
xanthophylls and carotenoids, commonly increase after ex-
posure to UV radiation in a wide variety of cyanobacterial
taxa from varying habitat types. This study shows the tem-
poral variation of some of those pigments also occurs in
desert soil crusts. Scytonemin, a proven photoprotective
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pigment is synthesized in desert soil crusts by the genera
Scytonema and Nostoc. Terrestrial cyanobacteria take 2-3
days after exposure to UV thresholds to obtain optimal
levels of UV screening. Another significant observation of
this study was that the frequency of major cyanobacterial
taxa was lower in fall compared to spring. The less pig-
mented Microcoleus vaginatus showed significant mortality
when not in the presence of Nosfoc or Scyfonema, the main
producers of UV protecting pigments. It is inferred that the
sunscreen pigments produced by Nostoc and Scyfonema in
the surface crusts protect other less pigmented taxa. In the
fall sample most pigments associated with UV radiation
protection or repair were at their highest concentrations.
The seasonal variation of pigment concentrations is induced
by varying UV radiation dosage at the soil surface. Belnap
et al. (2007) monitored among other things the concentra-
tions of UV-protective pigments in both free-living and
lichenized cyanobacteria in an undisturbed Mojave Desert
shrubland. The concentrations of UV-protective pigments in
free-living cyanobacteria in the Mojave Desert site were
strongly and positively related to rainfall received. The pre-
dicted drop in precipitation likely caused decrease in soil
lichen and moss cover and high stress or mortality in soil
cyanobacteria as levels of UV-protective pigments decline.
When soils are dry, the bulk of the cyanobacterial biomass
is 0.2 to 0.5 mm below the soil surface, where sufficient
light for net carbon gain is available but UV exposure is
reduced. Microcoleus vaginatus, which lacks UV-screening
pigments, migrates to the surface for short time periods
when soils are moistened and returns to subsurface zones as
they dry. On the other hand, populations of Scyfonema and
Nostoc, cyanobacteria containing UV-screening pigments,
are more commonly found directly on the soil surface.

DISTRIBUTION OF CYANOBACTERIAL CRUST

Despite the widespread occurrence of soil crust communi-
ties a global picture of soil crust communities is not well
documented. However, some significant works have been
done to reveal the species composition of those cyanobac-
terial communities that occur aggregated with soil particles
or in close contact with soil surface. These works have been
conducted in Africa, North and South America, Europe,
Mediterranean region and Asia including the Don and Volga
region of Russia (Johansen 1993; Biidel 2001a, 2001b; Ull-
manm and Biidel 2001).

Friedmann and Galun (1974) reported about desert
algae, lichens and fungi. They noted that filamentous cya-
nobacteria such as Lyngbya, Microcoleus, Phormidium,
Plectonema, Anabaena, Nostoc and Scytonema were most
frequent on hot desert lithosole. Their studies have also
indicated inter site variations and coccoid cyanobacteria

such as Synechococus and Synechocystis were less common.

Danin and Garty (1983) stated that more than 95% of all
rock and stone surfaces of deserts were found covered by
cyanobacteria and lichens in Sede Boger. In hot deserts,
endolithic organisms are nearly exclusively cyanobacteria
with most commonly found Chroococcidiopsis and Gloeo-
capsa along with heterotrophic bacteria. Chroococcidiopsis
is most desiccation-tolerant (Friedmann 1982; Friedmann
and Ocampo-Friedmann 1985) and is found in the inner
spaces of porous rocks (Friedmann and Ocampo-Paus 1976;
Friedmann 1982). It is reported that endolithic algal flora in
hot and cold deserts is similar (Friedmann and Ocampo-
Paus 1976). Biidel and Wessel (1991) reported eleven
genera of desert cyanobacteria from lithic habitats of Africa,
North America, Australia and Europe.

Lange ef al. (1992) reported taxonomic composition
and photosynthetic characteristics of the “biological crusts”
covering sand dunes in the western Negev Desert. They
stated that the most common species of that area was
Microcoleus sociatus. This species together with sparser
Gloeocapsa was found within the crust, while Nosfoc sp.
and Calothrix parietina occurred predominantly on the
crust surface. De Chazal et al. (1992) reported methods of

using light variation for isolation of cyanobacteria. Accor-
ding to them, cyanobacteria dominate the micro-algal popu-
lations of hot deserts and comprise a vast majority of micro-
flora of arid zones in soil crusts. Garcia-Pichel and Belnap
(1996) reported about microenvironments and micro scale
productivity of cyanobacterial desert crusts. According to
them Nostoc sp. occur on the surface of hot deserts and may
develop sunscreens such as scytonemin to survive intense
radiations. Whitton (1987) while reporting about survival
and dormancy of blue green alga, indicated that forms like
Chroococcidiopsis, Gloeocapsa, Gloeothece, Synechococ-
cus, Phormidium, Lyngbya and Anabaena were the most
frequent cyanobacterial genera in hot desert. Karnieli ez al.
(1999) reported spectral characteristics of cyanobacteria
soil crust in semi arid environments of Sede Hallamish dune
field along the Isracl/Egypt political border. Five microphy-
tic communities were defined in this area. One community
(extending over lower slopes facing south and over inter-
dunes) consists of Microcoleus sociatus, M. vaginatus and
Phormidium sp. Another four communities (occupying the
north facing hill slopes of dunes) consist of Nostoc micro-
scopicum, Scytonema sp., Oscillatoria sp., Schizothrix frie-
sii and Chroococcidiopsis sp. along with cyanobacteria of
first community.

Garcia-Pichel er al. (2001) reported phylogenetic and
morphological diversity of cyanobacteria in soil desert
crusts from the Colorado plateau. The community structures
of cyanobacteria were compared in four desert crusts. Sig-
nificant differences in community structure were found
among soil types. Belnap et al. (2001) studied the dominant
biological soil crust components and forms in North Ame-
rican arid and semi-arid ecoregions. Important species of
cyanobacteria are found in Colorado Plateau non-heterocys-
tic cyanobacteria (Microcoleus), Mojave Desert non-hetero-
cystic cyanobacteria (Microcoleus), Chihuahuan Desert
heterocystic cyanobacteria (Nostoc, Schizothrix), Sonoran
Desert heterocystic cyanobacteria (Nostoc, Schizothrix),
California Chaparral heterocystic cyanobacteria (Nostoc,
Schizothrix). In North America, microbiotic crusts appear to
be less developed in the hottest and driest deserts, such as
the Mojave Desert or Sonoran Desert, but they are typical in
that they are colonized by many filamentous species of
cyanobacteria (Flechtner et al. 1998; Johansen et al. 2001).
In most cases, the dominant genera of filamentous cyano-
bacteria in hot desert soils are Microcoleus, Phormidium,
Plectonema, Schizothrix, Nostoc, Tolypothrix and Scyto-
nema (Cameron 1960; Durrell 1962; Shields and Drouet
1962). Belnap (2002) reported N fixation in biological soil
crusts from south east Utah, USA. He collected 2 types of
cyanobacterial soil crusts whose directly counted cells were
>98% Microcoleus vaginatus (light crusts) and crusts domi-
nated by M. vaginatus, but with 20% or more of the directly
counted cells represented by Nostoc commune and Scyto-
nema myochrous (dark crusts).

Biidel (2002) drew analogy of the typical structure of
the crust with that of a microforest. It is composed of uni-
cellular cyanobacteria Chroococcidiopsis, Chroococcus,
Gloecocapsa, Gloeothece and few filamentous forms such
as Schizothrix sp. are very common. The ‘canopy’ is formed
by filamentous cyanobacteria Scytonema sp. and Stigonema
sp. together with cyanolichens. Belnap et al. (2004) repor-
ted response of desert biological soil crusts to alterations in
precipitation frequency. They used three dominant soil crust
types found in the western United States. Among those
crusts, the dark surface cyanobacterial crusts included Nos-
toc sp., Scytonema sp. and Microcoleus and the light cyano-
bacterial crusts included Microcoleus sp.

Heckman et al. (2006) reported distribution and activity
of hypolithic soil crusts in a hyper-arid desert (Baja Califor-
nia, Mexico). Crusts were limited in distribution to areas
with translucent quartz rocks less than 3 cm thick, were not
found on areas of islands with seabird guano deposition, but
covered as much as 1% (12,750 m?) of the surface area of
one island. The percent of available rocks colonized by
crusts was similar between the mainland (38%) and islands
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without seabird guano (26%). Thomas and Dougill (2007)
reported cyanobacterial soil crusts and N fixation in Kala-
hari Range lands. They concluded that cyanobacterial soil
crusts are widespread (up to 95%) in the Kalahari and are
inversely related to disturbance. Crusts in grazed areas form
under Acacia mellifera and may encourage shrub encroach-
ment and a reduction in grazing potential.

Gundlapally and Garcia-Pichel (2006) reported the
community and phylogenetic diversity of biological soil
crusts in the Colorado Plateau with the help of molecular
fingerprinting and intensive cultivation. They concluded
that biological soil crust communities displayed less rich-
ness and Shanon diversity with apparent dominance by few
members. The cyanobacterium Microcoleus vaginatus was
dominant, with M. steenstrupii second among phototrophs.
Bowker et al. (2006) reported spatial modeling of biological
soil crusts to support rangeland assessment and monitoring.
Samples were collected from low disturbance sites in Grand
Staircase-Escalante National Monument (Utah, USA) and
light and dark cyanobacterial crust types were obtained
along with moss and lichen.

Rehékova er al. (2006) reported morphological and
molecular characterization of selected cyanobacteria from
desert soils of the western United States. They discovered
four Nostocacean species. Among them three species are
new to science. One is distinct from Nosfoc by both mor-
phological and molecular criteria and is described as Moja-
via pulchra gen. et sp. nov. Two other strains are described
as Nostoc indistinguendum sp. nov. and Nostoc desertorum
sp. nov. The fourth one is Nostoc lichenoides and it is the
phycobiont of lichen Collema tenax. Flechtner et al. (2008)
reported about soil crusts from an isolated area, San Nicolas
Island of USA, which was not studied earlier. Distinct flo-
ristic distribution was showed between this flora and that of
North America. Significant biodiversity of the soil crust
cyanobacteria was noted.

Johansen et al. (2001) conducted an extensive study of
the distribution and abundance of microbiotic soil crusts in
a large area of the Mojave Desert within and near the Fort
Irwin National Training center, San Bernadino County,
California.

Alwathnani et al. (2011) collected samples from six
sites of Fort Irwin National Training Center in the Mojave
Desert, California and isolated representatives of three
orders of cyanobacteria (Pseudoanabaenales, Oscillatoriales
and Nostocales). This study revealed that crusts were poorly
developed even in undisturbed areas of Mojave Desert.

Thomas and Dougill (2006) reported distribution and
characteristics of cyanobacterial soil crusts in the Molopo
Basin, southern Africa. In Molopo Basin total average crust
cover ranged from 24 to 55%. Four cyanobacterial crust
types were identified. Two species of Microcoleus and
Scytonema were found in all crust types.

Biological soil-crusts communities were described
almost 40 years ago from Spain (Crespo 1973; Crespo and
Barreno 1975). Cyanobacteria, as a component of biological
soil crusts have not been well documented in Spain. Maes-
tre et al. (2006) isolated more than 15 taxa of cyanobacteria
which indicated diversified nature of the crust.

Yeager et al. (2007) reported three distinct clades of
cultured heterocystous cyanobacteria that constitute the
dominant N,-fixing members of biological soil crusts of the
Colorado plateau, USA. The identity and diversity of the
dominant diazotrophs in biological soil crusts of this region
were determined by combining nifH surveys, morphological
and molecular analysis of cultured cyanobacteria. Ac-
cording to them, five major nifH sequence types belong to
three phylogenetic groups: (i) a group of Nosfoc strains that
belong to the morphospecies N. commune; (ii) a phylo-
genetically and morphologically coherent group of strains
well-represented by isolates of the morphospecies Scyto-
nema hyalinum; (iii) a phylogenitically coherent but mor-
phologically less-defined group of strains that is represented
by Tolypothrix and Spirirestis. Williams et al. (2008) repor-
ted that grazing and drought reduce cyanobacterial soil

crusts in an Australian Acacia woodland. They found abun-
dance of three cyanobacteria — Scytonema sp., Stigonema
ocellatum and Porphyrosiphon notarissi in undisturbed area.

Moghtaderi et al. (2009) reported cyanobacteria in bio-
logical soil crust of Chadormalu area, Bafq region in central
Iran. Crust samples, collected from 14 sampling stations in
northern Chadormalu desert soil (sandy soil, silt gypsum
and shale) mostly included Microcoleus vaginatus, Nostoc
sp., Microcystis sp., Oscillatoria sp., Chroococcus sp.,
Chroococcidiopsis sp.

Wu et al. (2009) collected soil crust samples from dif-
ferent sites of Gurbantunggut Desert, Northwestern China
and three types of crusts were obtained: cyanobacterial
crust, lichen crust and moss crust. Cyanobacterial crust was
heavily dominated by Microcoleus vaginatus.

Zhang et al. (2011) collected 60 samples from Gurban-
tunggut desert, China and 51 cyanobacterial taxa were iso-
lated. Results from step regression showed that species
diversity was determined by total P, Mg content, soil mois-
ture, sunlight, oxygen concentration and soil layer.

Bhatnagar et al. (2003) studied 32 samples of crypto-
biotic crusts in the Thar Desert in India. There were 43 mor-
photypes of diazotrophs in BG-11 (-N) medium and 71 of
algae and cyanobacteria in the same medium supplemented
with N and most frequent form was Phormidium tenue. In
case of diazotrophs, the most frequent forms were Nostoc
punctiforme, Nostoc commune and Nostoc palludosum.
Fourteen genera of diazotrophic cyanobacteria were
reported with maximum morphotype variability in Calo-
thrix, Nostoc, Anabaena and Scytonema. Tiwari et al.
(2005) reported distribution and physiological characteris-
tics of cyanobacteria isolated from arid zones of Rajasthan.
Soil samples were collected from Achrol, Jaisalmer, Man-
war and Pokhran. These were inoculated in BG-II medium
under a 16-h photoperiod and identified. Cyanobacterial
genera like Phormidium, Oscillatoria, Nostoc, Anabaena,
Calothrix, Westiellopsis and Chlorogleopsis were isolated.
Bhatnagar and Bhatnagar (2005) reported microbial diver-
sity in desert ecosystems. According to them cyanobacterial
crusts generally dominate poor sandy soils (Skujins 1984;
Garcia-Pichel et al. 2001; Budel 2002). A comprehensive
account of soil crust cyanobacteria of India had been given
by Tirkey and Adhikary (2006). They reported various
cyanobacteria species of different regions of India. Crusts
were collected from the lateritic soils in and around Bhu-
baneswar on the east coast, from brown soils in the forest of
Salboni and Raniganj under the ancient Gondwana land in
the central region, from arid soils in and around Tiruchi-
rapalli in the southern region and from the sandy soils of
Goa in the western coast of India. They described 3 spp. of
Oscillatoria, 1 sp. of Phormidium, 4 spp. of Lyngbya, 2 spp.
of Microcoleus, 2 spp. of Plectonema, 1 sp. of Cylindro-
spermum, 11 spp. of Nostoc, 2 spp. of Tolypothrix, 4 spp. of
Scytonema, 7 spp. of Calothrix, 3 spp. of Aulosira, 5 spp. of
Hapalosiphon, 1 sp. of Fritscherella, 1 sp. of Stigonema
and 5 spp. of Westiellopsis. Area-wise distribution of vari-
ous taxa is given in Table 1.

FACTORS INFLUENCING SPECIES COMPOSITION
AND DISTRIBUTION

Elevation

When all crust types are combined (cyanobacterial, moss,
lichen), crust cover is greatest at lower elevation inland
sites (< 1,000 m) compared to mid-elevation sites (1000 to
2500 m; Hansen er al. 1999). Biological soil crust forms
depend on temperature characteristics of the environment.
In hot deserts crust form is flat or rugose and in cold deserts
crust form is rolling. The positive relationship between bio-
logical crust cover and available soil surface has been
amply demonstrated (Rogers 1972; Harper and Marble
1988; Eldridge 1993; Johansen 1993).
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Table 1 Some important reports of distribution of soil-crust cyanobacteria.

Reference  Organism Location Remarks
Karneili et Microcoleus sociatus, M. vaginatus, Phormidium sp., Sede Hallamish The unique spectral features of cyanobacterial crusts growing
al. 1999 Nostoc microscopicum, Scytonema sp., Oscillatoria  dune fields along on bare sands and those under different moist conditions, were
sp., Schizothrix friesii. Egypt/Israel border. analysed systematically throughout the visible, near-infra red
and the short-wave infrared regions of the spectrum.
Garcia- Micrcoleus vaginatus, Schizothrix spp., Phormidium  Colorado plateau,  Natural samples, cultures and cyanobacterial filaments or
Pichel et al.  spp., Scytonema spp., Nostoc spp., Chlorogloeopsis ~ USA. colonies (retrieved by micromanipulation) studied using
2001 sp. microscopy, denaturing gradient gel electrophoresis and 16S
rRNA genes sequencing to find the diversity in desert crusts.
Gypsum crusts were most deviant from the rest while sandy silt
and shale crusts were most similar among them.
Belnap Light crust (mainly Microcoleus vaginatus), Dark South east Utah, Potential nitrogen fixation rates were measured biweekly for
2002 crust (dominated by Microcoleus vaginatus whichis  USA. two years, using three types of soil crusts-light crusts, dark
mixed with Nostoc commune and Scytonema crusts and lichen dominated crusts. The observation was -NA
myochrous) of lichen > NA of dark crusts > NA of light crusts.
Bowker Microcoleus vaginatus, Nostoc spp., Scytonema Colorado Plateau,  This study showed variation in community composition,
2002 myochrous. USA. pigmentation and quantum yield of desert cyanobacterial soil
crusts. Scytonemin, MAA and carotenoids content increased as
a result of exposure to UV radiation.
Bhatnagar ~ Chroococcus minutus, Oscillatoria pseudogeminata, Thar desert, India. ~ Deserts are found to have a treasure of microbiota with unique
and Phormidium tenue, Nostoc puntiforme, N. commune, flora of cyanobacteria. These cyanobacteria are responsible for
Bhatnagar  N. palludosum, Anabaena sp., Calothrix sp., the productivity, bio-geo-chemical cycling of elements and
2005 Scytonema sp. ecosystem balance and improvement of soil structure.

Tiwari et al.
2005

Gundlapally
et al. 2006

Maestre et
al. 2006

Thomas and
Dougill
2006

Tirkey and
Adhikari
2006

Flechtner et
al.
2008

Wu et al.
2009

Moghtaderi
et al. 2009

Zhang et
al. 2011

Oscillatoria curviceps, Phormidium sp., P.
Jjennkelianem, P. molle, Anabaena sphaerica, Nostoc
linckia, N. verrucosum, N. carneum,, N. piscinale,
N. ellipsosprum, N. muscorum, N. calcicola,
Calothrix membranacea, C. javanica, C.
braunii,Chlorogloeopsis sp., Westiellopsis prolofica.
Microcoleus vaginatus, M. steenstrupii.

Chroococcidiopsis sp., Microcoleus steentrupii,
Leptolyngbya boryanum, L. foveolarum, Oscillatoria
sp., Phormidium sp.

Microcoleus sp., Scytonema sp.

15 genera were isolated; among them followings are
noteworthy-Oscillatoria chlorine, Phormidium
ambiguum, Lyngbya palmarum, Microcoleus.
lacustris, Plectonema puteale, Cylindrospermum
indicum, Nostoc ellipsosporum, Tolypothrix
bouteillei,Calothrix parietina, Aulosira prolifica,
Hapalosiphon welwitschii, Fritscherella muscicola
Stigonema tomentosum, Westiellopsis prolifica.

19 genera were isolated, among them followings are
noteworthy- Aphanothece maritime,
Chroococcidiopsis edaphica, Microcoleus vaginatus,
Nostoc punctiforme.

Microcoleus vaginatus

(most dominant one).

Microcoleus vaginatus, Nostoc sp.
Microcystis sp., Oscillatoria sp.,Chrooccoccus sp.,
Chroococcidiopsis sp.

Cyanothece aeruginosa, Synechococcus parvus,
Oscillatoria tenuis. Lyngbya majuscule,
Microcoleus vaginatus,Nostoc commune.
Chroococcus turgidus, Phormidium attenuatum,
Microcoleus vaginatus, Oscillatiria subbrevis,
Phormiodium irrigum, Microcoleus vaginatus.

Arid zones of
Rajasthan, India.

Colorado Plateau,
USA.

A Stipa steppe in
Alicante, Spain.

The Molopo Basin,
Southern Africa.

Different regions of
India-Bhubaneswar,
Salbani, Ranigaung,
Tiruchirapally and
Goa-different
regions of India.

San Nicolas
Island,USA.

Gurbantunggut
Desert,
Northwestern
China.
Chadormalu desert,
Yard Province of
Iran.

Gurbantunggut
Desert, China.

These taxa were collected from arid zones. Among other
features nitrogen fixing ability was determined. Calothrix was
found to be the most predominant nitrogen fixer.

The cyanobacterial communities in biological soil crusts from
the Colorado Plateau were studied by enrichment culture.
Populations were analyzed by denaturing gradient gel
electrophoresis fingerprinting of environmental 16S rRNA
genes and from phylogenetic point of view.

Cyanobacteria, as a component of biological soil crusts have
not been well documented in Spain. But the diversity of these
organisms may be high. In this study, more than 15 taxa of
cyanobacteria were isolated which indicated diversified nature
of the crust.

Resilient nature of South African soil was found to be due to
the presence of soil-crusts. This study provided an analysis of
the physical, microbiological and chemical characteristics of
four morphologically distinct cyanobacterial crust types. An
account of influence by soil type, livestock disturbance and
vegetation cover in controlling the spatial distribution of crusts
is also given.

Cyanobacterial taxa from soil-crust samples from different
regions of India have been documented.

This report was from an isolated area which was not studied
earlier. Distinct floristic distribution was shown between this
flora and that of North America. Significant biodiversity of the
soil crust cyanobacteria was noted.

In this work, a comparative study of nitrogenase activity in
three types of crusts, collected from the desert, was
represented.

In this work, the cyanobacteria of Chadormalu desert were
documented. This work shows that the organisms present in
Chadormalu desert are comparable with other desert in cold
and warm dry conditions.

Sixty samples were collected from sand dunes, interdune
areas, leeward areas and wind ward areas and 51
cyanobacterial taxa were isolated from this desert. Results
from step regression showed that species diversity was
determined by total P, Mg content, soil moisture, sunlight,
oxygen concentration and soil layer.
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Table 1 (Cont.)

Reference  Organism Location Remarks
Alwathnani  Leptolyngbya africanum, L. nostocorum, Fort Irwin National Representatives of three orders of cyanobacteria
etal 2011  Pseudophormidium hollerbachianum, Phormidium  Training Center in  (Pseudoanabaenales, Oscillatoriales and Nostocales) were

kuetzingiana, Microcoleus vaginatus, Nostoc
desertorum, N punctiforme, Calothrix fusca,
Scytonemagq javanicum, Tolypothrix
camptylonemoides.

the Mojave Desert,
California, USA.

isolated from six sites. This study also revealed that crusts
were poorly developed even in undisturbed areas of Mojave
desert.

Soils and topography

Stable or embedded rocks near or at the soil surface can
increase the percent crust cover by perching water and
armoring the surface from physical disturbances. Shallow
soils often support a wide variety of cyanobacteria, lichens
and mosses, regardless of soil texture. Different soil tex-
tures are selected by different cyanobacteria which promote
different community structures (Fairchild and Wilson 1967,
Garcia-Pichel et al. 2001; Hawkes and Flechtner 2002). In
the Gurbantunggut Desert, microenvironments, physicoche-
mical properties and developmental levels of biological soil
crusts vary depending on their position on the sand dunes
(Hu et al. 2003; Rivera-Aguilar et al. 2006; Tirkey and
Adhikary 2006). The more stable, fine-textural soils (such
as gypsum and silty loams) support greater cover and more
varied populations of cyanobacteria, lichens and mosses
than less stable, coarse-textured soils (Kleiner and Harper
1977b; Hansen ef al. 1999). Coarse-textured soils may have
only large filamentous, highly mobile cyanobacteria such as
Microcoleus sp.

Soil chemistry can also influence crust cover and com-
position. Calcareous and gypsiferous soils generally support
high coverage of species-rich crust with some taxa being
excellent indicators of soil chemistry. North and east slopes
generally favor crustal development in lower elevation
desert regions. Slope angle does not generally affect crust
cover or species richness (Rosentreter 1986). Cyanobacteria
generally dominate soils that are very sandy (>90%), very
salty or have a high content of shrink-swell clays, regard-
less of the climatic zone (Belnap 2006).

Disturbance

Intensity and type of soil surface disturbance, along with
time since disturbance, influence the composition of biolo-
gical crusts. The presence, absence and abundance of early
or late successional taxa can provide information regarding
a site’s disturbance history. Intense disturbance results in
bare soil. Severely, newly or frequently disturbed soils are
generally dominated by large filamentous cyanobacteria
(Anderson and Rushforth 1976; Johansen et al. 1981, 1984;
Johansen and Rushforth 1985; Harper and Marble 1988). If
disturbance continues, crusts will stay in early successional
stages (i.e., cyanobacteria only). Activities like grazing, off-
road vehicles, recreational and commercial activities disturb
soil-crust and accelerate desertification process. A reduction
in trampling on the soil-surface will result in re-establish-
ment of biological soil-crusts (Zhang et al. 2010).

Precipitation

Dominance of biological soil crusts is highly influenced by
seasonal precipitation patterns. Ecoregions that receive
summer monsoons (e.g., the Sonoran Desert) tend to have a
greater diversity of heterocystic cyanobacteria (Calothrix,
Schizothrix, Nostoc) and lower number of non-heterocystic
genera. Regions with winter rainfall and/or greater rainfall
are heavily dominated by Microcoleus (Belnap 2006).

Vascular plant community structure
The distribution, shape and height of vascular plants can

either increase or decrease biological crust cover and influ-
ence crust species composition. Vascular plants reduce the

overall soilcrust species composition. Vascular plants
reduce the overall soil surface available for colonization
especially in regions with PET. On the other hand, shading
provided by plant cover enhances crust development
through increased soil moisture (St. Clair ef al. 1993). The
vertical and horizontal vascular plant structure of many arid
and semi-arid vegetation communities optimizes growth of
biological soil crusts. In cooler regions greater structural
diversity of vascular vegetation generally results in greater
compositional diversity of biological crusts (Belnap et al.
2001).

IMPORTANCE OF CYANOBACTERIAL SOIL-
CRUSTS

Carbon-fixation

Crust organisms enhance the nutrient status of soils via car-
bon fixation (Beymer and Kolpatek 1991). Biological soil
crusts can be an important source of fixed carbon on
sparsely vegetated areas. The carbon fixed by the soil crust
organisms can increase the total surface soil carbon by up to
300% (Evans and Lange 2003). While vascular plants con-
tribute organic matter to soils directly beneath them, large
interspaces between plants receive little plant material input.
This addition appears to benefit the soil biota, especially in
the interspaces between vascular plants (Belnap 2003). Su
et al. (2012) systematically analyzed the changes in the car-
bon exchange of cyanobacterial- algal soil-crusts developed
in two sites (Tengger Desert - old and new crust) to dehyd-
ration, air-temperature (15-25°C) and CO, conc. (200-2000
ppm). The carbon exchange rate was higher at 25°C than at
15°C for both crusts. The saturation point significantly
increased with the increase in the water content of the crust
organisms. The water content of the crust organisms was
the regulating factor for the carbon exchange rate of both
the old and recent cyanobacterial-algal crusts.

N-fixation

Aside from water, N is considered the limiting resource for
soil productivity in many arid and semiarid lands. Crust
organisms enhance the nutrient status of soils by fixing
atmospheric N (Evans and Ehleringer 1993; Houseman et al.
2006) and transforming it (Castrillo-Monroy et al. 2010).
They can be the major source of N of the soil (Evans and
Ehleringer 1993). Heterocystous genera that commonly
occur in soil crusts include Anabaena, Calothrix, Cylindro-
spermum, Dicothrix, Hapalosiphon, Nodularia, Nostoc,
Plectonema, Schizothrix and Scytonema (Harper and Mar-
ble 1988). From morphological and culture-based studies of
crust microorganisms, it was determined that heterocystous
cyanobacteria, such as Nostoc sp. were major suppliers of
fixed N to soil crusts of the Colorado Plateau (Harper and
Marble 1988; Garcia-Pichel and Belnap 1996; Belnap 2002).
N fixation has also been measured in non-heterocystous soil
genera such as Lyngbya, Microcolleus, Oscillatoria, Phor-
midium and Tolypothrix (Rogers and Gallon 1988; Belnap
1996), although this may be a result of bacteria associated
with the cyanobacteria (Steppe et al. 1996). Laboratory
studies have demonstrated that N fixation rates in individual
species of soil crust cyanobacteria are controlled by species
composition, moisture, temperature and light (Kershaw
1985; Nash 1996). According to Zhang et al. (2010), the
occurrence of biological soil crusts in Gurbantunggut
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Desert could significantly enhance the accumulation of soil
organic matter in the surface 0-5 cm. soil layer compound
with areas devoid of crust cover. Biological soil crusts can
contribute to nutrient cycling (Rivera-Aguilar et al. 2006).

Role in reduction of soil, wind and water erosion
and improvement of soil quality

Cyanobacteria weave through the top few millimeters of
soil, gluing loose particles together and forming a matrix
that stabilizes and protects soil surfaces from erosive forces
(Comeron 1966; Friedmann and Galun 1974; Friedmann
and Ocampo-Paus 1976; Belnap and Gardner 1993). Loss
of biological soil crusts in dryland range ecosystems is both
a component of and accelerator of land degradation (Belnap
1995). Removal of soil crusts by live stock trampling ac-
celerates soil degradation (Bowker et al. 2008). They can be
considered ecosystem engineers in arid lands because they
aggregate surface soil and reduce erosion (Mazor et al.
1996; Jones et al. 1997). They stabilize soils against water
and wind erosion (Chaudhary et al. 2009). They also reduce
wind and water erosion (Eldridge and Greene 1994; Zhang
2005; Zhang et al. 2006).The rate of wind erosion increases
with increasing levels of crust disturbance. This indicates
that biological soil-crusts are one of the factors responsible
for reduced wind erosion (Zang et al. 2010). Cyanobacteria
of Biological soil crusts play a crucial role in maintaining
soil stability, improving soil structure, accumulating soil
fertility and reducing salt stress (Bowker and Belnap 2004;
Zhang 2005; Zhang et al. 2006) and influencing soil res-
piration (Maestre and Cortina 2003)

Retention of soil moisture, water relation and
reduction of weed growth

Biological soil crusts function as living mulch by retaining
soil moisture and discouraging annual weed growth. The
effect of biological soil crusts on soil-water relation is
highly site dependent. Research conducted under a variety
of soil and climate conditions around the world shows
variable and interactive effects of biological crusts and soil
properties. Biological crusts influence soil hydrology
because they alter soil surfaces. Aggregate stability, soil
structure, organic matter content and rough microtopog-
raphy are all attributes associated with superior hydrologic
properties and biological soil crusts enhance these attributes
in soil (Booth 1941; Fletcher and Martin 1948; Shields and
Durrell 1964). Infiltration rates are controlled by the inter-
action of water residence time on a soil surface and the per-
meability of that surface (Belnap ef al. 2001).

Acting ecological indicators

Pellant et al. (2000) suggested the use of biological soil
crusts as an optional indicator of rangeland health in regions
where crusts are present, potentially providing a sensitive
measure of departure from ecological health. They act as
indicators of abiotic factors, such as the presence of
calcareous soils. They can thus be used as indicators of
ecological health.

Role in ecological rehabilitation

Biological soil crust cover is important for ecological reha-
bilitation due to its stabilizing function. It can re-establish
to a state comparable to undisturbed reference conditions
(Kidron et al. 2008). Theories of succession suggests that
biological soil crusts are common colonizers of exposed
soils and may re-establish as a permanent component of
ecosystems with low vascular plant cover (Bowker 2007).

Production of extra-cellular polysaccharides

Polysaccharides are renewable resources representing an
important class of polymeric materials of biotechnological

interest, covering a wide variety of potentially useful prod-
ucts to mankind. It has been reported in some soil crust
cyanobacteria that polysaccharides increase survival and
activity. However there is a relationship between desic-
cation and production of EPS in soil crust cyanobacteria of
semiarid regions.

Secretion of exopolymers and metal chelators

Biological soil crusts secrete exopolymers that help prevent
nutrient losses via leaching and concentrate plant-essential
nutrients such as Na, K, Mg, Ca, Mn, Fe, Ni, Cu and Zn.
They secrete powerful metal chelators that maintain metals
in bio-available forms; peptide N and riboflavin which help
to keep P, Cu, Zn, Ni and Fe available to plants; glycollate,
which stimulates P uptake; and various other factors such as
B, and auxin-like substances that stimulate growth (Belnap
et al. 2004).

Influence on mineral uptake by associated
vascular plants

Cyanobacterial crusts significantly alter uptake by plants of
many bioessential elements. These crusts always increase
the N content of associated seed plants. Uptake of Cu, K,
Mg and Zn is usually (>70% of reported cases) increased in
the presence of the biological soil crusts. Increases in bio-
essential elements in vascular plant tissue from biologic-
ally-crusted areas are greatest for short—lived herbs that are
rooted primarily within the surface soil (Harper and Belnap
2001).

Creation of artificial soil crust

Considering the importance of biological soil crusts scien-
tists have formulated methodology to develop artificial soil
crusts (Bo and Yun-ge 2010). The soil was passed through a
sieve with 10 mm diameter. Then the prepared soil was
packed into eight boxes. Afterward, the natural biological
soil crusts collected from field were crushed and mixed
with some fine soil and seeded uniformly. Inoculation dose
of air dry matter is 1.25 kg/m”. The simulated rainfall ex-
periment was started when the cultured biological soil
crusts were initially formed.

Effects on germination of vascular plants

Biological soil crusts can affect vascular plant germination.
They provide habitat for microfauna (Li e al. 2006), may
facilitate recruitment of vascular plants (Langhans et al.
2009; Su et al. 2009) and influence the performance of
vascular plants (Escudero et al. 2007). Many exotic vascu-
lar plant species lack self-burial mechanisms. Because bio-
logical crusts stabilize soils, germination of such seeds can
be inhibited in sites with well-developed crusts and low
plant litter, as was recently found in case of the annual
exotic grass cheat grass (Bromus tectorum) in both field and
laboratory (Kaltenecker et al. 1999). The biological soil
crusts can affect the generation of some plants. The effect
may be positive or negative and it mainly depends on both
moisture condition and biological characteristics of vascular
plants (Zhang et al. 2010). Godinez-Alvarez et al. (2012)
analysed germination, seedling survival and growth of three
vascular plants (Agave marmorata, Prosopis laevigata and
Neobuxbaumita tetetzo) on cyanobacteria and mixed soil
crust from a tropical desert region of south-central México.
According to them plant species performance was quali-
tatively higher on biological soil crust than bare soil. The
highest performance of 4. marmorata and P. laevigata was
observed on cyanobacteria and mixed crusts respectively.
The highest performance of N. tefetzo was on both crust

types.
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Conservation of biological soil crust

It has already been established that biological soil crusts are
strong indicators of multiple ecosystem functions including
N fixation, carbon fixation, soil building and retention and
modification of hydrological processes. Biological soil
crusts are often more vulnerable to degradation than associ-
ated vascular plant. In desert regions, they respond predic-
tably to surface degradation. Thus conservation of biologi-
cal soil crusts is important. Conservation value of biological
soil crusts was defined in three ways: sites with relatively
high biological soil crusts biodiversity, high functional sig-
nificance of biological soil crusts or a combination of both.
Bowker et al. (2008) identified areas (arid regions of Utah)
that were simultaneously high in conservation value of bio-
logical soil crusts and highly at risk of degradation.

CONCLUSION

Biological soil crusts in general and the soil-crusts whose
main component is cyanobacteria form an important cons-
tituent of arid and semi-arid ecosystem. The poikilohydric
nature of this crust, reverting back to normal metabolism
concerning photosynthetic activity after a dry season and
with the onset of prolonged precipitation, ability of the
cyanobacteria to fixed N biologically and contributing the
fix N along with other organic matter for the enrichment of
the soil are some of the features that make the cyanobac-
terial soil-crusts extremely important for the arid and semi-
arid regions. A review of the published works clearly indi-
cates that the cyanobacterial soil-crusts are widely distrib-
uted in all kinds of ecological conditions on earth. The vari-
ations of physiological, biochemical characters, distribution
pattern, species composition, capacity to fix N, synthesizing
UV-protecting pigments show the variation of response of
cyanobacterial species to different and varying ecological
parameters encountered by them. Considering the signifi-
cant role played by these organisms in improving the arid
zones artificial development of cyanobacterial crusts are
being considered seriously by the scientists. Preliminary
attempts have been successful in this regard.
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