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Abstract

To investigate the effects of desert shrubs and their associated species on the
spatial heterogeneity of soil particle size and nutrients beneath shrub canopies,
this study examined mixed communities of Ammopiptanthus mongolicus-
Sarcozygium xanthoxylon and individual A. mongolicus plants in the West
Ordos National Nature Reserve, using surrounding unvegetated bare sand
as a control (CK). Comparative analysis was conducted on soil particle size
characteristics, nutrient accumulation patterns, and the relationships between
nutrients and particle size composition under different shrub distribution
types. The results showed that: (1) The volume percentages of soil clay,
silt, and fine sand under individual A. mongolicus increased by 0.8%, 0.8%,
and 0.71%, respectively, compared with A. mongolicus-S. xanthoxylon. With
decreasing shrub species richness, soil particle size became progressively finer,
sorting became poorer, fractal dimension decreased, soil particle distribution
gradually became asymmetric, and particle composition concentrated toward
fine materials. (2) Soil organic matter and alkali-hydrolyzable nitrogen contents
increased by 1.85 g-kg™! and 8.18 mg- kg™ !, respectively, with increasing
shrub species. Individual A. mongolicus exhibited stronger enrichment effects
on organic matter and available phosphorus, but slightly weaker accumulation
of alkali-hydrolyzable nitrogen compared with A. mongolicus-S. xanthoxylon.
(3) Soil available phosphorus content showed a significant positive correlation
with fine sand content in A. mongolicus-S. xanthoxylon (P<0.05), while soil
alkali-hydrolyzable nitrogen and available potassium showed significant positive
correlations with coarse sand in A. mongolicus (P<0.05). Both A. mongolicus-S.
xanthoxylon and A. mongolicus could effectively promote soil particle fining
and significantly improve soil nutrients, but the presence of the associated
species S. xanthoxylon reduced the enrichment effects of A. mongolicus on
organic matter and available phosphorus.
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Full Text
Abstract

This study was conducted to explore the influence of desert shrubs and their
associated species on soil particle size and nutrient spatial heterogeneity under
shrubs. The mixed community of Ammopiptanthus mongolicus and Sarcozygium
zanthozylon and a single plant of A. mongolicus in the Western Ordos National
Nature Reserve were selected as the research samples. The surrounding bare
sandy land without vegetation cover was used as control. The soil particle size
characteristics, nutrient accumulation changes, and the relationship between
nutrients and particle size composition under different shrub distribution types
were analyzed. The results were as follows: (1) Compared with the mixed com-
munity of A. mongolicus-S. xanthozxylon, the volume percentages of soil clay, silt,
and fine sand of the single A. mongolicus increased by 0.8%, 0.8%, and 0.71%,
respectively. As the types of shrubs decrease, soil particle size became smaller
in turn, sorting deteriorated, the fractal dimension became smaller, the soil par-
ticle distribution gradually became asymmetric, and the particle composition
was concentrated at fine particles. (2) The contents of soil organic matter and
alkali-hydrolyzable nitrogen increased by 1.85 g-kg™! and 8.18 mg-kg™!, respec-
tively, with the increase in shrub species. The accumulation of organic matter
and available phosphorus by a single A. mongolicus was stronger than that by
A. mongolicus-S. ranthoxylon; however, the accumulation of alkali-hydrolyzable
nitrogen was slightly poorer than that of A. mongolicus-S. zanthoxylon. (3) A.
mongolicus-S. ranthoxylon available soil phosphorus content was significantly
positively correlated with fine sand content (P<0.05), and A. mongolicus avail-
able soil nitrogen and potassium were significantly positively correlated with
coarse sand (P<0.05). A. mongolicus-S. zanthozylon can effectively promote
soil granulation and significantly improve soil nutrients. However, the presence
of the associated species S. zanthozylon reduced the enrichment of organic mat-
ter and available phosphorus by A. mongolicus.

Keywords: soil mechanical composition; nutrient enrichment; relict plant; west
Ordos region

Introduction

The Western Ordos National Nature Reserve in Inner Mongolia is located in
an ecologically fragile transition zone from desertified grassland to grassland
desert. This region has ancient geological history and complex, diverse habitats.
As desertification intensifies, the living conditions for organisms in this area con-
tinue to deteriorate, and desert shrubs have become the main vegetation type
due to their strong drought and cold resistance, playing an important role in
maintaining the stability of desert ecosystems and improving soil physicochem-
ical properties. Shrub characteristics directly affect their ability to intercept
sand materials, thereby altering soil particle size composition and nutrient ac-
cumulation. Different degradation degrees of shrubs significantly affect the soil
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physicochemical properties of nebkhas. In the Mingin Oasis, the soil physico-
chemical properties of nebkhas decline with the degradation of Tamariz.

Different types of shrubs exhibit significant differences in soil element accumu-
lation and utilization efficiency. In the Badain Jaran Desert, the contents of
soil organic matter, total carbon, and total nitrogen in Tamariz nebkhas are sig-
nificantly higher than those in Nitraria tangutorum and Caragana korshinskii
nebkhas, mainly because Tamariz has dense branches, large interception area,
and abundant litter, resulting in stronger sand material interception and nutri-
ent accumulation capabilities than the other two shrubs. The soil particle size
composition of nebkhas varies significantly under different habitats. In Yanchi,
Caragana shrubs significantly increased the medium sand content and reduced
soil clay; in Wulate, Caragana shrubs significantly increased very fine sand and
fine sand contents while reducing soil clay content. Under the same habitat,
different shrub species have different particle size compositions. In the West-
ern Ordos region, the contents of soil clay, silt, and very fine sand in Tetraena
mongolica, Ammopiptanthus mongolicus, and Sarcozygium zanthoxylon nebkhas
decrease sequentially.

Previous studies have deeply explored the influence of single shrubs on soil
microenvironments and achieved rich results, but research on the effects of
composite shrub communities on soil characteristics is relatively scarce. Am-
mopiptanthus mongolicus, as an endangered relict plant endemic to the Western
Ordos region, plays an important role in soil improvement, windbreak and sand
fixation, and maintaining ecosystem stability. Sarcozygium xanthozrylon, as one
of the associated species of A. mongolicus, often appears near A. mongolicus
communities. Based on this, this study selected A. mongolicus communities
and A. mongolicus-S. ranthoxylon mixed communities as research objects to
compare and analyze the changes in soil particle size and nutrients between sin-
gle and composite communities, aiming to reveal the effect of associated species
in composite communities on soil microenvironments and provide a theoretical
basis for protecting endangered species resources.

1.1 Study Area Overview

The study area is located in the Baiyin Engel Nature Reserve in Western Ordos,
Inner Mongolia (40°08 ~40°23 N, 107°02 ~107°19 E). The reserve is deep inland,
spanning two vegetation zones of desertified grassland and grassland desert, be-
longing to the transition zone from temperate desertified grassland to grassland
desert. The region has a mean annual temperature of 7.6°C, large diurnal tem-
perature variation, mean annual sunshine duration of 3192.5 h, abundant sun-
shine, mean annual precipitation of 156.83 mm, significant regional differences in
precipitation increasing from northwest to southeast, mean annual evaporation
of 198.37 mm, and mean annual wind speed of 4.1 m-s~! with strong winds and
abundant sand, predominantly from southwest and southeast directions. Due
to the Yanshan Movement and wind erosion from the Ulan Buh Desert, the
study area belongs to a wavy plateau landform. The soil types are mainly zonal
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gray desert soil and azonal aeolian sandy soil. The constructive species in the
reserve are mostly xerophytic shrubs, among which rare and endangered species
such as A. mongolicus, S. xanthoxylon, Tetraena mongolica, and Helianthemum
songaricum account for 17.8% of the plant species in the reserve.

1.2 Sample Plot Selection and Vegetation Survey

In mid-July 2020, a field survey was conducted in the Baiyin Engel Nature Re-
serve. Representative flat terrain sections with no obvious undulation, where A.
mongolicus communities and the associated species S. zanthozylon communities
were distributed, were selected as experimental sample plots. Three 100 m x
100 m sample plots were established. The distribution, quantity, plant height,
and crown diameter (east-west and north-south directions) of A. mongolicus
and S. zanthozxylon shrubs in each sample plot were investigated (Table 1).

[Figure 1: see original paper]
Table 1 Distribution and growth status of shrubland communities

Note: Data in the table are mean + standard deviation; different lowercase
letters in the same column indicate significant differences in shrub height and
crown diameter under different distribution conditions (P<0.05).

1.3 Sample Collection and Measurement

Based on the vegetation survey in the sample plots, three single A. mongolicus
plants with similar morphology, good growth, and no degradation symptoms,
and three A. mongolicus plants with roots connected and canopies mixed with
S. zanthozylon were selected as research objects. Using the shrub center as the
center of a concentric circle with the crown radius as the radius, the edge of
the canopy was taken as the sampling point. Soil samples were collected by
stratified sampling in four directions (east, south, west, and north) at the edge
using a soil auger. The sampling depths were 0-5 cm, 5-10 cm, 10-20 cm, and
20-30 cm. Soil samples from the four directions of each shrub at each soil layer
were mixed evenly, with three replicates for each distribution type. Bare sandy
land without vegetation cover at a distance of 10 times the crown diameter
from the shrub center was used as blank control (CK), with the same sampling
depths.

The collected soil samples were brought back to the laboratory, air-dried in
a cool and ventilated place, and sieved for soil particle size composition and
nutrient determination. Soil particle size composition was analyzed using the
laser diffraction method. Soil organic matter (SOM) was determined by the
potassium dichromate oxidation-external heating method; alkali-hydrolyzable
nitrogen (AN) by the alkali diffusion method; available phosphorus (AP) by
the sodium bicarbonate extraction-molybdenum antimony colorimetric method;
and available potassium (AK) by the ammonium acetate extraction-flame pho-
tometry method.
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1.4 Soil Particle Parameter Models

According to the USDA soil particle size classification standard, soil particle
diameter was divided into seven grades: very coarse sand, coarse sand, medium
sand, fine sand, very fine sand, silt, and clay, with standards of 1000-2000
m, 500-1000 m, 250-500 m, 100-250 m, 50-100 m, 2-50 m, and <2 m,
respectively. The ® value representing particle size parameters was converted
using the Kumdein formula: ® = -log,d, where d is the sand particle diameter
(mm).

Soil particle fractal dimension was calculated by the soil particle volume fractal
model:

3-D
Vir<R;) ( R; )
VT Rmax

where: r represents soil particle diameter (mm); R_ ¢ represents the diameter of
a certain particle size grade (mm); V(r<R__i) represents the volume percentage
of soil particles smaller than R_ i grade; V__ T represents the total volume per-
centage of particles in all grades; R_ {max} represents the maximum particle
diameter (mm); and D represents the soil fractal dimension.

1.5 Soil Nutrient Accumulation Characteristics

The Relative Interaction Intensity (RII) index was used to represent the enrich-
ment of shrub nebkha soil:

n 1
where: X n and X i represent the nutrient content around shrub roots and
in blank control at the same depth, respectively. When RII > 0, it indicates
that the shrub has an enrichment effect on the nutrient content; when RII < 0,
it indicates that the shrub has a reducing effect on the nutrient content. The
farther the RII value is from zero, the stronger the effect.

1.6 Data Processing and Analysis

Microsoft Excel 2010 was used to organize the sample plot survey results and
calculate soil average particle size, sorting coefficient, skewness, kurtosis, and
fractal dimension. SPSS 26 was used for one-way ANOVA of the average val-
ues of soil particle size composition, various parameter indexes, and available
nutrient contents, and OriginPro was used to plot the calculated data.

The average particle size (d), sorting coefficient (¢), skewness (SK), and kurtosis
(Kg) were calculated using the following formulas:
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2 Results and Analysis

2.1.1 Soil Particle Size Composition Under Different Shrub Distribu-
tion Types

As shown in Table 2, the soil particle size composition in the study area was
dominated by sand particles, with fine sand (44.25%-62.11%) having the highest
content, while clay and silt were relatively low, with total average content less
than 12.89%. Under different shrub distribution conditions, the A. mongoli-
cus-S. zanthoxylon soil had the lowest total content of clay and silt (11.28%),
while the single A. mongolicus soil had the highest total content of clay and
silt (12.77%), slightly higher than that of bare sandy land (12.77%, P<0.05).
Further analysis of sand particles revealed that the average volume percent-
age of fine sand in A. mongolicus soil was significantly higher than that in A.
mongolicus-S. xanthozylon and bare sandy land (P<0.05).

Table 2 Composition of soil particles on different shrub distribution

Note: Data in the table are mean + standard deviation; uppercase letters indi-
cate differences among different sampling points at the same depth (P<0.05);
lowercase letters indicate differences among different soil depths at the same
sampling point. The same below.

2.1.2 Soil Particle Size Parameters Under Different Shrub Distribu-
tion Types

The average particle size in the study area ranged from 2.39 to 2.96 ®. There
were significant differences in average particle size among different soil layers of
A. mongolicus-S. zanthoxylon, A. mongolicus, and bare sandy land (P<0.05),
with fluctuation ranges from small to large being: A. mongolicus-S. zanthozylon
< A. mongolicus < bare sandy land. Under different shrub distribution condi-
tions, the sorting coefficient of each soil layer ranged from 1.27 to 1.94, with
poor sorting. Except for the 5-10 cm soil layer of A. mongolicus-S. xanthozylon
being extremely negatively skewed, the skewness of A. mongolicus-S. zanthoxy-
lon was near-symmetric in other soil layers; the kurtosis range of A. mongolicus
and bare sandy land was 1.25-3.09. According to the classification standard,
A. mongolicus-S. xanthoxylon, A. mongolicus, and bare sandy land belong to
leptokurtic (1.46-1.69), very leptokurtic (1.25-2.00), and very leptokurtic (1.28-
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3.09) types, respectively. The higher the soil clay content, the larger the fractal
dimension. The fractal dimension ranged from 2.80 to 2.96, decreasing in the
order: A. mongolicus-S. ranthorylon > A. mongolicus > bare sandy land.

Table 3 Soil particle parameters on different shrub distribution

2.2 Soil Nutrient Variation Characteristics Under Different Shrub
Distribution Types

Soil nutrient contents under different shrub distributions in the study area
showed significant differences (P<0.05). The contents in each soil layer from
high to low were: A. mongolicus-S. xanthoxylon > A. mongolicus > bare sandy
land. The contents of SOM, AN, AP, and AK in the 0-30 cm soil layer of A.
mongolicus-S. zanthozylon were 5.36 g - kg™!, 16.00 mg - kg~ ', 19.39 mg - kg~ !,
and 111.21 mg - kg™ !, respectively, which were 1.85 g-kg™!, 8.18 mg-kg!, 3.51
g-kg!, and 16.00 mg - kg~! higher than those of bare sandy land, respectively.
With increasing soil depth, the contents of SOM, AN, and AP in A. mongolicus-
S. zanthoxylon and A. mongolicus soils all decreased, while AK content showed
a trend of first decreasing and then increasing; in bare sandy land, SOM and AN
contents decreased with increasing depth, while AP and AK contents showed a
trend of first decreasing and then increasing.

[Figure 2: see original paper]

Both A. mongolicus-S. zanthozylon and A. mongolicus had significant positive
effects on soil nutrient accumulation (Figure 3). With increasing soil depth,
the RII values of SOM, AN, and AP in A. mongolicus-S. xanthoxylon and
A. mongolicus soils all decreased. The enrichment effect of A. mongolicus-S.
zanthozylon on SOM and AP was lower than that of A. mongolicus, while the
accumulation effect on AN was better than that of A. mongolicus. The RII
values of SOM and AP in A. mongolicus-S. zanthoxylon and A. mongolicus
at 0-20 cm were all greater than 0, indicating positive nutrient enrichment,
while the RIT of AN in bare sandy land was less than 0, indicating no nutrient
enrichment phenomenon.

[Figure 3: see original paper]

2.3 Relationship Between Soil Particle Composition and Nutrients

As shown in Figure 4, A. mongolicus-S. zanthoxylon AP was positively cor-
related with clay, silt, and fine sand contents, and negatively correlated with
coarse sand, medium sand, and very coarse sand contents, among which AP
was significantly positively correlated with fine sand (P<0.05). A. mongolicus
AN was negatively correlated with silt content, while AK was positively cor-
related with coarse sand, with a significant correlation (P<0.05). There was
no significant correlation between A. mongolicus-S. zanthoxylon AN, AK, and
particle size composition. A. mongolicus SOM was positively correlated with
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clay and silt, and negatively correlated with sand particles, among which SOM
was significantly positively correlated with fine sand (P<0.05).

[Figure 4: see original paper]

3.1 Soil Particle Characteristics Under Different Shrub Dis-
tribution Types

Western Ordos has a temperate continental monsoon climate. The surface soil
particle size composition is closely related to wind-sand activities, and vegeta-
tion also has a great influence. With the appearance of aboveground vegetation,
surface roughness increases, thereby disturbing the surface flow field. In this
study, both shrub communities and bare sandy land soil particle size composi-
tion were dominated by sand particles, with fine sand having the highest content.
This is because wind erosion causes the loss of fine particles from soil. In the
sample plots, the fine sand content in the 0-30 cm soil layer under A. mon-
golicus was higher than that in bare sandy land because the presence of shrubs
prevented fine particles under the canopy from being eroded, and the above-
ground parts could block, decompose, and disperse near-surface wind speed
during wind-sand flow transport, reducing wind speed and sand-carrying capac-
ity, causing some particles to settle and resulting in changes in surface sediment
particle size distribution.

Different vegetation types have obvious differences in soil particle size composi-
tion due to differences in height, branch density, and morphological structure.
As vegetation grows and populations succeed, the sand-blocking ability of vege-
tation also changes. The canopy area and density of A. mongolicus-S. zanthoxy-
lon mixed shrub community are larger than those of single A. mongolicus, and
the fine sand content in the 0-5 cm soil layer of A. mongolicus-S. zanthoxylon
is higher than that in the 0-5 cm soil layer of A. mongolicus. However, the fine
sand content in the 0-5 cm soil layer of bare sandy land is greater than that
in the A. mongolicus soil layer, which contradicts the results of Li et al. The
reason may be that A. mongolicus shrubs in the study area show degradation
phenomena, resulting in weakened interception capacity for wind-sand flow, and
wind erosion migrates and loses fine soil particles under the shrubs, reducing
fine particle content.

Soil particle size characteristics are not only the reflection of wind transport and
sorting of source materials but also reflect the impact of obstacles on wind-sand
flow transport. The sorting coefficients of A. mongolicus-S. xanthoxylon, A.
mongolicus, and bare sandy land increase sequentially, with poor sorting, indi-
cating that although shrubs have weak sorting effects on sediments, the sorting
of A. mongolicus-S. zanthozylon and A. mongolicus is slightly better than that
of bare sandy land, and shrubs still play a certain protective role against wind
erosion. Skewness reflects the symmetry of soil particle size frequency curves,
indicating the distribution characteristics of coarse and fine soil particles. The
stronger the kurtosis, the more concentrated the sample particle size distribu-
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tion. In this study, the particle size distribution of A. mongolicus-S. zanthoxylon
was more symmetric than the other two, with wider and flatter kurtosis, indi-
cating asymmetric particle distribution and overall concentration in a certain
range, with weaker performance in changing soil particle size composition than
the other two. The reason may be related to this.

3.2 Soil Nutrient Content Variation Characteristics Under
Different Shrub Distribution Types

The growth, development, and succession of vegetation affect the accumulation,
distribution, and cycling of soil nutrients. In this study, the contents of SOM,
AN, AP, and AK in the 0-30 cm soil layer of A. mongolicus-S. zanthozylon
and A. mongolicus were all significantly higher than those in bare sandy land,
showing positive nutrient enrichment effects. Soil nutrients are concentrated in
fine particles. Shrub canopy intercepts fine particles in wind-sand flow and re-
distributes surface soil resources. Large amounts of fine particles deposit under
shrubs, affecting the spatial distribution and cycling of nutrients and gradually
increasing soil nutrient content under shrubs, while nutrient content in bare
sandy land without vegetation cover decreases correspondingly. In this experi-
ment, the contents of SOM, AN, AP, and AK in each soil layer of A. mongolicus-
S. zanthoxylon and A. mongolicus rhizosphere were all higher than those in bare
sandy land. Different shrub soil nutrient indicators have different enrichment
degrees, and soil nutrients are highly correlated with plant root secretions. As a
leguminous nitrogen-fixing plant, A. mongolicus root secretions can effectively
increase soil AN content. The AP content in A. mongolicus-S. zanthozylon
soil at 0-20 cm was significantly higher than that in bare sandy land, but A.
mongolicus did not show enrichment effect, which may be related to the selec-
tive absorption of soil nutrient elements by A. mongolicus and S. zanthoxylon
shrubs. Vegetation type, decomposition and utilization of litter, and other fac-
tors also cause changes in soil nutrient content. In this study, A. mongolicus
is an evergreen broadleaf shrub with far less litter than other species, while S.
zanthozylon, as the first deciduous shrub in desert areas, has much more litter
under its canopy than A. mongolicus. Therefore, there are large vertical varia-
tions in soil nutrients under A. mongolicus-S. ranthozylon and A. mongolicus
shrubs. The reason for the positive nutrient enrichment effect at 30 cm depth
is that nutrients in bare sandy land are more likely to diffuse vertically, inten-
sifying leaching and infiltration. In this study, SOM and AN contents showed
a decreasing trend with soil depth, possibly because both A. mongolicus and
S. zanthoxylon are deep-rooted desert shrubs with large nutrient consumption
in deep soil layers. In addition, the accumulation of litter on the soil surface is
decomposed by microorganisms to increase surface nutrient content, but surface
nutrients cannot enter deep soil, so soil nutrients decrease with increasing soil
depth.
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Conclusion

Through analysis of soil particle size composition and nutrient content in surface
soil (0-30 c¢m) under different shrub distribution types in the Baiyin Engel
Nature Reserve of Western Ordos, the following conclusions were obtained:

1. Fine sand particles had the highest content in the study area, with average
volume percentage greater than 44.25%, while clay and silt contents were
lower, with total content less than 12.89%. The volume percentages of clay,
silt, and fine sand in single A. mongolicus soil were all greater than those
in A. mongolicus mixed with the associated species S. zanthoxylon. The
soil particle size of A. mongolicus-S. xanthoxylon, A. mongolicus, and bare
sandy land became finer in turn, sorting deteriorated, fractal dimension
became smaller, soil particle distribution gradually became asymmetric,
and particle composition concentrated at fine particles.

2. The contents of SOM and AN increased by 1.85 g-kg™' and 8.18 mg -
kg™!, respectively, with the increase of shrub species. The enrichment
effect of single A. mongolicus on SOM and AP was higher than that of
A. mongolicus-S. zanthozylon, while the accumulation effect on AN was
slightly lower than that of A. mongolicus-S. zanthoxylon. There were
correlations between soil particle size composition and nutrient content.
A. mongolicus-S. xanthozylon AP was significantly positively correlated
with fine sand content (P<0.05), while A. mongolicus AN and AK were
significantly positively correlated with coarse sand (P<0.05).

3. A. mongolicus-S. zanthozylon and A. mongolicus significantly improved
soil fertility, but the presence of the associated species S. zanthoxylon
reduced the enrichment of organic matter and available phosphorus by A.
mongolicus.
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