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Abstract Soil microbiotic crusts cover extensive portions
of the arid and semiarid regions of the world and play an
important ecological role. Moss is one of the major
components in the crusts. The reproduction and establish-
ment of the mosses are crucial to the formation of moss
crusts. Bryum argenteum is the dominant species of moss
crusts in the Shapotou region (104°57′E, 37°27′N) of the
Tengger Desert. In search for the characteristics of natural
reproduction and establishment of the mosses, 10 quadrates
(10×10 cm for each) were obtained by removing the moss
crusts in different positions of fixed dunes. These 10
quadrates were observed for 3 years depending on the
species’ components and coverage. Meanwhile, in the third
year, two quadrates (1×1 m for each) were set up in a crust-
absent area and two different experiments of the asexual
reproduction (broadcast planting and offshoots) were
conducted, respectively. The reproductive process was
observed under the microscope, and the morphological
indicators of the new individuals were measured. The
results were compared with the ones from indoor experi-
ments using the same methods. All the results showed the
following: (1) 70% of the quadrates (i.e., 7 of the 10
quadrates) were recovered within 3–4 years; thus, the quick
recovery might be due to the dispersal and reproduction of
the fragments of stems and leaves of B. argenteum; (2) as
for the two quadrates in the artificial reproduction test, the
new plants occupied the uncovered space of the quadrates
in 1 month, and there were two main reproduction

approaches, one of which was that the stems continually
branched and produced young plants, and the other was that
the young plants and the fragments of the stems and leaves
repeatedly and extensively reproduced protonema, which
finally developed into a large number of new plants; (3) the
reproductive characteristics were identical, though the
protonema in the field was more robust and had more
branches than the ones indoors.

Keywords Tengger desert, moss crusts, natural
restoration, artificial culture, reproduction

1 Introduction

The formation of soil microbiotic crusts on the dunes,
which results from the synthetic action of dust dropping and
microphyte colonizing, is one of the main indicators to the
fixing degree of the drift sand. Mosses occupy a dominant
position in fixing dunes due to their being small plants as
well as for their cold endurance, drought tolerance, and
asexual reproduction [1–3]. Mosses contain a great quantity
of undecomposed compound resembling lignin [4]; hence,
it is not easy for them to be decomposed by microbe. For
this reason, once the moss crusts are formed, the thickness
will increase every year. Several researchers have reported
the ecological services provided by the crusts: substrate
stabilization, nutrient enhancement, and increased moisture
availability [5–9].

On the characteristics of the formation and development
of moss crusts, many researchers have studied its species
composition, structure, and factors influencing distribution
and estimated the recovery time for disturbed crusts [10–
14], while few studies on the reproductive mechanism of
mosses during the crusts’ formation have been carried out.
Although many indoor experiments indicated that the
mosses could reproduce by means of spores, gemmae, the
fragments of stems and leaves, etc. [1,15–17], we have no
final conclusion about the process of the dispersal and
reproduction in natural conditions. We have studied the
indoor reproductive characteristics of mosses collected
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from the crusts on fixed dunes [18]; thus, further field
experiments on them are very important to understand the
natural formation of the crust and the recovery of the
damaged moss crusts by artificial culture.

2 Study area

The study site (104°57′E, 37°27′N) lies in the Shapotou
region in the southeastern fringe of the Tenggeli Desert in
Zhongwei county of the Ningxia Hui Autonomous Region,
China. The average annual temperature is about 9.6°C,
absolute maximum temperature is 38.1°C, and minimum
temperature is −25.1°C. In summer, surface maximum
temperate may reach 74°C. Annual rainfall can approach
186.2 mm mainly from July to September in a year. The
evaporation per annum is about 3,000 mm, aridity is 2.5,
annual average relative humidity is 43%, and frost-free
period is 150–180 days. The living conditions and circum-
stances are adverse. The species Hedysarum scoparium,
Agriophyllum squarrosum, etc. form the major natural
vegetation with a coverage of 1%, and the species
Caragana korshinskii, Caragana intermedia, Artemisia
ordosica, Bassia dasyphylla, Eragrostis poaeoides, etc. are
the dominant plants in the artificial fixing dune regions
[19]. However, with a 25%–36% changing rate, different
species are developed in different years. Soil microbiotic
crust covers large areas in this region. Bryum argenteum,
which can adapt to the variations of living conditions,
extensively reproduces with the coverage of 5.63–19.15%
in different fixing dune years and makes up 99.77% of the
total moss crust coverage [5].

3 Materials and methods

3.1 Plots and materials

The experiments on natural restoration and artificial culture
of moss crusts were conducted in the 1956 and 1964
artificial vegetation regions in the Shapotou Station of the
Tenggeli Desert. The dominant species of B. argenteum,
which made up 99.77% of the total moss crust coverage,
was the experimental species; the test specimen for artificial
culture was collected from the moss crusts on the 1956
artificial fixing dunes, the size of which was 10×10 cm.

3.2 Experimental methods

3.2.1 Method of natural restoration of moss crusts

In search for the characteristics of the natural reproduction
and establishment of the mosses, 10 quadrates (10×10 cm
for each) were obtained by removing the moss crusts at the
middle and bottom of the shady slope and the interdune
depression in September 1998. The 10 quadrates were
observed for 3 years, and the coverage of mosses and
different vascular numbers were the main indicators to
determine the crust’s natural recovery. Pictures of two of
these quadrates were taken in the third year.

3.2.2 The experiment of moss crust formation
by artificial promotion

In August 2000, two quadrates (1×1 m for each) were set
up in a crust-absent area. Two different experiments on the
asexual reproduction (broadcast planting and offshoots)
were respectively carried out [20].

Broadcast planting involves the following procedure:
crumple the plants into fragments, broadcast it on the soil in
one of the quadrates, cover it with thin sand soil, spray
water, and finally, cover the quadrates with some plastic
films to preserve moisture in the soil.

For the offshoots experiment, the following procedure
should be observed: cut the moss crust into cubes (1×1 cm),
plant them in the soil of the other quadrates, spray water,
and then cover the quadrates with some plastic films to
preserve moisture in the soil. Spray water to the quadrates at
irregular intervals after planting, and then, the experimental
results can be observed and pictures can be taken under the
microscope.

3.3 Indicators of new plants and reproductive
characteristics of B. argenteum in two cultural
conditions

B. argenteumwas artificially cultured outdoors and indoors
with two methods (broadcast planting and offshoots). We
observed the reproduction process and the morphological
indicators of the new individuals in two living conditions,
and we measured and took pictures of them. The same

Table 1 The restoration of B. argenteum and the invasion of vascular plants

Time Plot coverage of different positions (mean ± SD) Vascular plants

Middle of the
shady slope (3)

Bottom of the
shady slope (3)

Interdune
depression (4)

Species (10) Numbers (10)

During the experiment 0.40±0.03 0.55±0.04 0.68±0.03 – –
1 Year later 0.03±0.004 0.05±0.01 0.12±0.02 – –
2 Years later 0.11±0.02 0.25±0.06 0.34±0.04 – –
3 Years later 0.15±0.04 0.54±0.05 0.66±0.05 E 11

B 22

Values in parentheses are quadrant numbers, E E. poaeoides, B B. dasyphylla.
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indicators of plants in two culturing conditions were sur-
veyed 40–50 times; then, we used t test to analyze the data.
We compared the results with that of the outdoor ex-
perimental ones to reveal B. argenteum’s reproductive
characteristics during the process of the formation of moss
crusts in natural conditions.

4 Results

4.1 The recovery process of disturbed moss crusts

Beginning in 1998, we continually observed the invading
process of mosses and vascular plants. In 1999, we found

Fig. 1 The natural restoration
of moss crusts and the repro-
ductive characteristics of B.
argenteum in different artificial
culture conditions. 1 and 2 The
natural restoration of moss
crusts and the invasion of annual
herbaceous plants (×0.5). 3–7
B. argenteum cultured in the
field, 3 innovation (×20), 4
protonema (×50), 5 and 6
gametophore and protonema
(×50), 6 young plant (×50).
8–10 B. argenteum cultured
indoors, 8 protonema produced
by the leaves (×50), 9 gameto-
phore and protonema (×50), 10
young plant (×50)
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that B. argenteum invaded the plots, and until 2001, seven
sample plots reached the previous coverage, which showed
that the recovery rate of moss crusts reached 70% within 3–
4 years. The crusts at the bottom of the shady slope and the
interdune depression were almost completely recovered,
and in the third year, the vascular B. dasyphylla and E.
poaeoides were found to have invaded the plots (Table 1;
Fig. 1-1 and 1-2).

In the cold desert scrub community of Utah, USA, it
took the damaged crusts at least 14–18 years to recover,
and the relative coverage of mosses and lichen increased
by 100% [13]. However, the complete recovery of the
ecological function of the crusts might take more time
[14]. The crusts’ recovery was quicker in our small-area
experiments than in other studies. The main reasons could
be attributed to the effective protection the crust provided
to the sample plots, which were on the fixed dunes with
better-developed mosses on them. On the other hand, the
powerful asexual reproduction ability of B. argenteum
played a key role in the process of recovery. The weather
in the study area was dry, windy, and burning hot. The
mosses in such living conditions could hardly produce
spores and gemmae; hence, it was almost impossible for
the moss crusts to quickly recover by means of spreading
and producing spores and gemmae. As a result, the main
approach for B. argenteum to quickly occupy the dis-
turbed habitats may be through the fragments.

4.2 The reproduction characteristic of B. argenteum
during the field artificial culture

All the B. argenteum species developed in the two methods
(broadcast and offshoots) survived after 7 days, and the
new plants occupied the uncovered space of the quadrates
in the first month, but the plants began to wilt 3 months
later, and all the plants died in July 2002. During the
cultural process, we found that the fragments of stems and
leaves of B. argenteum have a very powerful reproductive
ability. The leaf axil cells’ division and differentiation
could produce new plants. These cells and the leaf base
cells could divide and form new plants, and the detailed
process is as follows:

Leaf axil cells and leaf base cells→protonema primor-
dium→protonema→gametophores→new plants (Fig. 1-3,
1-4, 1-5, 1-6, 1-7).

The new plants could also produce protonema, and this
reproductive process repeatedly occurred. Each time, the
protonema produced a lot of divarication and subsequently

developed into many new individuals, which might be the
main reason for the rapid recovery of the damaged moss
crusts.

4.3 Morphological indicators of the young plants
and the reproductive characteristics of B. argenteum
in different cultural conditions

In two different cultural conditions, protonema diameters
were 26.50±4.45 μm outdoors and 14.85±1.48 μm in-
doors, respectively (Table 2). The reproductive character-
istics were identical, though the protonema in the field was
more robust and had more branches than the ones indoors.
In addition, the plants of B. argenteum produced by two
artificial cultures were obviously different. The plants in
the field were shorter and stronger than the ones indoors, its
internodal distance shorter, the leaf cells shorter and wider,
and the leaf acumen longer (Table 2, Fig. 1-3, 1-5, 1-7, and
1-10). The main reproductive characteristics of the plants,
continual branching and the repeated extending of proto-
nema, made the mosses grow densely, which made it pos-
sible to endure the disadvantageous environmental factors
in the desert, such as water shortage, matrix instability, etc.

5 Conclusion

1. During the experiment on the natural restoration of the
damaged crusts, 70% of the quadrates (i.e. 7 of the 10
quadrates) are quickly recovered within 3–4 years. The
developed moss crusts can recover within 3–4 years,
which is mainly caused by the dispersal and reproduc-
tion of fragment of stems and leaves of B. argenteum.
The interdune depression can provide good living
conditions, e.g., light, temperature, and moisture, pro-
vide shelter from the wind, and accumulate the dust.
The moss crusts are first formed by the reproduction of
the fragment in the microhabitat, and then, they grad-
ually expand to the shady slope.

2. Owing to the ecological variations, the B. argenteum
species produced under two kinds of living conditions
(indoors and outdoors) are significantly different, but
the reproduction characteristics are identical. The mor-
phological mechanism of the moss plants’ sprouting
and settlement during the process of the formation of
the moss crusts implies that the species can expand
their populations quickly via branching of the stems

Table 2 B. argenteum morphology under different culture conditions (mean ± SD)

Culture
conditions

Morphology characteristics

Plant height
(mm)

Internodal
distance (mm)

Stem diameter
(mm)

Leaf length
(mm)

Leaf width
(mm)

Leaf cell
length (μm)

Leaf cell
width (μm)

Leaf acumen
length (mm)

Protonema
diameter (μm)

Indoor 11.08±1.64* 0.46±0.04* 0.12±0.01 0.57±0.03 0.30±0.02* 65.84±5.22* 12.66±1.67 0.33±0.03 14.85±1.48
Outdoor 7.96±1.55 0.17±0.03 0.15±0.01* 0.66±0.03* 0.23±0.03 55.10±3.09 19.07±1.82* 0.55±0.05* 26.5±4.45*

*Significant difference (p < 0.05).
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and reproduction of protonema through the fragments
of stems and leaves and then produce new plants in the
state of tufts to strengthen its adaptability to the dry
weather.

3. The mosses grow quickly with a high degree of vi-
ability in the experiment, but it is depressant, and many
plants wilt and die after 3–4 months. If the culturing
methods can be improved and then strengthen the new
plants’ resistance to the natural environment, the ar-
tificial promotion of moss crusts may be the effective
approach to recover the disturbed crusts.
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