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Abstract: Microbial activity plays a crucial role in upholding the functional stability of vegetation–soil
ecosystems. Nevertheless, there exists a paucity of studies concerning the impact of sand-fixing
vegetation (Haloxylon ammodendron) on the structure and functional attributes of soil microbial com-
munities. We employed Illumina high-throughput sequencing and PICRUSt2 functional prediction
technology to investigate the characteristics of soil bacterial community structure, diversity, and
metabolic functions in an artificial H. ammodendron forest, and RDA analysis and the Mantel test
were used to reveal the main environmental factors affecting the structure and ecological functions
of soil bacterial communities. The findings revealed a significant increase in the principal nutrient
contents (organic matter, total nitrogen, total phosphorus) in the H. ammodendron forest soil compared
to the mobile dune soil, while a reduction of 17.17% in the surface soil water content was observed.
The H. ammodendron forest exhibited a significant enhancement in the diversity and richness index
of soil bacteria. Specifically, Actinobacteria (24.94% ± 11.85%), Proteobacteria (29.99% ± 11.56%),
and Chloroflexi (11.14% ± 4.55%) emerged as the dominant bacterial phyla, with Actinobacteria
displaying significantly higher abundance compared to the mobile dune soil. PICRUSt2 analyses
revealed that the predominant secondary metabolic functions of soil bacteria were carbohydrate
metabolism, amino acid metabolism, and the metabolism of cofactors and vitamins. Additionally,
the tertiary metabolic pathways exhibited greater activity in relation to enzyme function, nucleotide
metabolism, energy metabolism, and antibiotics. The RDA results demonstrated that SOM, AK,
and pH collectively accounted for 82.4% of the cumulative contribution, significantly influencing
the bacterial community. Moreover, the Mantel test revealed that the metabolic function of soil
bacteria primarily relied on five environmental factors, namely SOM, TN, AK, pH, and EC. This
study significantly advances our understanding of the structural and functional changes in soil
bacterial communities during the reclamation of sandy land through the establishment of artificial
H. ammodendron forests.

Keywords: soil bacterial community; PICRUSt2 function prediction; soil physicochemical properties;
arid desert area; sandy land restoration

1. Introduction

The desert–oasis transition zone represents a pivotal ecological juncture wherein desert
and oasis ecosystems converge under a shared influence [1]. The sand blocking and fixing
belt at the edge of the oasis, which consists of the protective forest belt and the peripheral
sealing and protection belt, is the core barrier belt of the artificial oasis, playing a key role in
preventing the invasion of wind and sand, maintaining the stability of the transition zone
ecosystem, and guaranteeing the oasis’s survival and development. At the same time, it is
also an important part of the fragile ecosystem of the desert–oasis transition zone. However,
the advent of global warming and irrational human activities has exacerbated the deserti-
fication process in this transition zone, rendering its ecological environment increasingly
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fragile and susceptible [2,3]. Therefore, the region’s ecological stability and sustainable
economic development have been severely impeded [4]. Nevertheless, the introduction of
artificial vegetation specifically designed to stabilize the sand in the transitional zone has
proven to be an efficient and expeditious means of mitigating desertification [5–9]. This
approach not only ensures the preservation of oasis ecosystem stability but also enhances
land productivity. Over the course of approximately fifty years, experts and scholars have
widely embraced this perspective as an effective technique for combating desertification.

Considering its structurally intricate and non-homogeneous nature, soil plays a piv-
otal role in sustaining terrestrial ecosystem functions and services [10]. Soil nutrients are
limited within desert ecosystems, necessitating the implementation of ecological mecha-
nisms that expedite the soil element cycling process, regulate soil fertility transformation,
and enhance the absorption and utilization of plant nutrients [11]. These mechanisms
are crucial for ensuring the sustainable restoration of desert vegetation productivity and
effectively mitigating land desertification [12]. Soil microorganisms, often referred to as the
“engines” of biogeochemical cycles, assume a pivotal position in facilitating the circulation
of materials, the flow of energy, and the preservation of stable ecological functions within
soil ecosystems [13–15]. On one hand, the participation of soil microorganisms in ecological
processes comprises the decomposition of apoplastic material and humus, the breakdown
of organic matter, and the facilitation of symbiotic nitrogen fixation through plant–microbe
systems [16–18]. On the other hand, the soil microbial communities exhibit remarkable sen-
sitivity to changes in environmental factors and harbor a wealth of information pertaining
to regional soil environmental changes [19]. This information is frequently employed to
evaluate the stability and vitality of soil ecological functions. Notably, bacteria represent
the predominant constituents of the soil microbial community, owing to their abundant
population, extensive diversity, and intricate complexity. In addition, they possess the abil-
ity to adapt to extreme habitats, rendering them valuable as indicator species for assessing
the stability, quality, and functionality of soil ecosystems [20].

The burgeoning popularity of the high-throughput sequencing of 16S rRNA and the
utilization of PICRUSt2 macrogenomic function prediction technologies present innovative
methodologies for unraveling the intricate microbial community structure that underlies
the functional equilibrium of diverse soil ecosystems [21,22]. The study determined that the
introduction of desert flora exerts a momentous influence on the micro-ecological rehabili-
tation of arid and semi-arid desert soils [9,11,17,19]. For instance, in the Horqin sandy land,
the rehabilitation process involving Caragana microphylla vegetation not only contributed to
enhancements in vegetation coverage and diversity but also entailed a significant enrich-
ment of the soil microbial community structure [23]. Following two decades of growth and
development in the Mu Us Sandy Land, Pinus sylvestris var. mongolica has demonstrably
impacted the microbial diversity in the rhizosphere soil, thereby liberating an array of
ecologically functional metabolites, thereby improving the metabolic functionality of soil
bacteria [24]. The cultivation of Artemisia ordosica has not only ameliorated soil microbial
enzyme activity and biomass but has also enhanced the abundance of Actinobacteria and
Proteobacteria [25]. Haloxylon ammodendron, a diminutive tree belonging to the Chenopo-
diaceae family, has emerged as the favored and extensively implemented windbreak and
sand-fixing vegetation in arid desert regions [26]. This phenomenon can be primarily
attributed to its inherent characteristics of drought resistance, minimal water requirements,
and significant capacity for carbon sequestration [27]. Therefore, it has garnered significant
scholarly attention in sand control. The analysis conducted on the soil of the Urad natural
H. ammodendron forest revealed a marked improvement in bacterial diversity, with surface
vegetation and pH exerting a significant influence on said diversity [28]. In addition, the
introduction of H. ammodendron vegetation induced changes in the spatial heterogeneity
of microbial communities within desert ecosystems [29]. A study into the long-term im-
pact of H. ammodendron forests on soil bacteria in sandy regions unveiled a significant
enhancement in the bacterial richness index and the abundance of dominant bacteria, such
as Actinomycetes, during a finite period of ecological succession [30]. Additionally, it has
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been demonstrated that vegetation not only impacts soil bacterial communities and their
diversity but also shapes the functional composition of soil bacteria [15,17].

An exploration of the soil bacterial community and its associated influencing factors in
H. ammodendron forests offers valuable insights into the underlying mechanistic principles
governing the adaptation of H. ammodendron to arid environments. However, the existing
literature on the impact of artificially planted H. ammodendron forests on the bacterial
composition and functional attributes of sandy soils, as well as their correlation with
physicochemical properties, remains limited and inconclusive. Therefore, this study is
centered on the soil composition of an artificial H. ammodendron forest situated in the
sand blocking and fixing belts on the periphery of the Minqin oasis. The purpose of this
study was to investigate the effects of H. ammodendron forest planting on the structure and
function of desert soil bacterial communities and to reveal the main environmental variables
affecting the structure and function of soil bacterial communities in H. ammodendron forest.
We hypothesized that (1) the planting of artificial H. ammodendron forest significantly
affects the structure, diversity, and metabolic function of soil bacterial communities, and
(2) soil physical and chemical properties are the key driving factors affecting soil bacterial
community structure and potential metabolic functions. This research seeks to enhance
the existing body of knowledge pertaining to the impact of planting artificial sand-fixing
vegetation (H. ammodendron) on the micro-ecological functions of sandy land.

2. Materials and Methods
2.1. Study Site Description

This study was carried out in the sand blocking and fixing belt (Laohukou Desert
Control and Prevention Demonstration Area), situated on the periphery of the Minqin
Oasis in Northwest China (38◦39′14′′ N–38◦55′23′′ N, 103◦02’86′′ E–103◦12’37′′ E). The
geographical location of this region places it in the transitional zone between two major
deserts, namely the Badain Jaran Desert to the west and the Tengger Desert to the east.
These natural characteristics render the area an optimal field research site for the study
of desertification prevention and control [31]. The average annual precipitation in this
area is approximately 113.5 mm, while the average annual evaporation exceeds 2383.5 mm.
The region benefits from ample solar radiation and heat resources; however, it is also
subject to frequent and intense wind and sand activities. The prevailing wind direction is
northwest, with an annual average wind speed of approximately 3.1 m·s−1 and a maximum
wind speed of 21 m·s−1. The predominant soil types consist predominantly of sandy
soil. The topography is primarily characterized by three distinct types of sand dunes:
mobile, semi-stable, and stable sand dunes. The vegetation in the region can be classified
into two categories: natural and artificial. The primary species of vegetation include
Haloxylon ammodendron, Tamarix ramosissima, Nitraria tangutorum, Elaeagnus angustifolia,
Calligonum mongolicum, and other desert vegetation [32–34].

2.2. Experimental Design and Sample Collection

In August 2022, during the zenith of vegetative growth, field surveys were undertaken
to evaluate the flora and procure soil specimens in the Laohukou Desert Control and Pre-
vention Demonstration Area. Following a three-year effort toward artificial H. ammodendron
afforestation, the sand pressure afforestation and beach afforestation areas had expanded
to 6666.67 hm2 and 3066.68 hm2, respectively, by 2008. Presently, the H. ammodendron
forest belt, serving as a windbreak and sand stabilizer, has attained a state of rudimentary
establishment. For the purpose of this study, the soil derived from an H. ammodendron forest
(HAS) that had been cultivated for a span of 15 years was designated as the experimental
group, while the soil originating from the mobile dune (MDS) in the upwind direction was
selected as the control group. In the H. ammodendron forest, single standardized sampling
plots measuring 20 m × 20 m were randomly established at intervals of 100 m along a
direction perpendicular to the principal wind direction (northwestward). A cumulative
15 standardized quadrats were established in the experimental group, wherein the stature
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and extent of the H. ammodendron forest in each plot were analyzed (Table 1). Correspond-
ingly, a total of 15 (20 m × 20 m) control groups were instituted in the vicinity of the
upwind region of the mobile dune soil area, perpendicular to the standardized quadrats of
each experimental group (Figure 1). The 5-point technique was employed to demarcate
five diminutive sample squares (1 m × 1 m) uniformly in each standardized sample plot.
Surface weeds and litter were removed, and soil samples were procured from a depth of
0–20 cm in the confines of the five small sample squares. These five portions of soil were
subsequently integrated thoroughly to yield a singular standardized soil sample. In the
control group, 15 standardized soil samples were collected utilizing the same methodology,
resulting in a total of 30 soil samples. Each standardized soil sample was promptly parti-
tioned into two segments. Approximately 10 mL of soil sample was transferred into a sterile
centrifuge tube and preserved in a refrigerator at −80 ◦C for subsequent soil microbial
analysis. The remaining segment was subjected to natural desiccation and subsequently
sieved using a 2 mm mesh to evaluate the physicochemical properties of the soil [24].

Table 1. Height and coverage characteristics of Haloxylon ammodendron forest.

Sampling Area Latitude Longitude Altitude (m) Dominant Tree Height (cm) Coverage (%)

MDS 38◦45′ N 103◦05′ E 1311.56 — — —
HAS 38◦50′ N 103◦08′ E 1304.95 Haloxylon ammodendron 163.22 ± 44.05 35.30 ± 7.25
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Figure 1. Geographical location of study area. MDS and HAS represent mobile dune and H. ammodendron
forest soil, respectively.
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2.3. Soil Physicochemical Measurements

Soil water content (SWC) was identified through the utilization of the drying–weighing
method. The determination of soil pH and electrical conductivity (EC) was conducted
employing the potentiometric method (utilizing water-to-soil ratios of 2.5:1 and 5:1, respec-
tively) (MP-551 pH/Conductivity Meter, Shanghai, China.) [23,24]. The quantification of
soil organic matter (SOM) was accomplished utilizing the potassium dichromate sulfuric
acid volumetric method [24]. The determination of soil total nitrogen (TN) was executed us-
ing the Kjeldahl method (K9840 Automatic Kjeldahl Nitrogen Analyzer, Shandong, China).
Soil total phosphorus (TP) was determined employing the acid digestion–molybdenum an-
timony anti-colorimetric method. Soil total potassium (TK) was quantified utilizing flame
spectrophotometry (Flame photometer FP6410, Shanghai, China). The determination of soil
available phosphorus (AP) was carried out through the sodium hydrogen hydrochloride
extraction–molybdenum antimony colorimetric method. Soil available potassium (AK)
was determined using ammonium acetate extraction–flame spectrophotometry (Flame
photometer FP6410, Shanghai, China) [35]. The detailed methodologies for each index
determination can be found in the relevant literature [36].

2.4. Illumina Sequencing Analysis of 16S rRNA Gene Amplicons

The total DNA of soil bacteria was extracted using the Magabi soil genome 50 ng
DNA purification kit (Maga Bio Soil Genomic DNA Purification Kit, Carlsbad, CA, USA).
Genomic DNA served as the template for amplifying the V3-V4 variable region of the
bacterial 16S rRNA gene. This amplification was carried out with barcode-specific primers
and TaKaRa Premix Taq® Version 2.0 (TaKaRa Biotechnology Co, Dalian, China) [30].
The universal primers used were 338F (5′-ACTCCTACGGGGAGGCAGCA-3′) and 806R
(5′-GGACTACHVGGGTWTCTAAT-3′) [37]. The polymerase chain reaction (PCR) amplifi-
cation reaction system consisted of 25 µL of 2 x Premix Taq, 1 µL of Primer-F and Primer-R,
50 ng of template DNA, and nuclease-free water to a final volume of 50 µL. The PCR
procedure involved an initial denaturation step at 94 ◦C for 5 min, followed by 30 cycles
of denaturation at 94 ◦C for 30 s, annealing at 52 ◦C for 30 s, and extension at 72 ◦C for
30 s. A final extension step was performed at 72 ◦C for 10 min [30,38]. The resulting PCR
products were analyzed by 1% agarose gel electrophoresis to determine fragment length
and concentration. The amplicon library was constructed using the Illumina Nova 6000
platform standard process and subjected to PE250 high-throughput sequencing.

2.5. Bioinformatic Analysis

The RawReads data at both ends were subjected to individual quality clipping us-
ing the Fastp software (version 0.14.4), while the primers at both ends were eliminated
through the employment of the Cutadapt software (version 1.14), thereby yielding valid se-
quences [39]. Subsequently, the Usearch software’s Uparse (version 10.0.240) algorithm was
employed to cluster the sample quality sequences into OTUs, and the Silva 16S database
was utilized to annotate the species, thereby obtaining taxonomic information for the OTUs.
Statistical information on the taxonomic level sequences of phylum and genus in OTUs was
collected and the calculation of the relative abundance of each taxon was performed. The
bacterial Alpha diversity index was calculated using the QIIME2 software (version 2020.11).
To elucidate the Beta diversity of soil bacteria in the artificial H. ammodendron forest, princi-
pal coordinate analysis (PCoA) was employed. The functional information of the samples
in terms of KEGG Orthology was obtained by comparing the KEGG database information
using the PICRUSt2 function prediction software (version 2.3.0-b).

2.6. Data Analysis

The standardized soil microbiological and physicochemical data were subjected to
statistical analysis using SPSS 26.0 software (SPSS Inc., Chicago, IL, USA), and the dif-
ferences in soil physicochemical properties, soil bacterial community structure, diversity,
and the relative abundance of metabolic function between HAS and MDS were analyzed
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by independent sample T-tests (p < 0.05). In order to explore the key physicochemical
drivers affecting bacterial structure, redundancy analysis (RDA) was conducted using the
Canoco 5 software. The Monte Carlo replacement test with 499 test replicates was utilized
in this analysis (Microcomputer Power, Ithaca, NY, USA). In addition, the environmental
factors influencing bacterial function were assessed using the “ggcor” package Mantel test
correlation tests in R software (version 4.2.1).

3. Results
3.1. Soil Physical and Chemical Properties

The variation in soil factors subsequent to the establishment of H. ammodendron forests
is illustrated in Figure 2. Planting H. ammodendron forests consumed the surface SWC,
which decreased by 17.17% in HAS compared to MDS. However, it resulted in significant
improvements in various soil nutrient factors. The pH of the study area ranged between
8.11 and 9.01, and EC ranged between 149 and 364 µS·cm−1, and both pH and EC in HAS
exhibited significant differences compared to MDS. The contents of SOM, TN, TP, and AK
in HAS soil increased (p < 0.05). SOM increased by 35.59%, TN by 36.36%, TP by 32.26%,
and AK by 20.18% compared to MDS. However, there were no major differences in TK and
AP content.
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Figure 2. Soil physicochemical properties of H. ammodendron forest and mobile dune. Note: MDS
and HAS represent mobile dune and H. ammodendron forest soil, respectively. (a): SWC, soil water
content; (b): pH, soil pH; (c): EC, soil electrical conductivity; (d): SOM, soil organic matter; (e): TN,
total nitrogen; (f): TP, total phosphorus; (g): TK, total potassium; (h): AP, available phosphorus;
(i): AK, available potassium. “**”, “*” and “ns” indicate p < 0.01, p < 0.05 and p > 0.05, respectively.
The same as below.
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3.2. Soil Bacterial Diversity

The total number of original sequences obtained from all samples of MDS and HAS
was 1,714,258 and 1,796,338, respectively. The effective sequences obtained after undergoing
quality control filtration and chimera removal were 1,690,381 and 1,771,937, respectively.
Subsequently, the effective sequences were subjected to random sampling in order to
derive representative bacterial dilution curves (Figure 3d). These curves were constructed
by plotting the extracted sequences alongside the corresponding number of OTUs they
represented. As the number of sequences progressively increased, the dilution curve
gradually reached a plateau, thereby indicating that the inclusion of additional sequences
yielded reducing returns in terms of the discovery of novel OTUs. This observation
strongly suggests that the OTU coverage of the sample approached saturation, and thus,
the sequencing results effectively encapsulated the entirety of pertinent microbiological
information. The standardization process involved utilizing the minimum number of
sample sequences, which were uniformly drawn and subsequently clustered based on a
similarity threshold of greater than 97%. This procedure yielded a total of 46,187 OTUs
across all samples. Notably, there was a significant difference between the mean number of
OTUs observed in the HAS group (2110) and the MDS group (969) (p < 0.01). Moreover, the
mean Chao1 and Shannon index values for the HAS group were 2158 and 9.34, respectively,
while the corresponding values for the MDS group were 979 and 7.27, respectively. These
differences were also found to be statistically significant between the two groups.
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Figure 3. Soil bacterial α diversity characteristics of artificial H. ammodendron forest. MDS and HAS
represent mobile dune and H. ammodendron forest soil, respectively. (a–c) Soil bacterial Chao1 index,
Shannon index, and OTU numbers, respectively; (d) soil bacterial dilution curve, MDS 1–15 and HAS
1–15 represent mobile dune and H. ammodendron forest soil samples. “**” indicate p < 0.01.

Principal coordinate analysis (PCoA) was employed to assess the β diversity of soil
bacterial communities at the OTU level. The results of the analysis revealed distinct spatial
distributions between the HAS and MDS groups, it indicates that the structure of soil
bacterial community structures changed significantly after the planting of H. ammodendron
forest (p < 0.01) (Figure 4).
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Figure 4. Principal coordinate analysis (PCoA) of soil bacterial structure in artificial H. ammodendron
forest. MDS and HAS represent mobile dune and H. ammodendron forest soil, respectively. “*” and
“ns”: indicate p < 0.05 and p > 0.05.

3.3. Soil Bacterial Community Structure and Differences

All 16S rRNA sequences were subjected to comprehensive annotation, resulting in the
identification of a total of 27 bacterial phyla. Among these, there were seven bacterial phyla
exhibiting a relative abundance of >1% (Figure 5a). The bacterial community structure
observed in the MDS and HAS plots exhibited similarities, albeit with notable differences
in relative abundance. Notably, Actinobacteria, Proteobacteria, and Chloroflexi emerged as
the top three bacterial phyla in terms of their relative abundance in the soil of the study
area. Their respective average abundances were 24.94% ± 11.85%, 29.99% ± 11.56%, and
11.14% ± 4.55%. Additionally, the cumulative abundance of Bacteroidetes, Firmicutes, Aci-
dobacteria, and Gemmatimonadetes reached 21.12%, thereby establishing their prominence
as major bacterial phyla in the soil of the H. ammodendron forest. Notably, the abundances
of Actinobacteria, Acidobacteria, and Gemmatimonadetes exhibited a significant increase
in the HAS plot (p < 0.05). Conversely, the abundances of Proteobacteria and Bacteroidetes
experienced respective decreases of 11.95% and 12.69%. At the genus level, a significant
proportion of bacterial genera, amounting to 82.37%, eluded classification and exhibited a
relative abundance of less than 1%, thereby presenting certain impediments to the com-
prehensive analysis of bacterial ecological functions. Moreover, a total of eight distinct
categories of bacterial genera were identified (Figure 5b). The relative abundance of these
aforementioned genera displayed an evident pattern across the two groups of plots. Specifi-
cally, in comparison to the MDS group, the relative abundance of Rubrobacter, Sphingomonas,
Bacillus, and Microvirga in the HAS group experienced a significant increase of 53.53%,
34.52%, 124.7%, and 13.19%, respectively. Conversely, the relative abundance of Ralstonia,
Nocardioides, Pontibacter, and Pseudomonas witnessed a decline of 57.29%, 19.35%, 55.47%,
and 51.47%, respectively, in the HAS group when compared to the MDS group.

3.4. Characteristics of the Metabolic Function of Soil Bacteria

The functional prediction conducted by PICRUSt2 revealed the acquisition of six
distinct classes of primary biometabolic pathways across all samples, namely Metabolism,
Genetic Information Processing, Cellular Processes, Environmental Information Process-
ing, Organismal Systems, and Human Diseases. Notably, the functional abundance of
Genetic Information Processing and Human Diseases exhibited a higher prevalence in
the HAS group, whereas the functional abundance of Metabolism demonstrated a greater
predominance in the MDS group (p < 0.05) (Table 2).
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Figure 5. Relative abundance and difference in soil bacterial community at phylum (a) and genus
(b) levels. (a), Act: Actinobacteria; Pro: Proteobacteria; Chl: Chloroflexi; Bac: Bacteroidetes; Fir:
Firmicutes; Aci: Acidobacteria; Gem: Gemmatimonadetes. MDS and HAS represent mobile dune
and H. ammodendron forest soil, respectively. (b): “*”, p < 0.05.

Table 2. Relative abundance and difference in the primary function of soil bacteria.

Primary Function of Bacteria
Relative Abundance (%) T-Test

MDS HAS F P

Metabolism 82.10 ± 0.23 81.79 ± 0.44 5.397 0.023 <0.05
Genetic Information Processing 11.11 ± 0.65 11.70 ± 0.36 3.267 0.005 <0.01
Cellular Processes 4.03 ± 0.44 3.90 ± 0.34 2.633 0.368 >0.05
Environmental Information Processing 2.28 ± 0.33 2.09 ± 0.17 4.998 0.059 >0.05
Organismal Systems 0.27 ± 0.04 0.27 ± 0.10 0.641 0.915 >0.05
Human Diseases 0.19 ± 0.05 0.23 ± 0.06 3.616 0.041 <0.05

A total of 15 secondary functions, exhibiting an abundance exceeding 1%, were
identified in the bacterial communities dispersed across six metabolic pathways. The
principal secondary metabolic functions of soil bacteria in the study area comprised car-
bohydrate metabolism (13.52% ± 0.24%), amino acid metabolism (13.49% ± 0.20%), and
the metabolism of cofactors and vitamins (11.85% ± 0.56%) (Figure 6a). In comparison to
MDS, the relative abundance of carbohydrate metabolism, the metabolism of terpenoids
and polyketides, replication and repair, folding, sorting, and degradation, and translation
exhibited a significant increase in HAS (p < 0.05). Conversely, the relative abundance of the
metabolism of other amino acids and xenobiotics biodegradation and metabolism experi-
enced a significant decrease (p < 0.05). However, the relative abundance of the remaining
eight secondary functions displayed no significant differences.

To appraise the impact of H. ammodendron plantation on soil functional traits, an
analysis was conducted on the tertiary metabolic functional pathways of soil bacteria. A
total of 15 categories exhibited a relative abundance exceeding 1% (Figure 6b). While
most tertiary metabolic pathways demonstrated similarity, the relative abundance of each
pathway varied. Notably, crucial functions pertaining to energy metabolism, nucleotide
metabolism, antibiotics, and enzymes, such as the biosynthesis of ansamycins and valine,
were observed. The primary functional characteristics of soil bacteria included leucine and
isoleucine biosynthesis, the biosynthesis of vancomycin group antibiotics, the synthesis
and degradation of ketone bodies, C5-branched dibasic acid metabolism, and fatty acid
biosynthesis. In summary, the relative abundances of metabolic pathways, including the
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biosynthesis of ansamycins, valine, leucine, and isoleucine, the biosynthesis of vancomycin
group antibiotics, D-Alanine metabolism, and citrate cycle_TCA cycle_, exhibited a sig-
nificant increase in HAS (p < 0.05) compared to MDS. This suggests that the plantation of
H. ammodendron forest contributes to the enhancement of ecological functions, such as soil
bacterial metabolism.
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Figure 6. Prediction of the metabolic functions of soil bacteria. Metabolic functional pathways in
HAS and MDS soil bacteria; (a,b) denote secondary and tertiary metabolic pathways. “**”, “*” and
“ns” indicate p < 0.01 and p < 0.05 and p > 0.05, respectively.

3.5. The Main Physicochemical Factors Affecting the Structure and Function of Soil
Bacterial Communities

Redundancy analysis (RDA) refers to a linear model ranking variables by combining
correspondence analysis and multiple regression analysis. It provides an intuitive measure
of the influence of environmental factors on the impact of soil bacteria. The cumulative
interpretation rate of the first and second axes in RDA was found to be 65.36%. The
correlation coefficient between soil bacterial properties and physicochemical attributes
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on the first axis was 0.8086, explaining 99.96% of the cumulative variance. This suggests
that the first axis plays a decisive role in determining the relationship between these
variables (Table 3).

Table 3. Soil bacterial community structure RDA ordination characteristic value and interpretation.

Item Axis 1 Axis 2 Axis 3 Axis 4

Characteristic values of soil bacterial community structure 0.6534 0.0002 0.0001 0.0000
Correlation between soil bacterial community structure and environmental factors 0.8086 0.7469 0.4797 0.3822
Cumulative interpretation of soil bacterial community structure 65.34 65.36 65.37 65.37
Cumulative interpretation of soil bacterial community and environmental factors 99.96 99.99 100.00 100.00
Canonical eigenvalue 0.6537
Total eigenvalue 1.0000

The RDA ordination model diagram reveals that amongst the three dominant phyla,
Actinobacteria and the SOM, TN, TP, AK, and AP are situated in the second quadrant.
This positioning suggests a positive correlation between Actinobacteria and these physic-
ochemical factors. On the other hand, Proteobacteria exhibit a positive correlation with
SWC and AP, while displaying a negative correlation with soil pH, EC, and TK. Con-
versely, Chloroflexi demonstrate a positive correlation with pH, EC, and TK, but exhibit
a negative correlation with SOM, AP, and SWC. The Chao1 and Shannon indices were
significantly positively correlated with SOM, pH, AK, and EC (Figure 7a). Monte Carlo
tests (Figure 7b) demonstrate that SOM exerts the greatest influence on the soil bacterial
community, accounting for 51.7% of the variation, and this effect is highly significant
(p = 0.002). Additionally, AK (p = 0.032) and pH (p = 0.048) are also found to significantly
impact the community composition.

Figure 7. (a) RDA analysis of the effect of soil physicochemical factors on soil bacterial community
structure; (b) explanation and significance test of soil physicochemical factors. ** p < 0.01, * p < 0.05.

The Bray–Curtis distance matrix of secondary metabolic function abundance and the
Euclidean distance matrix of soil physicochemical parameters were utilized for the Mantel
test correlation analysis. The findings revealed significant correlations between SOM, TN,
AK, pH, and EC with the secondary metabolic functions of specific soil bacteria (Figure 8).

Notably, SOM exhibited significant positive correlations with amino acid metabolism,
lipid metabolism, energy metabolism, and glycan biosynthesis and metabolism (p < 0.05).
TN demonstrated significant positive associations with carbohydrate metabolism (p < 0.01)
and energy metabolism (p < 0.05). AK displayed a positive correlation with carbohydrate
metabolism (p < 0.05). pH exhibited a significant positive relationship with xenobiotics
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biodegradation and metabolism, as well as replication and repair (p < 0.01), and significant
positive associations with folding, sorting, and degradation and translation (p < 0.05).
Finally, EC exhibited significant positive correlations with xenobiotics biodegradation and
metabolism, as well as folding, sorting, and degradation (p < 0.05) (Table 4). The results
verify the significant role played by the aforementioned soil physicochemical factors in
both the stability of the soil bacterial community structure and its function.

*
* * *

**
*

**

Carbohydrate metabolism
Amino acid metabolism

Metabolism of cofactors and vitamins
Metabolism of terpenoids and polyketides

Metabolism of other amino acids
Lipid metabolism
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<0
<0.25
<0.5

<0.01
<0.05
>=0.05

P

Figure 8. Mantel test of the effect of soil physicochemical factors on soil bacterial functions. ** p < 0.01,
* p < 0.05.

Table 4. The significance of bacterial metabolic function and main physicocshemical factors in the
Mantel test.

The Second-Level Function of Bacteria

Physicochemical Factors

pH EC SOM TN AK

r p r p r p r p r p

Carbohydrate metabolism 0.209 ** 0.173 *
Amino acid metabolism 0.290 *
Lipid metabolism 0.192 *
Xenobiotics biodegradation and metabolism 0.225 ** 0.202 *
Energy metabolism 0.275 * 0.194 *
Replication and repair 0.259 **
Folding, sorting, and degradation 0.207 * 0.240 *
Translation 0.199 *
Glycan biosynthesis and metabolism 0.171 *

“**” and “*” indicate p < 0.01 and p < 0.05, respectively. Abbreviations for soil physicochemical factors are shown
in Figure 2.

4. Discussion
4.1. Effects of Vegetation Reconstruction on Soil Physicochemical Properties

Afforestation is widely recognized as a potent strategy for mitigating desertification
in arid regions across the globe [9,40]. The restoration of vegetation assumes a pivotal
role in the broader context of ecological restoration, as it leads to a reciprocal relationship
between the soil and plants. This symbiotic interaction between vegetation and soil results
in a complex system that facilitates the circulation of ecosystem materials and the flow of
energy [41]. The study observed a decrease of 17.17% in the surface soil water content in the
H. ammodendron forest. This observed change can be ascribed to the utilization of surface soil
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water during the growth phase of the vegetation. The enhancement of evapotranspiration,
which arises from the expansion and maturation of the root, stem, and leaf structures in
the H. ammodendron forest, significantly contributes to this phenomenon [42,43]. However,
it is noteworthy that the soil pH and EC exhibited a significant increase, predominantly
attributable to the cumulative impact of H. ammodendron on salt ions under conditions
devoid of irrigation. The accumulation of salts in the soil resulted in a reduction in tissue
osmotic potential and water potential, while concurrently enhancing the capacity for
water uptake and strengthening drought resistance through salt accumulation [44–46].
Prior studies have explained that H. ammodendron predominantly absorbs soil NO3

− and
subsequently releases one OH− for each absorbed NO3

− ion, thereby exerting an influence
on soil pH [40]. The presence of vegetation drives changes in soil factors through ecological
mechanisms, including the secretion of root exudates, the decomposition of deceased
foliage, and the “fertile island effect” [16,47,48]. Measures such as the stabilization of sand
through the implementation of artificial vegetation can yield significant enhancements
in the physicochemical properties of soils, as well as other habitat qualities [40]. This is
substantiated by the observed increments in the soil quality index, as well as the significant
amplification of soil organic carbon, nitrogen, phosphorus, and other nutrient contents [49].

The SOM, TN, TP, and AK contents of the H. ammodendron forests exhibited a consistent
and notable pattern of significant increases in the scope of this study. The primary rationale
behind this phenomenon can be attributed to the establishment of H. ammodendron, whereby
the towering flora effectively intercepted and amassed the minute particulate matter, as
well as branch and leaf detritus, carried by the wind–sand flow [50,51]. Therefore, this
interception mechanism served to mitigate wind–sand erosion while concurrently enriching
the topsoil’s fertility. It is worth noting that, in arid and semi-arid sandy regions, the soil
parent material contributes only a negligible proportion of the diverse array of nutrients,
with soil organic matter and total nitrogen constituting the principal constituents [52].
Instead, the metabolic processes responsible for nutrient accumulation are predominantly
derived from particle deposition and the inherent vegetation dynamics [53].

4.2. Soil Bacterial Communities and Diversity in H. ammodendron Forests

The mechanism underlying plant community construction is primarily attributed
to habitat heterogeneity under the context of environmental filtering [54]. Soil factors,
being pivotal constituents that exert a profound influence on the growth and develop-
ment of vegetation, also exert a strong impact on the differentiation of ecological niches.
Simultaneously, the decomposition function of soil microorganisms exerts a significant
influence on the transformation of soil nutrients and the growth of aboveground vege-
tation [55,56]. Research findings suggest that a higher soil bacterial diversity index cor-
responds to greater resistance to environmental stress, thereby fostering a more stable
micro-ecological function in the soil [57]. The introduction of sand-fixing vegetation not
only expedites soil formation but also offers essential nutrients for the growth and devel-
opment of surface soil microorganisms through the decomposition of its organic matter
and root exudates [16–18,23–25,40,47,48]. Therefore, this process significantly modifies the
structure and diversity of the soil microbial community. This study has demonstrated
a significant improvement in both the Chao1 and Shannon indices of soil bacteria in
H. ammodendron forests. In addition, significant differences in the composition of soil bacte-
rial communities were also observed (Figure 3). These findings serve to indicate that the
growth process and root exudation of H. ammodendron forests lead to a propitious habitat
for the growth of soil bacteria [30].

The subtle shifts occurring in the soil habitat possess the capacity to directly or indi-
rectly exert a profound influence on the configuration of soil bacteria [16,45,46]. The assem-
blage of soil bacterial structure in arid and desert regions exhibits a striking resemblance,
primarily comprising approximately ten groups, including Actinobacteria, Proteobacteria,
Chloroflexi, Bacteroidetes, Acidobacteria, and Cyanobacteria [23–25,30,46,58–60]. This consensus,
which has been established by scholars, was derived from an extensive analysis of diverse
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representative artificial vegetation sand-fixing areas. The overall characteristics of bacterial
communities in the soil of both the H. ammodendron forest and mobile dunes were found
to be congruous. However, notable variations were observed in their respective relative
abundances. Specifically, Actinobacteria, Proteobacteria, and Chloroflexi were identified as
the preeminent phyla, a finding that aligns with the results reported by Bi et al. [24] and
Sun et al. [60]. The exacerbation of soil salinization in the transitional zone of the Minqin
desert oasis can be attributed to the adverse climatic factors of drought and intense radia-
tion, which have contributed to the debilitation of elemental cycling processes, particularly
those pertaining to soil carbon and nitrogen [61,62]. Actinobacteria, a member of the Gram-
positive bacterial group, exhibits remarkable competitiveness in harsh saline–alkali and arid
environments owing to its diverse physiological traits. These include spore reproduction,
multiple mechanisms for repairing UV-induced damage, heat and drought resistance, and
active involvement in the intricate processes of organic matter decomposition [59,63]. In
addition, the growth of H. ammodendron, a notable carbon sink, creates favorable conditions
for the growth and reproduction of actinomycetes [27]. This phenomenon may account for
the greater abundance of soil actinomycetes in the H. ammodendron forest. Proteobacteria,
on the other hand, are widely distributed and comprise a vast number of species. They
possess significant morphological and physiological characteristics, endowing them with
a competitive advantage in various ecological niches [64]. These bacteria demonstrate a
robust capacity to adapt to their surroundings, making them highly adaptable organisms.
In desert soil, the primary pathways governing the carbon and nitrogen cycles involve
dissimilatory nitrate reduction, nitrification, and denitrification. Actinobacteria and Pro-
teobacteria assume a pivotal role in the aforementioned cycles as they serve as the primary
contributors [15,18,65]. Moreover, Chloroflexi, a light-energy-trophic microorganism, exerts
dominance in CO2 fixation and microbial photosynthesis through the reductive tricar-
boxylic acid cycle and the C4-dicarboxylic acid cycle [66]. This study was conducted in
an arid desert region that exhibits abundant light resources, thereby providing optimal
conditions for the growth and maturation of these bacteria. A staggering 82.37% of the
bacterial genera at the taxonomic level pose impediments to the analysis of ecological
functions, while a mere 17.63% of the known bacterial genus structure may selectively
shape the soil bacterial type suitable for the habitat due to distinct site conditions and root
exudates [67]. Therefore, this difference may lead to alienation characteristics between
the H. ammodendron forest and the mobile dune soil. As the biomass of H. ammodendron
gradually increases, certain nutrients accumulate in the soil, primarily from the decomposi-
tion of apoplastic material and root secretions [17,28–30]. This accumulation significantly
contributes to the decomposition of organic matter by the bacterial community, as well as to
their own growth and development. The influence of carbon and nitrogen sources, derived
from residual vegetation roots and litter decomposition, on soil bacteria was explained by
Urbanova et al. [68]. The prevalence of microorganisms engaged in carbon fixation and
nitrogen fixation sustains the capacity for carbon and nitrogen cycling within desert ecosys-
tems, thereby enhancing material transformation and energy flow in the soil. Moreover,
this process facilitates an amplified provision of chemical elements essential for vegetation
growth, thus enhancing the ecological carrying capacity and stability of the soil [65]. The
observed changes in soil bacteria and the greater diversity in the H. ammodendron forest, as
documented in this study, signify an improvement in the desert soil environment and the
nutritional status of the plants.

4.3. Functional Characteristics of Soil Bacteria in H. ammodendron Forest

The establishment of artificial sand-fixing vegetation has elicited profound shifts in
the bacterial community in desert soil, thus exerting an impact on the functional attributes
of soil bacteria [30,58]. Soil bacteria, through their metabolic activities, actively participate
in nearly all physiological and biochemical reactions, comprising the decomposition of
organic matter and the transformation of nutrients [58,69]. Our findings have unequivo-
cally demonstrated that metabolic function constitutes the primary role of soil bacteria,
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with carbohydrate metabolism, amino acid metabolism, and the metabolism of cofactors
and vitamins emerging as the principal metabolic functions in the study area. Studies
conducted in the Horqin and Tengger deserts have consistently underscored the paramount
importance of amino acid and carbohydrate metabolism as the predominant metabolic
pathways [30,58,59]. Similarly, investigations exploring the functional response of two
salt-tolerant plants to soil bacteria in saline regions have revealed a greater abundance
of amino acid metabolism and carbohydrate metabolism [46]. Remarkably, even in Picea
asperata forest soil, which exhibits significant differences in physicochemical properties
when compared to desert soil, carbohydrate metabolism and other metabolic functions
have been identified as the primary metabolic functions of soil bacteria [70]. Recent studies
have brought to light the existence of partial incongruity in the gene sequences pertaining
to specific metabolic pathways among microbial populations that share similar overall
metabolic functions. This divergence can be ascribed to variations in the microbial con-
stituents responsible for these specific metabolic functions, which arise due to differences
in environmental conditions. Therefore, such diversity in microbial composition plays a
pivotal role in the effective regulation and preservation of ecosystem function stability [71].
Notably, the soil carbohydrate metabolism function in the H. ammodendron forest exhibited
a substantial relative abundance in this study. These findings highlight a robust correlation
between carbohydrate metabolism and nitrogen fixation, as well as phosphorus solubi-
lization, thereby facilitating the assimilation of nitrogen and phosphorus by the roots of
H. ammodendron [72]. In addition, amino acid metabolism, as the second most prominent
metabolic function, contributes to the nitrogen cycle through processes such as deamination
and transamination, thereby providing indispensable nutritional conditions for bacterial
survival and reproduction [73]. The third tier of metabolism exhibited a greater relative
abundance of significant functions associated with enzymes, nucleotide metabolism, energy
metabolism, and antibiotics. These metabolic pathways represent a crucial aspect of the
metabolic function exhibited by soil bacteria and the survival strategy adopted by bacte-
rial communities in nutrient-depleted desert soil environments [30,58–60,63,74]. Notably,
the biosynthesis of ansamycins, valine, leucine, and isoleucine and the biosynthesis of
vancomycin-group antibiotics exhibited a significant upregulation in the H. ammodendron
forest soil in comparison to the mobile dune soil. These metabolic functions actively
facilitated plant growth and development through the production of antibiotics, growth-
promoting hormones, and antibacterial proteins, thereby resulting in an enhanced relative
abundance of these metabolic functions [75]. The findings of this study unequivocally
demonstrate that the cultivation of H. ammodendron can expedite bacterial metabolic activity
and enhance the efficiency of carbon, nitrogen, and other elemental circulation in the soil.

4.4. Effects of Soil Physicochemical Factors on the Structure and Metabolic Function of
Bacterial Communities

The functional structure of microbial communities is intricately linked to the envi-
ronmental factors present in their respective habitats [56,60,69]. Particularly, the physico-
chemical properties of soil exert a profound influence on the composition and diversity of
microbial communities, particularly in the face of the rapid and far-reaching effects of global
climate change. These effects, in turn, have the potential to significantly impact delicate
and vulnerable desert ecosystems [76,77]. Through the RDA analysis, it was determined
that soil physicochemical properties accounted for a significant 65.36% of the observed
variations in bacterial community structure. Notably, non-biological factors such as SOM,
AK, and pH emerged as significant contributors to the overall explanatory changes. These
findings align with the results reported by Bi et al. [23] in their research on rhizosphere soil
bacteria associated with Pinus sylvestris var. mongolica in the Mu Us Desert, as well as the
research conducted by Xu et al. [57] on soil bacteria inhabiting artificial Robinia pseudoacacia
ecosystems. Simultaneously, the SOM, TN, AK, pH, and EC exhibited significant impacts on
the primary metabolic functions of soil bacteria. This phenomenon can be readily explained.
Firstly, in desert ecosystems characterized by sparse vegetation and limited soil nutrient
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availability, essential nutrients such as carbon and nitrogen, which serve as pivotal energy
sources shaping soil bacterial communities, assume the role of key limiting environmental
factors [78,79]. Secondly, Gemmatimonadetes, known for its remarkable capacity to solubi-
lize potassium, phosphorus, and other elements, facilitates the uptake of available nutrients
by plants from the soil. The growth of Gemmatimonadetes in H. ammodendron forests en-
hances the absorption and utilization of available soil nutrients by H. ammodendron, thereby
potentially accounting for the significant influence of available potassium content on the
soil bacterial community structure in H. ammodendron forests [56,77]. Moreover, the study of
global geographical patterns necessitates the consideration of soil pH as a pivotal determi-
nant, as it exerts a profound influence on the characteristics of bacterial communities. This
influence is primarily reflected through its direct impact on cell membrane permeability
and stability [76,80]. It is widely acknowledged that EC exerts a detrimental effect on
bacterial growth. This is attributable to the strong association between EC and soil salinity,
which can disrupt cell permeability, induce nutrient imbalances, reduce enzyme activity,
and even elicit toxic effects on microorganisms [81]. The varying degrees of salt tolerance
and sensitivity exhibited by diverse microorganisms contribute to the divergence observed
in soil microbial communities. Remarkably, the findings of this study reveal a significant
and positive correlation between EC content and the majority of bacterial species, thereby
providing further evidence that bacteria inhabiting desert soils have adeptly adapted to
high-salt environments. The findings of this study explain that the impact of SOM, TN,
AK, pH, and EC on bacterial community composition surpasses that of other nutrients.
Nevertheless, it is important to note that this does not negate the influence of other nutrient
characteristics on bacterial communities [14,19]. The complex relationship between soil
physicochemical factors and bacterial communities is not unidimensional, as there may
exist inherent correlations among the environmental factors themselves, which in turn
affect the structure of microbial communities through interconnected effects [56,76,77].
Therefore, future research should focus on employing a combination of macrogenome
sequencing and functional gene chip technology to delve into the specific mechanisms by
which individual environmental factors, such as nitrogen, phosphorus, and other elements,
exert their influence on the structure and functional potential of soil bacterial communities
in H. ammodendron forests.

5. Conclusions

This study assessed the impact of an H. ammodendron plantation on the structural
composition and functional dynamics of soil bacterial communities in the sand blocking and
fixing belts situated at the periphery of oases. The prevailing bacterial taxa identified in the
H. ammodendron forest soil were Actinobacteria, Proteobacteria, and Chloroflexi. Notably,
Actinobacteria exhibited a significantly greater relative abundance in comparison to the
mobile dune soil, thereby contributing to an overall enhancement in bacterial diversity.
Moreover, the metabolic activities of the bacterial communities were primarily characterized
by carbohydrate metabolism, amino acid metabolism, and cofactor and vitamin metabolism.
These findings highlight the pivotal role played by the H. ammodendron plantation in
shaping the structure and function of soil bacterial communities in sandy land ecosystems.
The introduction of H. ammodendron cultivation resulted in a significant improvement in
soil nutrient levels, comprising SOM, TN, and TP. The structure and function of the soil
bacterial community were found to be significantly influenced by physicochemical factors
such as soil SOM, TN, AK, pH, and EC. However, it is important to acknowledge that
this intervention also involves specific adverse consequences, primarily characterized by
the reduction in surface soil moisture and the accumulation of salt content. This study
contributes to a deeper understanding of the ecological transformations experienced by
soil microorganisms and their intricate complexity with physical and chemical factors
in sandy land environments through the implementation of artificial vegetation-based
sand-fixing measures.



Forests 2023, 14, 2244 17 of 20

Author Contributions: Methodology, software, and writing—original draft preparation, A.W.; re-
sources, conceptualization, and writing—review and editing, R.M. and Y.M.; investigation and
sampling, A.W., D.N., T.L., Y.T., Z.D., Q.C.; formal analysis and validation, T.L. and Y.T.; data curation,
Z.D. and Q.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China Joint Fund
for Regional Innovation and Development (U21A2001) and the Youth Tutor Support Fund of Gansu
Agricultural University (GAU-QDFC-2020-09).

Data Availability Statement: Relevant data for this study can be obtained by contacting the authors
in a reasonable manner.

Acknowledgments: We are grateful to the editors and reviewers for their valuable suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zheng, Y.; Yang, Q.; Ren, H.; Wang, D.; Zhao, C.; Zhao, W. Spatial pattern variation of artificial sand-binding vegetation based on

UAV imagery and its influencing factors in an oasis–desert transitional zone. Ecol. Indic. 2022, 141, 109068. [CrossRef]
2. Huang, J.; Yu, H.; Han, D.; Zhang, G.; Wei, Y.; Huang, J.; An, L.; Liu, X.; Ren, Y. Declines in global ecological security under

climate change. Ecol. Indic. 2020, 117, 106651. [CrossRef]
3. Zhang, D.; Deng, H. Historical human activities accelerated climate-driven desertification in China’s Mu Us Desert. Sci. Total

Environ. 2020, 708, 134771. [CrossRef]
4. Shao, W.; Wang, Q.; Guan, Q.; Zhang, J.; Yang, X.; Liu, Z. Environmental sensitivity assessment of land desertification in the Hexi

Corridor, China. Catena 2023, 220, 106728. [CrossRef]
5. Zhao, W.; Hu, G.; Zhang, Z.; He, Z. Shielding effect of oasis-protection systems composed of various forms of wind break on sand

fixation in an arid region: A case study in the Hexi Corridor, northwest China. Ecol. Eng. 2008, 33, 119–125. [CrossRef]
6. Su, Y.Z.; Zhao, W.Z.; Su, P.X.; Zhang, Z.H.; Wang, T.; Ram, R. Ecological effects of desertification control and desertified

land reclamation in an oasis–desert ecotone in an arid region: A case study in Hexi Corridor, northwest China. Ecol. Eng.
2005, 29, 117–124. [CrossRef]

7. Li, X.R.; Zhang, Z.S.; Tan, H.J.; Gao, Y.H.; Liu, G.L.; Wang, X.P. Ecological restoration and recovery in the wind-blown sand
hazard areas of northern China: Relationship between soil water and carrying capacity for vegetation in the Tengger Desert. Sci.
China Life Sci. 2014, 57, 539–548. [CrossRef]

8. Zhang, C.; Wang, Y.; Jia, X.; Shao, M.; An, Z. Impacts of shrub introduction on soil properties and implications for dryland
revegetation. Sci. Total Environ. 2020, 742, 140498. [CrossRef]

9. Zhou, W.; Li, C.; Wang, S.; Ren, Z.; Stringer, L.C. Effects of vegetation restoration on soil properties and vegetation attributes in
the arid and semi-arid regions of China. JEM 2023, 343, 118186. [CrossRef]

10. Aksoy, E.; Louwagie, G.; Gardi, C.; Gregor, M.; Schröder, C.; Löhnertz, M. Assessing soil biodiversity potentials in Europe. Sci.
Total Environ. 2017, 589, 236–249. [CrossRef]

11. Song, S.; Xiong, K.; Chi, Y. Ecological Stoichiometric Characteristics of Plant–Soil–Microorganism of Grassland Ecosystems under
Different Restoration Modes in the Karst Desertification Area. Agronomy 2016, 13, 2016. [CrossRef]

12. Kimmell, L.B.; Fagan, J.M.; Havrilla, C.A. Soil restoration increases soil health across global drylands: A meta-analysis. J. Appl.
Ecol. 2023, 60, 1939–1951. [CrossRef]

13. Falkowski, G.P.; Fenchel, T.; Delong, F.E. The Microbial Engines That Drive Earth’s Biogeochemical Cycles. Science 2008,
320, 1034–1039. [CrossRef] [PubMed]

14. Delgado-Baquerizo, M.; Grinyer, J.; Reich, P.B.; Singh, B.K. Relative importance of soil properties and microbial community for
soil functionality: Insights from a microbial swap experiment. Funct. Ecol. 2016, 30, 1862–1873. [CrossRef]

15. Maestre, F.T.; Reich, P.B.; Jeffries, T.C.; Gaitan, J.J.; Encinar, D.; Berdugo, M.; Campbell, C.D.; Singh, B.K. Microbial diversity drives
multifunctionality in terrestrial ecosystems. Nat. Commun. 2016, 7, 10541.

16. Bourget, M.Y.; Fanin, N.; Fromin, N.; Hättenschwiler, S.; Roumet, C.; Shihan, A.; Huys, R.; Sauvadet, M.; Freschet, G.T. Plant litter
chemistry drives long-lasting changes in the catabolic capacities of soil microbial communities. Funct. Ecol. 2023, 37, 2014–2028.
[CrossRef]

17. Leloup, J.; Baude, M.; Nunan, N.; Meriguet, J.; Dajoz, I.; Le Roux, X.; Raynaud, X. Unravelling the effects of plant species diversity
and aboveground litter input on soil bacterial communities. Geoderma 2018, 317, 1–7. [CrossRef]

18. Waksman, S.A.; Tenney, F.G.; Stevens, K.R. The Role of Microorganisms in the Transformation of Organic Matter in Forest Soils.
Ecology 1928, 9, 126–144. [CrossRef]

19. Xu, Y.; Sun, R.; Yan, W.; Zhong, Y. Divergent response of soil microbes to environmental stress change under different plant
communities in the Loess Plateau. Catena 2023, 230, 107240. [CrossRef]

20. Hermans, S.M.; Buckley, H.L.; Case, B.S.; Curran-Cournane, F.; Taylor, M.; Lear, G. Bacteria as emerging indicators of soil
condition. Appl. Environ. Microbiol. 2017, 83, e02826-16. [CrossRef]

https://doi.org/10.1016/j.ecolind.2022.109068
https://doi.org/10.1016/j.ecolind.2020.106651
https://doi.org/10.1016/j.scitotenv.2019.134771
https://doi.org/10.1016/j.catena.2022.106728
https://doi.org/10.1016/j.ecoleng.2008.02.010
https://doi.org/10.1016/j.ecoleng.2005.10.015
https://doi.org/10.1007/s11427-014-4633-2
https://doi.org/10.1016/j.scitotenv.2020.140498
https://doi.org/10.1016/j.jenvman.2023.118186
https://doi.org/10.1016/j.scitotenv.2017.02.173
https://doi.org/10.3390/agronomy13082016
https://doi.org/10.1111/1365-2664.14459
https://doi.org/10.1126/science.1153213
https://www.ncbi.nlm.nih.gov/pubmed/18497287
https://doi.org/10.1111/1365-2435.12674
https://doi.org/10.1111/1365-2435.14379
https://doi.org/10.1016/j.geoderma.2017.12.018
https://doi.org/10.2307/1929350
https://doi.org/10.1016/j.catena.2023.107240
https://doi.org/10.1128/AEM.02826-16


Forests 2023, 14, 2244 18 of 20

21. Callahan, B.J.; Wong, J.; Heiner, C.; Oh, S.; Theriot, C.M.; Gulati, A.S.; McGill, S.K.; Dougherty, M.K. High-throughput amplicon
sequencing of the full-length 16S rRNA gene with single-nucleotide resolution. Nucleic Acids Res. 2019, 47, e103. [CrossRef]
[PubMed]

22. Douglas, G.M.; Maffei, V.J.; Zaneveld, J.R.; Yurgel, S.N.; Brown, J.R.; Taylor, C.M.; Huttenhower, C.; Langille, M.G. PICRUSt2 for
prediction of metagenome functions. Nat. Biotechnol. 2020, 38, 685–688. [CrossRef] [PubMed]

23. Yu, J.; Liu, F.; Tripathi, B.M.; Steinberger, Y. Changes in the composition of soil bacterial and fungal communities after revegetation
with Caragana microphylla in a desertified semiarid grassland. J. Arid. Environ. 2020, 182, 104262. [CrossRef]

24. Bi, B.; Yuan, Y.; Zhang, H.; Wu, Z.; Wang, Y.; Han, F. Rhizosphere soil metabolites mediated microbial community changes of
Pinus sylvestris var. mongolica across stand ages in the Mu Us Desert. Appl. Soil Ecol. 2022, 169, 104222. [CrossRef]

25. Bai, Y.; She, W.; Miao, L.; Qin, S.; Zhang, Y. Soil microbial interactions modulate the effect of Artemisia ordosica on herbaceous
species in a desert ecosystem, northern China. Soil Biol. Biochem. 2020, 150, 108013. [CrossRef]

26. Yang, F.; Lv, G. Metabolomic Analysis of the Response of Haloxylon ammodendron and Haloxylon persicum to Drought. Int. J. Mol.
Sci. 2023, 24, 9099. [CrossRef]

27. Yu, T.; Han, T.; Feng, Q.; Chen, W.; Zhao, C.; Li, H.; Liu, J. Divergent response to abiotic factor determines the decoupling of water
and carbon fluxes over an artificial C4 shrub in desert. J. Environ. Manag. 2023, 344, 118416. [CrossRef]

28. Chen, F.; Zhang, J.; Han, E. Soil microbial diversity and its relationship with soil physicochemical properties in Urat natural
Haloxylon ammodendron forest. J. Desert Res. 2022, 42, 207–214.

29. Cao, Y.; Li, Y.; Li, C.; Huang, G.; Lü, G. Relationship between presence of the desert shrub Haloxylon ammodendron and microbial
communities in two soils with contrasting textures. Appl. Soil Ecol. 2016, 103, 93–100. [CrossRef]

30. An, F.; Niu, Z.; Liu, T.; Su, Y. Succession of soil bacterial community along a 46-year choronsequence artificial revegetation in an
arid oasis-desert ecotone. Sci. Total Environ. 2021, 814, 152496. [CrossRef]

31. Wu, C.; Deng, L.; Huang, C.; Chen, Y.; Peng, C. Effects of vegetation restoration on soil nutrients, plant diversity, and its
spatiotemporal heterogeneity in a desert–oasis ecotone. Land Degrad. Dev. 2021, 32, 670–683. [CrossRef]

32. Wang, X.Y.; Chen, X.S.; Ding, Q.P. Vegetation and soil environmental factor characteristics, and their relationship at different
desertification stages: A case study in the Minqin desert-oasis ecotone. Acta Ecol. Sin. 2018, 38, 1569–1580.

33. Hu, Y.; Wang, Z.; Zhang, Z.; Song, N.; Zhou, H.; Li, Y.; Wang, Y.; Li, C.; Hale, L. Alteration of desert soil microbial community
structure in response to agricultural reclamation and abandonment. Catena 2021, 207, 105678. [CrossRef]

34. Peng, M.; He, H.; Wang, Z.; Li, G.; Lv, X.; Pu, X.; Zhuang, L. Responses and comprehensive evaluation of growth characteristics of
ephemeral plants in the desert–oasis ecotone to soil types. J. Environ. Manag. 2022, 316, 115288. [CrossRef]

35. Cao, X.; Mo, Y.; Yan, W.; Zhang, Z.; Peng, Y. Evaluation of Soil Quality in Five Ages of Chinese Fir Plantations in Subtropical
China Based on a Structural Equation Model. Forests 2023, 14, 1217. [CrossRef]

36. Lu, R. Methods for Agrochemical Analysis of Soil; China Agricultural Science and Technology Press: Beijing, China, 2000.
37. Hu, M.; Li, C.; Zhou, X.; Xue, Y.; Wang, S.; Hu, A.; Chen, S.; Mo, X.; Zhou, J. Microbial Diversity Analysis and Genome Sequencing

Identify Xanthomonas perforans as the Pathogen of Bacterial Leaf Canker of Water Spinach (Ipomoea aquatic). Front. Microbiol. 2021,
12, 752760. [CrossRef]

38. Xi, J.; Yang, D.; Xue, H.; Liu, Z.; Bi, Y.; Zhang, Y.; Yang, X.; Shang, S. Isolation of the Main Pathogens Causing Postharvest
Disease in Fresh Angelica sinensis during Different Storage Stages and Impacts of Ozone Treatment on Disease Development and
Mycotoxin Production. Toxins 2023, 15, 154. [CrossRef]

39. Yu, L.; Zhang, Z.; Zhou, L.; Huang, K. Effects of Altitude and Continuous Cropping on Arbuscular Mycorrhizal Fungi Community
in Siraitia grosvenorii Rhizosphere. Agriculture 2023, 13, 1548. [CrossRef]

40. Li, X.; Li, Y.; Xie, T.; Chang, Z.; Li, X. Recovery of soil carbon and nitrogen stocks following afforestation with xerophytic shrubs
in the Tengger Desert, North China. Catena 2022, 214, 106277. [CrossRef]

41. Van der Putten, W.H.; Bardgett, R.D.; Bever, J.D. Plant–soil feedbacks: The past, the present and future challenges. J. Ecol. 2013,
101, 265–276. [CrossRef]

42. Zhang, Y.; Zhao, W. Vegetation and soil property response of short-time fencing in temperate desert of the Hexi Corridor,
northwestern China. Catena 2015, 133, 43–51. [CrossRef]

43. Zuo, X.; Zhao, X.; Zhao, H.; Zhang, T.; Guo, Y.; Li, Y.; Huang, Y. Spatial heterogeneity of soil properties and vegetation–soil
relationships following vegetation restoration of mobile dunes in Horqin Sandy Land, Northern China. Plant Soil 2009, 318,
153–167. [CrossRef]

44. Zhang, K.; Su, Y.; Wang, T.; Liu, T. Soil properties and herbaceous characteristics in an age sequence of Haloxylon ammodendron
plantations in an oasis-desert ecotone of northwestern China. J. Arid Land 2016, 8, 960–972. [CrossRef]

45. Rath, K.M.; Maheshwari, A.; Rousk, J. The impact of salinity on the microbial response to drying and rewetting in soil. Soil Biol.
Biochem. 2017, 108, 17–26. [CrossRef]

46. James, J.J.; Tiller, L.R.; Richards, H.J. Multiple Resources Limit Plant Growth and Function in a Saline-Alkaline Desert Community.
J. Ecol. 2005, 93, 113–126. [CrossRef]

47. Lei, X.; Shen, Y.; Zhao, J.; Huang, J.; Wang, H.; Yu, Y.; Xiao, C. Root Exudates Mediate the Processes of Soil Organic Carbon Input
and Efflux. Plants 2023, 12, 630. [CrossRef] [PubMed]

https://doi.org/10.1093/nar/gkz569
https://www.ncbi.nlm.nih.gov/pubmed/31269198
https://doi.org/10.1038/s41587-020-0548-6
https://www.ncbi.nlm.nih.gov/pubmed/32483366
https://doi.org/10.1016/j.jaridenv.2020.104262
https://doi.org/10.1016/j.apsoil.2021.104222
https://doi.org/10.1016/j.soilbio.2020.108013
https://doi.org/10.3390/ijms24109099
https://doi.org/10.1016/j.jenvman.2023.118416
https://doi.org/10.1016/j.apsoil.2016.03.011
https://doi.org/10.1016/j.scitotenv.2021.152496
https://doi.org/10.1002/ldr.3690
https://doi.org/10.1016/j.catena.2021.105678
https://doi.org/10.1016/j.jenvman.2022.115288
https://doi.org/10.3390/f14061217
https://doi.org/10.3389/fmicb.2021.752760
https://doi.org/10.3390/toxins15020154
https://doi.org/10.3390/agriculture13081548
https://doi.org/10.1016/j.catena.2022.106277
https://doi.org/10.1111/1365-2745.12054
https://doi.org/10.1016/j.catena.2015.04.019
https://doi.org/10.1007/s11104-008-9826-7
https://doi.org/10.1007/s40333-016-0096-6
https://doi.org/10.1016/j.soilbio.2017.01.018
https://doi.org/10.1111/j.0022-0477.2004.00948.x
https://doi.org/10.3390/plants12030630
https://www.ncbi.nlm.nih.gov/pubmed/36771714


Forests 2023, 14, 2244 19 of 20

48. Gao, Y.; Tariq, A.; Zeng, F.; Sardans, J.; Peñuelas, J.; Zhang, Z.; Islam, W.; Xu, M. “Fertile islands” beneath three desert vegetation
on soil phosphorus fractions, enzymatic activities, and microbial biomass in the desert-oasis transition zone. Catena 2022, 212,
106090. [CrossRef]

49. Dong, S.; Liu, S.; Cui, S.; Zhou, X.; Gao, Q. Responses of soil properties and bacterial community to the application of sulfur
fertilizers in black and sandy soils. Pol. J. Environ. Stud. 2022, 1, 31. [CrossRef]

50. Su, Y.Z.; Wang, X.F.; Yang, R.; Lee, J. Effects of sandy desertified land rehabilitation on soil carbon sequestration and aggregation
in an arid region in China. J. Environ. Manag. 2009, 91, 2109–2116. [CrossRef]

51. Wang, G.H.; Zhao, W.Z.; Liu, H.; Zhang, G.; Li, F. Changes in soil and vegetation with stabilization of dunes in a desert–oasis
ecotone. Ecol. Res. 2015, 30, 639–650. [CrossRef]

52. Zhao, L.; Li, W.; Yang, G.; Yan, K.; He, X.; Li, F.; Gao, Y.; Tian, L. Moisture, Temperature, and Salinity of a Typical Desert Plant
(Haloxylon ammodendron) in an Arid Oasis of Northwest China. Sustainability 2020, 13, 1908. [CrossRef]

53. Li, Y.; Cui, J.; Zhang, T.; Okuro, T.; Drake, S. Effectiveness of sand-fixing measures on desert land restoration in Kerqin Sandy
Land, northern China. Ecol. Eng. 2009, 35, 118–127. [CrossRef]

54. Murrell, D.J.; Law, R. Heteromyopia and the spatial coexistence of similar competitors. Ecol. Lett. 2003, 6, 48–59. [CrossRef]
55. Shao, W.; Wang, Q.; Guan, Q.; Luo, H.; Ma, Y.; Zhang, J. Distribution of soil available nutrients and their response to environmental

factors based on path analysis model in arid and semi-arid area of northwest China. Sci. Total Environ. 2022, 827, 154254. [CrossRef]
[PubMed]

56. Toledo, S.; Bondaruk, V.F.; Yahdjian, L.; Oñatibia, G.R.; Loydi, A.; Alberti, J.; Bruschetti, M.; Pascual, J.; Peter, G.; Agüero, W.D.;
et al. Environmental factors regulate soil microbial attributes and their response to drought in rangeland ecosystems. Sci. Total
Environ. 2023, 892, 164406. [CrossRef]

57. Xu, M.; Lu, X.; Xu, Y.; Zhong, Z.; Zhang, W.; Ren, C.; Han, X.; Yang, G.; Feng, Y. Dynamics of bacterial community in litter and
soil along a chronosequence of Robinia pseudoacacia plantations. Sci. Total Environ. 2020, 703, 135613. [CrossRef]

58. Cao, H.; Du, Y.; Gao, G.; Rao, L.; Ding, G.; Zhang, Y. Afforestation with Pinus sylvestris var. mongolica remodelled soil bacterial
community and potential metabolic function in the Horqin Desert. Glob. Ecol. Conserv. 2021, 29, e01716. [CrossRef]

59. Sun, Y.; Shi, Y.; Wang, H.; Zhang, T.; Yu, L.; Sun, H.; Zhang, Y. Diversity of bacteria and the characteristics of actinobacteria
community structure in Badain Jaran Desert and Tengger Desert of China. Front. Microbiol. 2018, 9, 68–82. [CrossRef]

60. Sun, Y.; Zhang, Y.; Feng, W. Effects of xeric shrubs on soil microbial communities in a desert in northern China. Plant Soil 2017,
414, 281–294. [CrossRef]

61. Li, S.; Fan, W.; Xu, G.; Cao, Y.; Zhao, X.; Hao, S.; Deng, B.; Ren, S.; Hu, S. Bio-organic fertilizers improve Dendrocalamus farinosus
growth by remolding the soil microbiome and metabolome. Front. Microbiol. 2023, 14, 1117355. [CrossRef]

62. Yu, X.J.; Zhang, L.X.; Zhou, T.; Zhang, X. Long-term changes in the effect of drought stress on ecosystems across global drylands.
Sci. China Earth Sci. 2023, 66, 146–160. [CrossRef]

63. Zhang, X.; Myrold, D.D.; Shi, L.; Kuzyakov, Y.; Dai, H.; Thu Hoang, D.T.; Dippold, M.A.; Meng, X.; Song, X.; Li, Z.; et al. Resistance
of microbial community and its functional sensitivity in the rhizosphere hotspots to drought. Soil Biol. Biochem. 2021, 161, 108360.
[CrossRef]

64. Spain, A.M.; Krumholz, L.R.; Elshahed, M.S. Abundance, composition, diversity and novelty of soil Proteobacteria. ISME J. 2009,
3, 992–1000. [CrossRef]

65. Pajares, S.; Bohannan, B.J. Ecology of Nitrogen Fixing, Nitrifying, and Denitrifying Microorganisms in Tropical Forest Soils. Front.
Microbiol. 2016, 7, 209327. [CrossRef] [PubMed]

66. Huang, Q.; Huang, Y.; Wang, B.; Dippold, M.A.; Li, H.; Li, N.; Jia, P.; Zhang, H.; An, S.; Kuzyakov, Y. Metabolic pathways of CO2
fixing microorganisms determined C-fixation rates in grassland soils along the precipitation gradient. Soil Biol. Biochem. 2022, 172,
108764. [CrossRef]

67. Wang, R.; Wang, M.; Wang, J.; Lin, Y. Habitats Are More Important Than Seasons in Shaping Soil Bacterial Communities on the
Qinghai-Tibetan Plateau. Microorganisms 2021, 9, 1595. [CrossRef]

68. Urbanová, M.; Šnajdr, J.; Baldrian, P. Composition of fungal and bacterial communities in forest litter and soil is largely determined
by dominant trees. Soil Biol. Biochem. 2015, 84, 53–64. [CrossRef]

69. Cheng, H.; Wu, B.; Wei, M.; Wang, S.; Rong, X.; Du, D.; Wang, C. Changes in community structure and metabolic function of soil
bacteria depending on the type restoration processing in the degraded alpine grassland ecosystems in Northern Tibet. Sci. Total
Environ. 2021, 755, 142619. [CrossRef]

70. Zhu, H.; Gong, L.; Luo, Y.; Tang, J.; Ding, Z.; Li, X. Effects of litter and root manipulations on soil bacterial and fungal community
structure and function in a schrenk’s spruce (Picea schrenkiana) forest. Front. Plant Sci. 2022, 13, 849483. [CrossRef]

71. Wu, C.; Ma, Y.; Wang, D.; Shan, Y.; Song, X.; Hu, H.; Ren, X.; Ma, X.; Cui, J.; Ma, Y. Integrated microbiology and metabolomics
analysis reveal plastic mulch film residue affects soil microorganisms and their metabolic functions. J. Hazard. Mater. 2022, 423,
127258. [CrossRef]

72. Li, Y.Y.; Xu, T.T.; Ai, Z. Diversity and predictive functional of caragana jubata bacterial community in rhizosphere and non-
Rhizosphere soil at different elevations. Environ. Sci. 2023, 44, 2304–2314.

73. Bromke, A.M. Amino Acid Biosynthesis Pathways in Diatoms. Metabolites 2013, 3, 294–311. [CrossRef] [PubMed]
74. Chen, Y.; Neilson, J.W.; Kushwaha, P.; Maier, R.M.; Barberán, A. Life-history strategies of soil microbial communities in an arid

ecosystem. ISME J. 2021, 15, 649–657. [CrossRef]

https://doi.org/10.1016/j.catena.2022.106090
https://doi.org/10.15244/pjoes/139108
https://doi.org/10.1016/j.jenvman.2009.12.014
https://doi.org/10.1007/s11284-015-1267-1
https://doi.org/10.3390/su13041908
https://doi.org/10.1016/j.ecoleng.2008.09.013
https://doi.org/10.1046/j.1461-0248.2003.00397.x
https://doi.org/10.1016/j.scitotenv.2022.154254
https://www.ncbi.nlm.nih.gov/pubmed/35248639
https://doi.org/10.1016/j.scitotenv.2023.164406
https://doi.org/10.1016/j.scitotenv.2019.135613
https://doi.org/10.1016/j.gecco.2021.e01716
https://doi.org/10.3389/fmicb.2018.01068
https://doi.org/10.1007/s11104-016-3111-y
https://doi.org/10.3389/fmicb.2023.1117355
https://doi.org/10.1007/s11430-022-1001-0
https://doi.org/10.1016/j.soilbio.2021.108360
https://doi.org/10.1038/ismej.2009.43
https://doi.org/10.3389/fmicb.2016.01045
https://www.ncbi.nlm.nih.gov/pubmed/27468277
https://doi.org/10.1016/j.soilbio.2022.108764
https://doi.org/10.3390/microorganisms9081595
https://doi.org/10.1016/j.soilbio.2015.02.011
https://doi.org/10.1016/j.scitotenv.2020.142619
https://doi.org/10.3389/fpls.2022.849483
https://doi.org/10.1016/j.jhazmat.2021.127258
https://doi.org/10.3390/metabo3020294
https://www.ncbi.nlm.nih.gov/pubmed/24957993
https://doi.org/10.1038/s41396-020-00803-y


Forests 2023, 14, 2244 20 of 20

75. ] Ashry, N.M.; Alaidaroos, B.A.; Mohamed, S.A.; Badr, O.A.; El-Saadony, M.T.; Esmael, A. Utilization of drought-tolerant bacterial
strains isolated from harsh soils as a plant growth-promoting rhizobacteria (PGPR). Saudi J. Biol. Sci. 2022, 29, 1760–1769.
[CrossRef] [PubMed]

76. Zhou, Z.; Wang, C.; Luo, Y. Meta-analysis of the impacts of global change factors on soil microbial diversity and functionality.
Nat. Commun. 2020, 11, 3072. [CrossRef]

77. Hermans, S.M.; Buckley, H.L.; Case, B.S. Using soil bacterial communities to predict physico-chemical variables and soil quality.
Microbiome 2020, 8, 79. [CrossRef]

78. Bastida, F.; Eldridge, D.J.; García, C.; Kenny Png, G.; Bardgett, R.D. Soil microbial diversity–biomass relationships are driven by
soil carbon content across global biomes. ISME J. 2021, 15, 2081–2091. [CrossRef]

79. Zeng, J.; Liu, X.; Song, L.; Lin, X.; Zhang, H.; Shen, C.; Chu, H. Nitrogen fertilization directly affects soil bacterial diversity and
indirectly affects bacterial community composition. Soil Biol. Biochem. 2016, 92, 41–49. [CrossRef]

80. Naz, M.; Dai, Z.; Hussain, S.; Tariq, M.; Danish, S.; Khan, I.U.; Qi, S.; Du, D. The soil pH and heavy metals revealed their impact
on soil microbial community. J. Environ. Manag. 2022, 321, 115770. [CrossRef]

81. Kim, J.M.; Roh, A.S.; Choi, S.C. Soil pH and electrical conductivity are key edaphic factors shaping bacterial communities of
greenhouse soils in Korea. J. Microbiol. 2016, 54, 838–845. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.sjbs.2021.10.054
https://www.ncbi.nlm.nih.gov/pubmed/35280578
https://doi.org/10.1038/s41467-020-16881-7
https://doi.org/10.1186/s40168-020-00858-1
https://doi.org/10.1038/s41396-021-00906-0
https://doi.org/10.1016/j.soilbio.2015.09.018
https://doi.org/10.1016/j.jenvman.2022.115770
https://doi.org/10.1007/s12275-016-6526-5

	Introduction 
	Materials and Methods 
	Study Site Description 
	Experimental Design and Sample Collection 
	Soil Physicochemical Measurements 
	Illumina Sequencing Analysis of 16S rRNA Gene Amplicons 
	Bioinformatic Analysis 
	Data Analysis 

	Results 
	Soil Physical and Chemical Properties 
	Soil Bacterial Diversity 
	Soil Bacterial Community Structure and Differences 
	Characteristics of the Metabolic Function of Soil Bacteria 
	The Main Physicochemical Factors Affecting the Structure and Function of Soil Bacterial Communities 

	Discussion 
	Effects of Vegetation Reconstruction on Soil Physicochemical Properties 
	Soil Bacterial Communities and Diversity in H. ammodendron Forests 
	Functional Characteristics of Soil Bacteria in H. ammodendron Forest 
	Effects of Soil Physicochemical Factors on the Structure and Metabolic Function of Bacterial Communities 

	Conclusions 
	References

