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In order to explore the effects of two plants on the spatial distribution and nutrient
distribution of crusts in different directions and distances after 30 years of aerial
seeding, as well as the relationship between crust thickness and nutrient content,
this paper takes the aerial seeding afforestation area in the northeasternmargin of
Tengger Desert as the research area, and the crusts under the plants of
Hedysarum scoparium and Calligonum mongolicum as the research objects.
The distribution of crust thickness and nutrients was analyzed, and the
relationship between them was constructed. The thickness of the crust of H.
scoparium and C. mongolicumwas the largest in the southeast direction and the
smallest in the northwest direction. With increasing distance from the plant, it
shows a significant decreasing trend. The crust thickness of H. scoparium was
higher than that of C. mongolicum. The nutrient indexes in the southeast
direction of the crust of H. scoparium and C. mongolicum were significantly
higher than those in the northwest direction; With the increase of the distance
from the root of the plant, the nutrient content showed a significant decreasing
trend. The contents of organic matter and available nitrogen in the crust of C.
mongolicum were higher than those of H. scoparium, and the contents of
available potassium and available phosphorus were lower than those of H.
scoparium. The trend of nutrient enrichment rate of the crusts of the two
plants was consistent with the trend of nutrient distribution. There was a
significant positive correlation between the crust thickness and nutrients in
the four directions under C. mongolicum. There was a significant positive
correlation between the crust thickness and nutrients in the southwest
direction under H. scoparium. The changes of available nitrogen, available
phosphorus, available potassium and organic matter content in the crust
under H. scoparium can explain 52.5% of the change of its thickness. The
changes of available nitrogen, available phosphorus, available potassium and
organic matter content in the crust under C. mongolicum can explain 78.5% of
the change of its thickness. After 30 years of aerial seeding in Tengger Desert, the
thickness and nutrients of the crust in the southeast direction ofH. scoparium and
C. mongolicum were significantly higher than those in the northwest direction
and showed a decreasing trend with the increase of distance from the root of the
plant. There was a positive correlation between crust nutrient and thickness.
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1 Introduction

The Tengger Desert is located in the arid desert area. It is
drought, less rain, windy and sandy. It is one of the most serious
desertification areas in China (MC Fernandes et al., 2022). After
many years of aerial seeding afforestation, the ecological
environment has been greatly improved, and a large area of crust
is distributed in the aerial seeding area (Antoninka et al., 2020).
Crust is a complex biological soil layer formed by the combination of
mosses, algae, fungi and bacteria, non-vascular plant components
and soil (Caster et al., 2021). The development stage of crust mainly
includes four stages: microbial crust, algal crust, lichen crust and
moss crust (Gao et al., 2020; Román et al., 2021; Finger-Higgens
et al., 2022). There are great differences in the physical and chemical
properties of crusts at different stages and types, and the effects on
soil are also different (Novakovskaya et al., 2022; Reeve et al., 2023).

In recent years, studies have shown that the crust, as an
important basis for vegetation succession in ecologically fragile
areas, plays an important role in preventing soil erosion and
regulating hydrological processes (De Lima et al., 2021; Nelson
and Garcia-Pichel, 2021; Chilton et al., 2022). Its existence
significantly increases the accumulation of organic carbon in soil,
improves soil physical and chemical properties, improves soil
stability (Miralles et al., 2020; Rossi et al., 2022), and then
reduces wind erosion and water erosion in sandy soil
(Rodríguez-Caballero et al., 2018a). Research finding, the species
and distribution of shrubs will affect the growth and distribution of
crusts to a certain extent (Kidron, 2019; Soliveres and Eldridge,
2020). The construction of artificial forests is conducive to the
formation and development of crusts in shifting sandy land and
the improvement of soil properties under the crusts. With the
growth and development of the plantation, the coverage,
thickness, hardness, clay and silt, organic matter, and nutrient
content of the crust increased significantly. On the one hand, the
mechanism of artificial vegetation construction on the formation
and development of crust and the process of soil formation in the
lower layer is due to the effect of artificial vegetation on reducing
wind and dust, maintaining sand surface stability and increasing the
content of clay and silt on the surface. On the other hand, the
production and deposition of large amounts of litter, as well as the
improvement of local hydrothermal environment, increased the
organic matter and nutrient content of crusts and topsoil and
promoted the invasion of microorganisms and vascular plants
(Aranibar et al., 2022). At the same time, crusts have a strong
enrichment effect on soil nutrients and with the increase of soil
depth showed a decreasing trend (Bowker et al., 2020; Gallas and
Pavao-Zuckerman, 2022; Li et al., 2022). At present, the research on
different types of crusts and their effects on the lower soil is relatively
comprehensive (Mugnai et al., 2020), but there are few studies on the
spatial distribution characteristics of crusts in different directions
and distances from the roots of plants, the relationship between crust
thickness and nutrients is not yet clear. Therefore, this paper
proposes a hypothesis that crust nutrient changes will affect
crust thickness.

Based on this, this paper takes the crusts of Hedysarum
scoparium and Calligonum mongolicum in the aerial seeding
afforestation area in the northeastern margin of Tengger Desert
in Alxa Left Banner as the research object, analyzes its spatial

distribution characteristics, and the relationship between crust
thickness and nutrients was explored, aiming to study the
improvement effect of plants on crusts, so as to provide
theoretical basis and scientific basis for the prevention and
control of desert wind erosion in arid area.

2 Materials and methods

2.1 Study area

The research area is located in the 1992 aerial seeding
afforestation area (referred to as the 92 sowing area) on the
northeastern margin of the Tengger Desert. The administrative
division is subordinate to the Alashan Left Banner of Alashan
League, Inner Mongolia Autonomous Region (39° 11′−39° 18′N,
104° 53′−104° 57′E). It is a typical temperate continental dry climate
with a prevailing northwest wind. It is characterized by drought,
large temperature difference, large evaporation, strong sunshine and
scarce rainfall. The average annual rainfall is between 80 and
200 mm, and the average annual evaporation is between
2,900 and 3,300 mm. The soil type is mainly sandy soil, and the
natural vegetation is mainly sandy plants, They are mainly
Sarcozygium xanthoxylon, Oxytropis aciphylla, Nitraria
tangutorum, etc. The aerial vegetation is H. scoparium, C.
mongolicum, Artemisia sphaerocephala (Pombubpa et al., 2020).
A large area of crust is distributed in the study area, with a coverage
of more than 60%.

2.2 Experimental design and sample
collection

The experiment was carried out in September 2023, and the
H. scoparium and C. mongolicum with good growth and similar
plant height and crown were selected in the 92 sowing area. In the
plot with H. scoparium and C. mongolicum as the dominant
species, three 20 m × 20 m quadrats were evenly set along the
diagonal of the main wind direction (northwest-southeast) in the
study area. One plant with good growth and crust growth was
selected from each quadrat, 3 plants for each plant, a total of
6 plants. In order to reduce the interaction between shrubs and
shrubs, each plant maintains a distance of more than 10 m from
adjacent plants in different directions. There was no rainfall in
the week before sampling. As shown in the Figure 1, Taking the
selected plant root as the origin, parallel and vertical to the local
main wind direction (northwest), along the four directions of
southeast, northeast, southwest and northwest respectively, a
crust with a size of 5 cm × 5 cm was taken every 20 cm as a
sample, and stopped at 1 m from the root of the plant (0, 20, 40,
60, 80, 100 cm from the root of the plant). In each plot, a piece of
crust (5 cm × 5 cm) without plants around was selected as the
crust sample control (CK), and a total of 6 × 4 × 6 + 2 = 146 soil
samples were collected. The thickness of the crust was measured
(the average value was obtained by repeated measurement for
3 times), the soil samples were loaded into plastic bags and
brought back to the laboratory. After drying in the shade, they
were sieved and the nutrient content was determined.
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2.3 Sample processing and data analysis

The crust thickness was measured three times with a vernier
caliper to obtain the average value. Soil available potassium was
detected by flame spectrophotometry; soil available phosphorus was
detected by molybdenum antimony colorimetric method. Soil
available nitrogen was detected by alkaline hydrolysis diffusion
method. Soil organic matter was detected by potassium
dichromate method-external heating method, The detection
method mainly refers to soil agrochemical analysis.

Enrichment rate (E) is the enrichment degree of soil nutrients. In
this study, the soil nutrient enrichment rate under vegetation was
calculated by the following method: E = x/x0, where x represents the
soil nutrient content at different distances from the root of the plant,
and x0 represents the control. If E > 1, it indicates that the soil
nutrients are enriched at the sampling site, on the contrary, they are
enriched at the blank control site. The larger the E value is, the
stronger the nutrient enrichment effect is.

Excel 2022 was used for preliminary data statistics and processing.
IBM SPSS statistics 25 software was used for one-way analysis of

FIGURE 1
Sampling diagram.

TABLE 1 Distribution of crust thickness under two types of aerial seeding plants.

Direction The distance from the crust to the root of the Hedysarum scoparium (cm)

0 20 40 60 80 100

Southeast 6.62 ± 1.12Aa 5.1 ± 0.63Ab 4.21 ± 0.51Abc 5.33 ± 0.45Ab 4.73 ± 0.78Ab 3.16 ± 0.16Ac

Northeast 3.81 ± 0.48Bab 4.15 ± 0.20Ba 4.13 ± 0.29Aa 3.15 ± 0.61Bb 2.97 ± 0.78Bb 3.3 ± 0.31Aab

Southwest 4.02 ± 0.13Ba 3.65 ± 0.23BCab 2.94 ± 0.13Bc 2.93 ± 0.51Bc 3.04 ± 0.38Bbc 2.73 ± 0.50ABc

Northwest 3.36 ± 0.19Ba 3.2 ± 0.32Ca 2.92 ± 0.31Bab 3.58 ± 0.47Ba 2.92 ± 0.51Bab 2.2 ± 0.40Bb

Direction The distance from the crust to the root of the Calligonum mongolicum (cm)

0 20 40 60 80 100

Southeast 4.38 ± 0.42Aa 3.88 ± 0.18Ab 3.36 ± 0.08Ac 3.27 ± 0.14Ac 3 ± 0.26Acd 2.8 ± 0.15Ad

Northeast 3.7 ± 0.05Ba 3.13 ± 0.19Bb 3.02 ± 0.06ABb 2.7 ± 0.09Bc 2.56 ± 0.13ABc 2.27 ± 0.28Bd

Southwest 3.7 ± 0.33Ba 3.65 ± 0.08Aa 3.28 ± 0.24ABb 3.03 ± 0.08Abc 2.91 ± 0.07Acd 2.69 ± 0.10Ad

Northwest 3.27 ± 0.09Ba 2.92 ± 0.17Bab 2.86 ± 0.36Bab 2.54 ± 0.24Bbc 2.07 ± 0.52Bc 1.33 ± 0.21Cd

Note: The data in the table are mean ± standard deviation. Different capital letters indicate significant differences between different directions; different lowercase letters indicate significant

differences between different distances (P < 0.05).
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variance to analyze the differences in crust thickness, soil nutrient
content in four directions at different distances from the roots of H.
scoparium and C. mongolicum, as well as the differences in soil nutrient
enrichment rates of different plants. Origin 2019 was used for plotting.

3 Results and analysis

3.1 Spatial distribution characteristics of
crusts under two aerial seeding plants

It can be seen from Table 1 that the crust thickness of the two
plants showed significant differences in different horizontal
distances and different directions (P < 0.05). The crust
thickness of H. scoparium was about 2.2–6.62 mm, and the
crust thickness of C. mongolicum was about 1.33–4.38 mm. By
comparing the crust thickness in different directions and different
distances under the plants, it was found that the crust thickness at

0 cm of the roots of the two plants in the southeast direction was
significantly higher than other distances in the southeast direction,
and with the increase of distance, it showed a significant decrease
trend. The crust thickness at 100 cm from the root of C.
mongolicum in the northwest direction was significantly lower
than other distances in the northwest direction. The crust
thickness at 0, 20, 60 and 80 cm from the root of the H.
scoparium in the southeast direction was significantly higher
than that in the other three directions at the same distance. The
crust thickness at 0 cm from the root of C. mongolicum in the
southeast direction was significantly higher than that in the other
three directions at the same distance, but the crust thickness at any
distance under the two plants in the southeast direction was
significantly higher than that in the northwest direction. On the
whole, in the same direction and the same distance, the crust
thickness of H. scoparium was higher than that of C. mongolicum.

In terms of direction, the crust thickness ofH. scoparium and C.
mongolicum in the southeast direction is the largest, and the crust

FIGURE 2
Nutrient distribution law of crust under Hedysarum scoparium. Note: Different capital letters indicate significant differences between different
directions; different lowercase letters indicate significant differences between different distances (P < 0.05).
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thickness in the northwest direction is the smallest; from the point of
view of distance, the crust thickness at 0 cm from the root of the
plant is the thickest, and the crust thickness at 100 cm is the smallest.
In general, the crust thickness at 0 cm in the southeast direction is
the largest, and the crust thickness at 100 cm in the northwest
direction is the smallest.

3.2 Nutrient distribution characteristics of
crust under two kinds of aerial
seeding plants

The nutrient distribution characteristics of the crusts of the H.
scoparium were shown in Figure 2, and the nutrients showed
significant differences in different horizontal distances and
different directions (P < 0.05). The organic matter content of the
crust under the H. scoparium is about 4.06–14.15 g·kg−1. According
to the different horizontal distances from the root in the same
direction, the organic matter content of the crust at 0 cm from the
root of the H. scoparium in the southeast and southwest directions
was significantly higher than that in the other distances in the two
directions, and with the increase of the distance, the organic matter
content of the crust in the four directions showed a decreasing trend.
In the same horizontal distance from the roots in different
directions, the organic matter content of crusts under the H.
scoparium at any distance under the southeastern direction was
significantly higher than that in the northwest direction. The content
of available nitrogen in the crust under H. scoparium was about
0.70–21.12 mg·kg−1. At different horizontal distances from the root
in the same direction, the available nitrogen content of crust at 0 cm
in four directions was significantly higher than that at 100 cm. With
the increase of distance, the content of available nitrogen in the four
directions decreased as a whole. At the same horizontal distance
from the root in different directions, the content of available
nitrogen in the crust at 100 cm from the root of H. scoparium in
the southeastern direction was significantly higher than that in the
other three directions, but the content of available nitrogen in the
crust under theH. scoparium at any distance under the southeastern
direction was significantly higher than that in the
northwest direction.

The content of available potassium in the crust under the H.
scoparium was about 52.67–205 mg·kg−1. From the perspective of
different horizontal distances from the roots in the same direction,
the content of available potassium in the crust at 0 cm in the roots of
H. scoparium in the southeast and northeast directions was
significantly higher than other distances in these two directions,
and the content of available potassium in the crust at 0 cm in the four
directions was significantly higher than that at 100 cm. With the
increase of distance, the content of available potassium in the four
directions decreased as a whole. In terms of the same horizontal
distance from the roots in different directions, the available
potassium content of the crusts at 0 cm and 20 cm from the
roots of the southeastern direction was significantly higher than
that of the crusts at the same distance from the other three
directions. The content of available phosphorus in the crust
under H. scoparium was about 2.59–19.41 mg·kg−1. At different
horizontal distances from the root in the same direction, the
available phosphorus content of crust at 0 cm in four directions

was significantly higher than that at 80 cm and 100 cm. With the
increase in distance, the available phosphorus content of crusts in
four directions showed a decreasing trend as a whole. In the same
horizontal distance from the roots in different directions, the
available phosphorus content of the crusts at 80 cm and 100 cm
from the roots in the southeastern direction was significantly higher
than that of the crusts at the same distance in the
northwest direction.

The distribution characteristics of nutrients in the crust of C.
mongolicum were shown in Figure 3. There were significant
differences in nutrients at different horizontal distances and different
directions (P < 0.05). The content of organic matter in the crust of C.
mongolicum was about 7.73–15.33 g·kg−1. According to the different
horizontal distances from the root in the same direction, the organic
matter content of the crust at 0 cm from the root of C. mongolicum in
the four directions was significantly higher than that at 40, 60, 80 and
100 cm in the corresponding direction. With the increase of distance,
the organic matter content of the crust in the four directions showed a
decreasing trend. In the same horizontal distance from the roots in
different directions, the organic matter content of crusts at 20, 40, 60,
80 and 100 cm from the roots of C. mongolicum in the southeast,
northeast and southwest directions was significantly higher than that in
the northwest direction at the same distance. The content of available
nitrogen in the crust of C. mongolicum was about 1.52–38.03 mg·kg−1.
At different horizontal distances from the root in the same direction, the
available nitrogen content of 0 cm and 20 cm in the four directions was
significantly higher than that of 80 cm and 100 cm.With the increase of
distance, the available nitrogen content of crust in four directions
showed a decreasing trend as a whole. At the same horizontal
distance from the root in different directions, the available nitrogen
content of crusts at 0, 40 and 60 cm from the root of C. mongolicum in
the southeast direction was significantly higher than that in the other
three directions at the same distance, and the available nitrogen content
of crusts at any distance in the southeast direction was significantly
higher than that in the northwest direction.

The content of available potassium in the crust of C. mongolicum
was about 53–188.33mg·kg−1. At different horizontal distances from the
root in the same direction, the content of available potassium in the
crust at 0 cm in the four directions was significantly higher than that at
100 cm. With the increase of distance, the content of available
potassium in the four directions decreased as a whole. According to
the same horizontal distance from the root in different directions, the
content of available potassium in the crust at 0, 20 and 100 cm from the
root of C. mongolicum in the southeast direction was significantly
higher than that in the other three directions at the same distance from
the root of C. mongolicum. The content of available phosphorus in the
crust ofC. mongolicumwas about 3.68–14.88mg·kg−1. According to the
different horizontal distances from the root in the same direction, the
content of available phosphorus in the crust at 0 cm from the root of C.
mongolicum in the northeast directionwas significantly higher than that
in the other distances in this direction, and the content of available
phosphorus in the crust at 0 cm in the four directions was significantly
higher than that at 100 cm.With the increase of distance, the content of
available phosphorus in the four directions decreased as a whole. In
terms of the same horizontal distance from the roots in different
directions, the available phosphorus content in the crust at 100 cm
from the roots of C. mongolicum in the southeast direction was
significantly higher than that in the northwest direction at 100 cm.
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3.3 Characteristics of nutrient enrichment
rate of crusts under two kinds of aerial
seeding plants

The nutrient enrichment degree and difference of H. scoparium
crusts in different spaces are shown in Figure 4. The nutrient
enrichment rate of H. scoparium crusts showed significant
differences in different horizontal distances and different
directions (P < 0.05). In terms of different horizontal distances
from the root in the same direction, the enrichment rate of crust
organic matter at 0 cm from the root of H. scoparium in the
southeast and southwest directions was significantly higher than
that in the other distances in the two directions. The enrichment rate
of crust organic matter and available nitrogen at 0 cm in the four
directions were significantly higher than those at 100 cm. The
enrichment rate of available potassium in the crust at 0 cm in
the roots of H. scoparium in the southeast and northeast directions
was significantly higher than that in other distances in these two

directions, and the enrichment rate of available potassium in the
crust at 0 cm in the four directions was significantly higher than that
at 100 cm. In the four directions, there was no significant difference
in the enrichment rate of available phosphorus in 0 cm and 20 cm
from the root of H. scoparium, but the enrichment rate of available
phosphorus in 0 cm was significantly higher than that in 80 cm and
100 cm. In general, with the increase of distance, the nutrient
enrichment rate of the four directions decreased.

From the perspective of the same horizontal distance from the
roots in different directions, the organic matter enrichment rate and
available nitrogen enrichment rate of crusts at any distance under
the southeastern direction were significantly higher than those in the
northwest direction, and the available nitrogen enrichment rate of
crusts at 100 cm from the roots of the southeastern direction was
significantly higher than that at 100 cm in the other three directions.
The enrichment rates of organic matter and available nitrogen in the
southeastern direction were generally southeast > southwest >
northeast > northwest; The enrichment rate of available

FIGURE 3
Nutrient distribution law of crust under Calligonum mongolicum. Note: Different capital letters indicate significant differences between different
directions; different lowercase letters indicate significant differences between different distances (P < 0.05).
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potassium in the crust at 0 cm and 20 cm from the root of H.
scoparium in the southeast direction was significantly higher than
that in the other three directions at the same distance. The
enrichment rate of available potassium in H. scoparium was
southeast > northeast > southwest > northwest; the enrichment
rate of available phosphorus in the crust at 80 cm and 100 cm from
the root of H. scoparium in the southeast direction was significantly
higher than that in the crust at the same distance in the northwest
direction. The enrichment rate of available phosphorus in H.
scoparium was southeast > northeast, southwest > northwest, and
there was no significant difference in the enrichment rate of available
phosphorus between northeast and southwest.

The degree and difference of nutrient enrichment of C.
mongolicum in different spaces. As shown in Figure 5, the
nutrient enrichment rate of C. mongolicum in different horizontal
distances and directions showed significant differences (P < 0.05).
According to the different horizontal distances from the root in the
same direction, the organic matter enrichment rate of crusts at 0 cm

from the root of C. mongolicum in the four directions was
significantly higher than that of crusts at 40, 60, 80 and 100 cm
in the corresponding directions. The available nitrogen enrichment
rates of crusts at 0 cm and 20 cm in four directions were significantly
higher than those at 80 cm and 100 cm. The enrichment rate of
available potassium and available phosphorus in 0 cm from the root
of C. mongolicum in four directions were significantly higher than
those in 100 cm, and the enrichment rate of available phosphorus in
0 cm from the root of C. mongolicum in the northeast direction was
significantly higher than that in other distances in this direction.
Overall, with the increase of distance, the nutrient enrichment rate
of C. mongolicum crusts in four directions showed a
decreasing trend.

At the same horizontal distance from the root in different
directions, the enrichment rate of organic matter in the
southeast, northeast and southwest directions was
significantly higher than that in the northwest direction. The
organic matter enrichment rate of C. mongolicum was

FIGURE 4
Nutrient enrichment rate of crust under Hedysarum scoparium. Note: Different capital letters indicate significant differences between different
directions; different lowercase letters indicate significant differences between different distances (P < 0.05).
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southeast > southwest > northeast > northwest; The enrichment
rate of available nitrogen in 0, 40 and 60 cm from the root of C.
mongolicum in the southeast direction was significantly higher
than that in the other three directions, and the enrichment rate
of available nitrogen in any distance in the southeast direction
was significantly higher than that in the northwest direction. The
enrichment rate of available nitrogen in C. mongolicum was
southeast > northwest; The enrichment rate of available
potassium in the crust at 0, 20 and 100 cm from the root of
C. mongolicum in the southeast direction was significantly
higher than that in the crust at the same distance in the other
three directions. The enrichment rate of available potassium in
C. mongolicum was southeast > southwest, northeast >
northwest. The enrichment rate of available phosphorus in
the crust at 100 cm from the root of C. mongolicum in the
southeast direction was significantly higher than that in the
northwest direction at 100 cm. The enrichment rate of available
phosphorus in C. mongolicum was southeast > southwest >
northeast > northwest.

3.4 Correlation between spatial distribution
characteristics of crust and nutrient
distribution characteristics of two aerial
seeding plants

The correlation between the thickness of the crust and the
nutrients of the H. scoparium is shown in Figure 6. The
thickness of the crust of the H. scoparium in the southeast
direction is not related to the nutrients. The organic matter and
available nitrogen, available phosphorus and available potassium are
significantly positively correlated (P < 0.01). There was a significant
positive correlation between available nitrogen and available
potassium (P < 0.05), and a significant positive correlation with
available phosphorus (P < 0.01). There was a significant positive
correlation between available potassium and available phosphorus
(P < 0.05). There was no correlation between the crust thickness and
nutrients in the northeast direction. There was a significant positive
correlation between organic matter and available nitrogen and
available phosphorus (P < 0.05), and a highly significant positive

FIGURE 5
Nutrient enrichment rate of crust under Calligonum mongolicum. Note: Different capital letters indicate significant differences between different
directions; different lowercase letters indicate significant differences between different distances (P < 0.05).
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correlation with available potassium (P < 0.01). There was a
significant positive correlation between available nitrogen and
available potassium (P < 0.05), and a highly significant positive
correlation with available phosphorus (P < 0.01). There was a
significant positive correlation between available potassium and
available phosphorus (P < 0.05). The crust thickness of H.
scoparium in the southwest direction was significantly positively
correlated with available nitrogen and available potassium (P <
0.01), and significantly positively correlated with available
phosphorus (P < 0.05). The crust thickness of H. scoparium in
the northwest direction was not related to nutrients, and organic
matter was significantly positively correlated with available
phosphorus and available potassium (P < 0.01), and significantly
positively correlated with available nitrogen (P < 0.05). There was a
significant positive correlation between available nitrogen and
available potassium (P < 0.05), a highly significant positive
correlation with available phosphorus (P < 0.01), and a highly
significant positive correlation between available potassium and
available phosphorus (P < 0.01).

The correlation between the crust thickness and nutrients of C.
mongolicum. As shown in Figure 7, the crust thickness of C.
mongolicum in the southeast direction was significantly positively
correlated with organic matter, available nitrogen, available
phosphorus and available potassium (P < 0.01). There was a
significant positive correlation between organic matter and
available nitrogen (P < 0.01), and a significant positive
correlation with available phosphorus and available potassium
(P < 0.05). There was a significant positive correlation between
available nitrogen and available potassium (P < 0.05), and there was
no correlation with available phosphorus. There was a significant
positive correlation between available potassium and available
phosphorus (P < 0.01). The crust thickness of C. mongolicum in
the northeast direction was significantly positively correlated with
organic matter, available nitrogen, available phosphorus and
available potassium (P < 0.01). The crust thickness of C.
mongolicum in the southwest direction was significantly
positively correlated with organic matter, available nitrogen and
available potassium (P < 0.01), and significantly positively correlated

FIGURE 6
Correlation analysis between the spatial distribution characteristics and nutrient distribution characteristics of crusts under Hedysarum scoparium.
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with available phosphorus (P < 0.05). The crust thickness of C.
mongolicum in the northwest direction was significantly positively
correlated with organic matter, available nitrogen, available
phosphorus and available potassium (P < 0.05). Organic matter
was significantly positively correlated with available nitrogen and
available potassium (P < 0.01), and significantly positively correlated
with available phosphorus (P < 0.05). Available nitrogen was
significantly positively correlated with available potassium and
available phosphorus (P ≤ 0.01).

The correlation analysis between crust thickness and nutrients
ofH. scoparium and C. mongolicum plants is shown in the Table 2. It
can be seen from the table that the crust thickness of H. scoparium
and C. mongolicum plants was significantly correlated with AN, AP,
AK and SOM (P < 0.05). At the same time, VIF <5 between AN, AP,
AK and SOM, there is no collinearity problem. Model selected
available nitrogen (x1), available phosphorus (x2), available
potassium (x3), organic matter (x4) four indicators. Taking the
above x1 ~ x4 as the independent variable and the crust thickness (y)

as the dependent variable, the results are shown in the Table 3. The
relationship equation between crust nutrient and crust thickness of
H. scoparium was y = 0.048x1-0.016x2 + 0.008x3 + 0.125x4 + 1.586,
R2 = 0.525. The significance of the equation is: when the other three
values of the four variables are fixed at a certain level within the test
range, the crust thickness (y) increases by 0.048 for every one
increase in available nitrogen (x1); for every one increase in
available phosphorus (x2), the crust thickness (y) decreased by
0.016. For every one increase in available potassium (x3), the
crust thickness (y) increased by 0.008; for every one increase in
organic matter (x4), the crust thickness (y) increases by 0.125. It
means that available nitrogen, available phosphorus, available
potassium, and organic matter can explain 52.5% of the change
in thickness. The relationship equation between crust nutrient and
crust thickness of C. mongolicum was established: y = −0.001x1 +
0.001x2 + 0.006x3 + 0.202x4 + 1.586, R2 = 0.785. The significance of
the equation is that when the other three values of the four variables
are fixed at a certain level within the test range, the crust thickness

FIGURE 7
Correlation analysis between the spatial distribution characteristics and nutrient distribution characteristics of crusts under Calligonum
mongolicum.
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(y) decreases by 0.001 for every one increase in available nitrogen
(x1). For every one increase in available phosphorus (x2), the crust
thickness (y) increased by 0.001; for every one increase in available
potassium (x3), the crust thickness (y) increased by 0.006; for every
one increase in organic matter (x4), the crust thickness (y) increases
by 0.202. It means that available nitrogen, available phosphorus,
available potassium and organic matter can explain 78.5% of the
change in thickness.

4 Discussions

4.1 Effects of two aerial seeding plants on
the spatial distribution of their lower crusts

Crusts have a great effect on soil and water conservation,
windbreak and sand fixation in desert areas. On mobile dunes, it
is difficult to form crusts due to poor stability of topsoil and wind

erosion without plant shelter (Rodríguez-Caballero et al., 2018b;
Pombubpa et al., 2020; Weber et al., 2022), but due to external force
intervention, the wind and sand activities are weakened, the topsoil
tends to be stable, there are plant shelters and provide nutrition, and
crusts will gradually form. After the aerial seeding of plants, with the
increase of sand fixation years, the plant lower crust gradually
developed from physical crust to lichen crust and then to moss
crust and algae crust on the time scale. Under the influence of
topography, environment and plant itself, the spatial distribution of
plant lower crusts shows a certain regularity. The crust thickness of
H. scoparium and C. mongolicum in the southeast direction was
significantly higher than that in the other three directions, and the
crust thickness in the northwest direction was significantly lower
than that in the southeast direction, which was consistent with the
previous research results (Kidron et al., 2022). This is due to the
prevailing northwest wind in the study area. Under the wind
erosion, the fine sand and litter at the windward slope are taken
away, and the leeward slope is retained due to the occlusion of plant
leaves and branches. Coupled with the accumulation of fine sand
and litter around, it promotes the development of crusts and the
accumulation of crust nutrients, and also increases the thickness of
crusts. The crust on the windward slope develops slowly due to wind
erosion and insufficient nutrients, and the crust thickness also
decreases. The crusts in the northeast and southwest directions
are also affected by the wind, but the degree of influence is less than
that of the windward slope, so the crust thickness is between the
windward slope and the leeward slope. The crust thickness at 0 cm
from the root ofH. scoparium and C. mongolicum is the largest in the
study area, and the crust thickness decreases with the distance from
the root of the plant. The crust thickness at 0 cm is significantly
higher than that at 100 cm. The study on the distribution of crust
thickness at different distances under the canopy of Artemisia

TABLE 2 Correlation analysis of crust thickness and nutrient under two
kinds of aerial seeding plants.

Nutrient Thickness

Hedysarum
scoparium

Calligonum
mongolicum

AN 0.625** 0.704**

AP 0.581** 0.736**

AK 0.642** 0.720**

SOM 0.651** 0.852**

*p < 0.05, **p < 0.01.

TABLE 3 Linear regression equation model of crust thickness and nutrients under two kinds of aerial seeding plants.

Plant Non-standardized
coefficient

Standardized coefficient T P Collinearity
diagnostics

B Standard error Beta VIF Tolerability

Hedysarum scoparium Constant 1.586 0.295 5.373 0.000**

AN (x1) 0.048 0.024 0.275 1.97 0.053 2.759 0.362

AP (x2) −0.016 0.032 −0.082 −0.522 0.603 3.516 0.284

AK (x3) 0.008 0.003 0.292 2.3 0.025* 2.277 0.439

SOM(x4) 0.125 0.053 0.328 2.367 0.021* 2.7 0.37

R2 0.525

Calligonum mongolicum Constant −0.005 0.276 −0.018 0.985

AN (x1) −0.001 0.006 −0.017 −0.174 0.862 3.02 0.331

AP (x2) 0.001 0.021 0.003 0.025 0.98 3.475 0.288

AK (x3) 0.006 0.002 0.315 3.229 0.002** 2.953 0.339

SOM(x4) 0.202 0.029 0.667 6.916 0.000** 2.89 0.346

R2 0.785

Dependent variable: thickness *p < 0.05 **p < 0.01.

Note: B is the abbreviation of Betain, representing the regression coefficient; T is the significance test of regression coefficient; P is a significant level of 0.05.
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ordosica in Mu Us Sandy Land (Reed et al., 2019) found that the
crust thickness at 20 cm from the root of the plant is the highest,
which is inconsistent with the results of this study. It may be the
reason why the root architecture of different plants is different. The
effect of roots on the surface soil near the roots during the growth of
H. scoparium and C. mongolicum was greater than that of A.
ordosica, so the effect on nutrient accumulation was stronger. It
may also be due to the different soil textures of the two places, so that
the crust thickness at 0 cm from the root of the plant is the largest in
the study area. The thickness of the crust under the H. scoparium is
higher than that of the C. mongolicum. This may be because the
plant morphology of H. scoparium is larger than that of C.
mongolicum, and the branches and leaves of H. scoparium are
more lush than those of C. mongolicum. Therefore, the
interception effect on fine sand is stronger, and the ability to
resist wind erosion is stronger, which is more conducive to the
development of crust.

4.2 Effects of two kinds of aerial seeding
plants on nutrient distribution and
enrichment rate of their lower crusts

The spatial distribution characteristics of soil nutrients can
reflect the relationship between soil nutrients and environmental
factors. In the vegetation-soil system, the distribution of vegetation
is closely related to the spatial distribution of soil nutrients. In this
study, the nutrient distribution of crusts under H. scoparium and C.
mongolicum showed a certain regularity. The nutrient indexes of
crusts in the southeast direction were significantly higher than those
in the northwest direction, which was consistent with the results of
previous studies (Kidron et al., 2022). This is due to the change of
plant morphology caused by the wind direction. Due to the
prevailing northwest wind all year round, under the action of
long-term external force, the branches of plants in the aerial
seeding area extend and grow in the southeast direction, which
also makes the litter in the southeast direction far more than that in
the northwest direction. The accumulation of litter increases the
nutrients of its lower crust, and the clay and silt intercepted by plants
are distributed in a diffuse manner along the southeast direction,
and finally presents the nutrient distribution characteristics of
southeast > northwest. The crust nutrients at different distances
in the same direction under the plant also have certain rules. The
closer the crust is to the root of the plant, the higher the nutrient
content is. This is due to the attenuation of the wind by the branches
of the plant, which makes the litter, clay and silt accumulate in the
root and increases the nutrient content of the root. The content of
organic matter and available nitrogen in the crust of C. mongolicum
was higher than that of H. scoparium, and the content of available
potassium and available phosphorus was lower than that of H.
scoparium. It may be due to the accumulation effect of C.
mongolicum on organic matter and available nitrogen is more
significant, and the accumulation effect of H. scoparium on
available potassium and available phosphorus is more significant.
There was no significant difference in the content of available
phosphorus in the four directions of crust under the H.
scoparium and C. mongolicum, which was consistent with the
results of previous studies (Sun et al., 2021). This may be because

phosphorus is a sedimentary mineral with low mobility and is less
affected by wind direction and plant morphology. The
comprehensive analysis shows that the change of nutrients is
determined by many factors such as species, spatial location, and
the nature of the index itself. There are obvious differences in
different nutrient contents of different plant species and spatial
locations, indicating that different plants have different adaptability
to the soil environment.

Plants have an enrichment effect on soil nutrients. The crust
enrichment rate in this study has certain regularity, which is related
to different directions and different positions from the root of the
plant. The crust enrichment rate of the two plants shows the same
trend, that is, the southeast direction is significantly higher than the
northwest direction. From the root of the plant to the outside, the
crust nutrient enrichment rate shows a decreasing trend. This is
consistent with the spatial distribution of nutrients, which once
again proves that the accumulation of nutrients in the crust under
the plant is closely related to the wind direction, plant morphology,
and the accumulation of litter, silt and clay. Crust nutrient
enrichment has a good improvement effect on local soil, which
can increase soil water content and prevent soil erosion and soil
desertification (Sun et al., 2021).

4.3 The relationship between crust spatial
distribution and nutrient distribution under
two kinds of aerial seeding plants

In the process of crust evolution, the physical and chemical
properties of crusts are interdependent with crust types, plant
physiological characteristics, soil microorganisms and other
factors. The differences in bacterial community structure and
plant physiological characteristics may promote the improvement
of the physical and chemical properties of crusts, and their
correlations are different (Bowker et al., 2018; Muñoz-Martín
et al., 2019). In this study, it was found that there was a
correlation between the spatial distribution of crusts and nutrient
distribution under the two aerial seeding plants in the study area.
The crusts distributed in the four directions under C. mongolicum
were significantly correlated with nutrients. Among them, there was
a highly significant positive correlation in the northeast direction
and a significant positive correlation in the northwest direction. The
previous study also showed that the change trend of crust thickness
of C. mongolicum was consistent with the change trend of nutrients,
It can be seen that the crust thickness of C. mongolicum was closely
related to nutrient accumulation in this study. Under the H.
scoparium, only the crust thickness in the southwest direction
was significantly positively correlated with nutrients. This may be
due to the differences in crust development under different
vegetation types and the changes in crust nutrients caused by the
restoration of herbaceous plants under shrubs. The development of
crusts under vegetation is affected by factors such as
microtopography and plant physiological characteristics. The
better the degree of crust development, the higher the richness of
herbaceous plants under it, and at the same time, it reacts on the
nutrient distribution of crusts under vegetation (Ladrón de Guevara
andMaestre, 2022). This may be one of the reasons for the difference
in crust thickness and nutrient relationship between C. mongolicum
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and H. scoparium in Alxa area. There was a significant positive
correlation between the nutrient indexes of the crusts of the two
plants. This may be because the fine roots and litters on the surface
were decomposed with microbial activities to form a large amount of
humus, which was converted into nitrate nitrogen and entered the
soil. Humus also increased soil organic matter content. Under the
shading effect of the canopy, the surface soil moisture is more
conducive to the humification process of the litter layer, resulting in
a higher content of available phosphorus accumulation. Available
potassium is easily affected by factors such as climate, vegetation and
humus (Chamizo et al., 2021; Schultz et al., 2022). Under canopy
cover, the soil is less affected by rainwater leaching, and the litter is
decomposed by microorganisms, so that the accumulation of
available potassium and nutrient content can be maintained
(Havrilla et al., 2019; Zhang et al., 2023).

5 Conclusion

(1) The crust thickness of the two plants showed significant
differences in different horizontal distances and different
directions (P < 0.05). The crust thickness in the southeast
direction was significantly higher than that in the
northwest direction, and decreased with the increase of
distance from plant roots. In general, the crust thickness at
0 cm in the southeast direction is the largest (H. scoparium
is 6.62 mm, C. mongolicum is 4.38 mm), and the crust
thickness at 100 cm in the northwest direction is the
smallest (H. scoparium is 2.2 mm, C. mongolicum is
1.33 mm). The crust thickness of H. scoparium was
higher than that of C. mongolicum.

(2) The crust nutrients of the two plants showed significant
differences in different horizontal distances and different
directions (P < 0.05). The nutrient content of crust in the
southeast direction was significantly higher than that in the
northwest direction, and decreased with the increase of
distance from plant roots. The contents of organic matter
and available nitrogen in the crust of C. mongolicum were
higher than those of H. scoparium, and the contents of
available potassium and available phosphorus were lower
than those of H. scoparium. The trend of nutrient
enrichment rate of crusts of the two plants was consistent
with the trend of nutrient distribution.

(3) There was a correlation between the spatial distribution and
nutrient distribution of the crust of the two plants. The crust
thickness in the four directions under C. mongolicum was
significantly positively correlated with nutrients, and the crust
thickness in the southwest direction under H. scoparium was
significantly positively correlated with nutrients. The changes
of nutrient content in the crust under H. scoparium can
explain 52.5% of the change of its thickness. The changes

of nutrient content in the crust under C. mongolicum can
explain 78.5% of the change of its thickness.

The spatial and nutrient distribution of biological crusts in the
study area were affected by wind direction and plant species. Aerial
seeding plants have a positive effect on the development of crusts in
the study area, so aerial seeding afforestation is of great significance
to local vegetation restoration and soil improvement.
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