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Abstract

To clarify the effects of vegetation restoration on soil nutrient accumulation in
the 1992 aerial seeding afforestation area at the northeastern edge of the Teng-
ger Desert. This study takes the Calligonum community and mixed community
(Hedysarum + Calligonum) formed in the aerial seeding area as research ob-
jects to analyze the variation patterns and accumulation effects of soil nutrients.
The results show: (1) Vegetation restoration significantly increased soil nutrient
content in the aerial seeding area, with soil organic matter (SOM), total nitro-
gen (TN), total phosphorus (TP), and total potassium (TK) in the Calligonum
community and mixed community increasing by 60%-105%, 123%-161%, 129%-
149%, and 145%-261%, respectively, with the increase in the Calligonum com-
munity being significantly higher than that in the mixed community and bare
sand control plot (CK) (P < 0.05). Nutrient vertical distribution showed a sur-
face aggregation effect, with content in the 0-10 cm soil layer being significantly
higher than that in the 150-200 c¢m layer. (2) Both communities showed positive
effects on nutrient accumulation in the 0-200 cm soil layer, with the effects de-
creasing with increasing depth (P < 0.05); the mean positive effect value of the
Calligonum community (0.39) was significantly higher than that of the mixed
community (0.29). (3) The soil nutrient recovery indices of the Calligonum
community and mixed community were 62.19% and 51.63%, respectively. The
study indicates that 30 years after aerial seeding afforestation at the northeast-
ern edge of the Tengger Desert, soil nutrients have been significantly improved,
with the Calligonum community showing slightly better promotion of nutrient
accumulation than the mixed community, which can provide a theoretical basis
for artificial sand-fixing vegetation restoration and stable maintenance in arid
regions.
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Aerial seeding afforestation is a crucial measure for establishing artificial sand-
fixing vegetation systems in arid sandy regions. Vegetation restoration improves
soil environments by promoting microbial activity through litter input and root
secretions [1-3], while improved soil conditions provide positive feedback for
plant growth [4]. Soil nutrients reflect soil characteristics and dynamic changes,
serving as important indicators for assessing soil status and ecological functions
[5-6]. They play a dominant role in organic matter decomposition and trans-
formation, influencing ecosystem material cycling and energy flow [7], and are
affected by climate, soil texture, and vegetation type [8]. Therefore, accurately
understanding soil nutrient dynamics in arid desert regions facilitates more ef-
fective ecological restoration and management.

In arid desert areas, increasing aerial seeding vegetation age leads to more lit-
ter and root secretions, which promote microbial proliferation and significantly
elevate nitrogen, phosphorus, potassium, and organic matter content in aeolian
sandy soils, particularly enriching the surface layer [9-10]. Jiang et al. [11] re-
ported that Caragana microphylla restoration notably improved soil nutrients
in Horqin sandy lands. Chen et al. [12] found that surface total nitrogen content
was higher than deeper layers in artificial sand-fixing vegetation of the Mu Us
Sandy Land, while total potassium showed no significant difference. Zhao et
al. [13] observed that soil organic matter increased by 31.4% after vegetation
restoration in aerial seeding sand-fixing forests in Wushen Banner, with signifi-
cant increases in total nitrogen and phosphorus that gradually decreased from
the surface downward. Liu et al. [14] demonstrated that vegetation restora-
tion effectively improved soil structure and increased organic matter and total
nitrogen in the Kubugi Desert. Shi et al. [15] showed that psammophytic veg-
etation restoration promoted soil organic matter and nitrogen accumulation in
the Tengger Desert margin. These findings indicate that soil nutrients improve
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to varying degrees with artificial vegetation restoration across different arid re-
gions, though differences exist in nutrient accumulation among various aerial
seeding plantations.

Since the 1990s, aerial seeding afforestation in the northeastern margin of the
Tengger Desert has significantly increased vegetation coverage, forming sand-
fixing communities dominated by Calligonum mongolicum, Hedysarum scopar-
ium, and Artemisia desertorum [16-17]. However, the effects of long-term vege-
tation restoration on deep soil nutrients remain unclear. This study systemat-
ically analyzed 30-year soil nutrient dynamics in aerial seeding areas using C.
mongolicum and mixed (H. scoparium + C. mongolicum) communities to reveal
long-term nutrient accumulation effects and provide scientific guidance for soil
conservation in arid regions.

1.1 Study Area Overview

The study area is located in an aerial seeding shrubland forest formed since 1992
in the northeastern margin of the Tengger Desert [Figure 1: see original paper],
within Alxa Left Banner in western Inner Mongolia (39°11 -39°18 N, 104°53 -
104°57 E). This typical mid-temperate arid desert region features a temperate
continental climate with mean annual precipitation of 123.33 mm, concentrated
in July-September (accounting for ~70% of annual rainfall). The soil is pri-
marily non-zonal aeolian sandy soil. Dominant plants include H. scoparium,
C. mongolicum, and A. desertorum, with additional native species such as Zy-
gophyllum xanthoxylum, Agriophyllum squarrosum, Psammochloa villosa, and
Ozytropis aciphylla.

1.2.1 Plot Establishment

Three plant community types were selected: C. mongolicum community, mixed
community (H. scoparium + C. mongolicum), and bare sand control (CK), with
three replicate plots each. Fieldwork was conducted in July 2022. Similar typi-
cal dunes were selected in each plot type, and three subplots were established at
three slope positions (base, middle, and top of windward and leeward slopes) as
basic units for soil nutrient studies. In each plot, 20 m x 20 m shrub quadrats
were set up at different slope positions, with 1 m x 1 m herb quadrats estab-
lished using five-point sampling within each shrub quadrat for plant community
surveys .

1.2.2 Soil Sample Collection and Analysis

Standard plants were selected as soil sampling points in the three observation
plots: three C. mongolicum plants in the C. mongolicum plot, three each of H.
scoparium and C. mongolicum in the mixed community plot, and unvegetated
areas in the bare sand plot. Soil profiles 200 cm deep were excavated at three
slope positions below each standard plant and in inter-plant spaces, totaling 27
profiles. Each profile was sampled at seven depths: 0-10 cm, 10-20 cm, 20-
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30 cm, 30-60 cm, 60-100 c¢m, 100-150 cm, and 150-200 cm. Soils from the C.
mongolicum and bare sand plots were mixed uniformly by slope position and
depth. Mixed community soils were first mixed separately for each species by
slope position and depth, then combined uniformly by depth. Samples were
air-dried, impurities removed, and reduced using the quartering method. Soil
organic matter (SOM), total nitrogen (TN), total phosphorus (TP), and total
potassium (TK) were measured following standard methods in Soil Agrochemical
Analysis [18].

1.2.3 Data Analysis

(1) Soil nutrient accumulation calculation

Relative Interaction Intensity (RII) was used to quantify community effects on
soil nutrients [19]. RII ranges from -1 to 1, where RII > 0 indicates nutrient
increase by C. mongolicum or mixed communities, RII < 0 indicates decrease,
and larger absolute values indicate stronger effects [20]:

X, — X,
RII=—_">—
where X, is the soil nutrient value in plant communities and X; is the value in
bare sand at corresponding depths.

(2) Soil nutrient recovery index calculation
The Nutrient Recovery Index (NRI) quantified vegetation restoration effects
[21]:

1 ¢~ X, — X!

n i=1

x 100%

where X, and X/ represent nutrient values in the ith soil layer for plant com-
munities and bare sand, respectively.

2.1 Soil Nutrient Characteristics of Different Plant Communities

After 30 years of restoration, soil nutrients improved across all community types
[Figure 2: see original paper]. SOM, TN, TP, and TK in the 0-200 cm layer
differed significantly between the C. mongolicum and mixed communities (P <
0.05). Nutrient content in the 0-10 cm layer was significantly higher than in
the 150-200 cm layer, demonstrating pronounced surface accumulation. Specif-
ically, SOM, TN, TP, and TK in the 0-10 cm layer increased by 0.220-0.512
g-kg™! 0.011-0.026 g+ kg ', 0.025-0.138 g - kg~ ', and 0.966-5.000 g - kg~', re-
spectively. Nutrients decreased significantly with depth (P < 0.05). Across all
layers, nutrients followed the pattern: C. mongolicum > mixed community >
bare sand (P < 0.05).
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2.2 Soil Nutrient Accumulation in Different Plant Communities

Nutrient accumulation decreased with soil depth in both communities [Figure
3: see original paper]. Both showed significant positive effects at all depths (P
< 0.05), with RII values of 0.15-0.33 for C. mongolicum and 0.28-0.46 for the
mixed community. Overall, both communities had significant positive effects
in the 0-200 cm layer (P < 0.05), but the mean effect was stronger for C.
mongolicum (0.39) than the mixed community (0.29). Positive effects declined
with depth (P < 0.05).

2.3 Soil Nutrient Recovery Index Characteristics

The NRI improved in both communities (Tables 2 and 3). The C. mongolicum
community showed a 62.19% increase over bare sand, while the mixed commu-
nity increased by 51.63%. The NRI of C. mongolicum was 1.2 times that of the
mixed community, indicating its superior role in nutrient recovery (P < 0.05).
Surface soil recovery was significantly greater than deep soil (P < 0.05), with
effects weakening with depth. The C. mongolicum community NRI was 145%-
261% higher in the 0-10 cm layer than in the 150-200 cm layer, compared to
123%-161% for the mixed community. Recovery effects decreased consistently
with depth.

3 Discussion

Soil nutrient accumulation rates are influenced by plant type, density, and soil
texture [22]. After 30 years of restoration, SOM, TN, TP, and TK increased
significantly compared to bare sand, especially in the 0-10 cm layer, consistent
with findings from the Mu Us Sandy Land [23]. SOM and TN increased by
700.24% and 254.55% in the surface layer, respectively, with diminishing effects
at depth. Phosphorus and potassium are critical but often limited nutrients in
desert ecosystems. Aerial seeding promotes their release through improved soil
properties, though recovery remains in early stages with low overall fertility due
to loose soil structure, poor water retention, strong alkalinity (pH 8.46-8.79),
and arid climate with high evaporation [24].

The NRI reflects restoration effectiveness on degraded soils [25]. Values of
62.19% for C. mongolicum and 51.63% for the mixed community demonstrate
significant positive impacts (P < 0.05), consistent with studies in Jilantai [26]
and Kubuqi [27]. Aerial seeding enhances water infiltration, promotes root
growth, and improves soil structure. Root exudates alter soil chemistry, facil-
itating nutrient release and transformation [28]. These mechanisms increase
biodiversity and ecosystem resilience, forming complex ecological networks that
enhance self-regulation.

Aerial seeding in the northeastern Tengger Desert margin significantly improved
soil nutrient accumulation and overall fertility, supporting ecological restoration.
However, soils remain in recovery with low nutrient levels. The study highlights
the importance of appropriate species selection and community configuration
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for accelerating nutrient recovery in arid desert environments, providing crucial
guidance for future restoration and soil management.

4 Conclusions

Based on soil nutrient studies in different plant communities of the aerial seeding
area:

1. After 30 years of restoration, SOM, TN, TP, and TK increased signifi-
cantly, with C. mongolicum showing the greatest improvement.

2. Both C. mongolicum and mixed communities significantly promoted nu-
trient accumulation, with C. mongolicum effects (0.39) exceeding those of
the mixed community (0.29).

3. Surface soil (0-30 cm) showed the most significant improvement. NRI
values were 62.19% and 51.63% for the two community types, respectively.
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