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Drylands cover approximately 40% of the global terrestrial area. These regions
face multiple challenges, including water scarcity, soil erosion, and declining
biodiversity, which significantly undermine soil fertility and ecosystem stability.
Biological soil crusts (biocrusts) are widely recognized as key components in arid
and semi-arid regions. Due to their unique structure and functions, biocrusts can
significantly improve soil structure, enhance soil nutrient accumulation and
cycling, and mitigate soil erosion, thereby providing critical support for
ecological restoration and sustainable development. This study investigated
variations in soil properties, bacterial and fungal community structures, and the
relationships between soil properties and microbial communities in biocrusts
under pine forests. These pine forests have been utilized for soil and water
conservation over a ten-year period of ecological restoration in the Pisha
sandstone area. Compared to bare ground, soil available phosphorus was 0.96
and 1.79 times higher in cyanobacterial and moss biocrusts, respectively, while
soil available potassium was 1.44 and 2.34 times higher, respectively. These
abundant soil nutrients provide a carbon source for microorganisms, promoting
the growth and metabolic activity of soil microorganisms, thereby significantly
enhancing soil microbial diversity and biomass. Biocrusts also enhanced soil
urease and invertase activities. Soil microbial biomass carbon was 2.65 and 8.19
times higher in cyanobacterial biocrusts and moss biocrusts, respectively,
compared to bare ground, and soil microbial biomass nitrogen was 5.05 and
11.07 times higher, respectively. Additionally, the Observed Species Richness
Index and Abundance-based Coverage Estimator Index of bacterial and fungal
microorganisms in moss biocrusts were significantly higher than those in bare
ground and cyanobacterial biocrusts. Soil pH, copper, microbial biomass carbon,
and microbial biomass nitrogen are key environmental factors influencing soil
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microbial communities. Biocrusts significantly improve soil quality in the Pisha
sandstone area by enhancing the soil properties. This not only strengthens the
stability and sustainability of the ecosystem but also provides critical support for
improving ecosystem productivity and environmental quality.
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1 Introduction

Restorationists struggle with the global issue of arid land
degradation because these regions are often characterized by
severe soil erosion, sparse vegetation, and nutrient loss, which
collectively undermine ecosystem resilience and sustainability.
Pisha sandstone is called “cancer of Earth”, because the soil in the
Pisha sandstone area is fragile and prone to soil erosion (Liu et al.,
2023). Pisha sandstone is distributed in the middle of the Yellow
River Basin, the northern part of the Loess Plateau (area;
approximately 1.67 x 10* km?), which includes part of Inner
Mongolia. This area was easily eroded to form the tertiary (Deng
et al, 2021), a loose formation of sandstone, sandy shale, and
muddy sandstone (Zhao et al., 2023). The Pisha sandstone area is
among the key sources of Yellow River mud and coarse sand, with
this area depositing 200 million tons of the yellow sediment in the
Yellow River each year (Ma and Zhang, 2016). Up to 100 million
tons coarse sediment was also deposited each year (Wang et al,
2021). The Pisha sandstone area in Zhungrun Banner has an arid
climate with sparse and concentrated precipitation (Tian et al,
2023). Alkaline oxide is active in Pisha sandstone soil and is prone
to erosion, which thus weakens the corrosion resistance property of
this sandstone (Liang et al., 2019). In order to effectively reduce soil
erosion, extensive afforestation has been carried out in the Pisha
sandstone area. Pinus tabulaeformis, one of the native tree species in
this region, is characterized by its drought resistance and tolerance
to barren conditions. It provides ecological services such as soil and
water conservation, carbon sequestration, oxygen release, and
biodiversity conservation, as well as economic value through
timber production (Li Z. et al., 2020). Due to these benefits, Pinus
tabuliformis is widely planted in the region to conserve soil
and water.

Biological soil crust (biocrust) is a special biological community
composed of cyanobacteria, lichens and mosses that are distributed
on the soil surfaces of these plantations (Elbert et al., 2012). Before the
establishment of plantations, biocrusts already existed, but after the
construction of artificial forests, these biocrusts have developed
significantly. They can resist drying and extreme temperature (Li
et al, 2022), produce chemical substances, and undergo asexual
reproduction (Warren et al., 2019). Biocrusts cover approximately
12% of the global land surfaces (Rodriguez-Caballero et al., 2022).
Being a crucial biological component of semiarid ecosystems,
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biocrusts are involved in biogeochemical carbon, nitrogen,
phosphorus and sulfur (C, N, P, and S respectively) cycling in
ecosystems and are affected by light, temperature, and humidity
(Baumann et al,, 2019; Wang Q. et al,, 2022; Zhou et al., 2020; Qi
et al,, 2021), as well as soil fauna and microorganisms. Under the
sufficient moisture conditions, biocrusts exhibit higher growth rates
and biomass (Ding et al., 2023), and when precipitation is higher, the
carbon fixation capabilities of cyanobacteria biocrustes and moss
biocrusts are enhanced (Zhang C. P. et al,, 2018). Climate warming
has reduced the coverage of lichen-dominated biocrusts while
promoting the growth of moss biocrusts (Ladrén de Guevara et al,
2018). Moreover, higher summer temperatures lead to a decline in
the species diversity and coverage of nitrogen-fixing lichen biocrusts
(Finger-Higgens et al, 2022). Biocrusts play a significant role in
controlling soil erosion by regulating soil erodibility. In
cyanobacterial crusts, Cyanobacteria with carbonic anhydrase
activity can enhance sand consolidation through microbial
carbonate precipitation, thereby alleviating soil erosion (Mai et al.,
2024). Cyanobacteria, Chloroflexi, Deinococcota, and Patescibacteria
in the biocrusts can secrete extracellular polymeric substances,
thereby enhancing the soil resistance to erosion (Wang et al,
2024). The development of biocrusts significantly reduces soil
erodibility. Their thickness exerts the most critical influence by
directly bonding or binding soil particles and aggregates, thereby
enhancing the soil resistance to erosion (Zhu et al., 2024). Biocrusts
improve soil nutrients and moisture, thereby increasing soil enzyme
activity, promoting microbial growth and helping to maintain spatial
heterogeneity in the landscape (Riveras-Munoz et al., 2022). Biocrust
successions are typically categorized into four stages: bare ground,
cyanobacterial crusts, lichen biocrusts, and moss crusts. The effects of
biocrusts on soil nutrients and microbial communities vary among
different successional stages (Hui et al., 2022). The metabolic
pathways of the biocrust microbiome contribute to biogeochemical
processes, thus augmenting the physicochemical properties of topsoil.
The different morphological, anatomical, and physiological
characteristics of biocrusts determine their effects on soil nutrients
and water cycling (Housman et al., 2006; Li J. et al., 2020). Biocrusts
increase soil nutrient such as alkali hydrolyzed nitrogen (AN) and
available phosphorus (AP); increase the activities of soil enzymes
such as urease (URE) and catalase (CAT); and decrease soil pH
compared with bare ground. In biocrusts, the levels of soil nutrients
are higher in the later stages of succession (moss crusts) than in the
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early stages of succession (cyanobacterial crusts, mixed biocrusts, and
bare ground) (Kakeh et al., 2018). The content of soil nutrients and
microbial biomass increases with the succession of biocrusts (Niu
et al., 2017). Soil organic carbon (SOC) content of moss crusts was
higher than that of cyanobacterial crusts, and the SOC content mixed
crusts was higher than that of single-organism crusts (Xu et al., 2022).
The total soil phosphorus (TP) content, total soil nitrogen (TN)
content, and URE activity significantly decreased one year after moss
crusts were removed compared with intact crusts (Cheng et al., 2021).
In lichen biocrusts, species such as S. cartilaginea, D. diacapsis, and F.
bracteata increase soil moisture and nutrient content but reduce soil
pH. The decomposition of lichen biocrusts benefits the cycling of
SOC, and enhances the activity of soil acid phosphatase (Ghiloufi et
al., 2023). Additionally, Various ecological functions of biocrusts are
related to the abundance and diversity of microorganisms. Xiao and
Veste (2017) reported that the number of operational taxonomic
units (OTUs) of bacteria and fungi was higher in moss crusts in the
Loess Plateau than in bare ground. The diverse soil microorganisms
contribute to soil fertility and play a vital role in ecosystem
functioning. In biocrusts, the relationship between soil nutrients
and microorganisms is crucial for ecosystem conservation and
functioning. The presence of biocrusts promotes the recruitment
and growth of soil microorganisms. The biocrusts enhance the
metabolic activities and organic matter decomposition, facilitate
nutrient cycling and enhance soil structure and stability, thereby
reducing soil erosion and improving soil fertility. Soil nutrients
directly affect the activity and diversity of microorganisms, which
in turn influence the overall functioning of ecosystems (She et al.,
2024). Therefore, the rational management of biocrust nutrients and
the protection of microbial communities are key strategies for
maintaining ecosystem health and sustainability. The effects of
biocrusts on soil nutrient indicators and microbial communities
were still unclear in the Pisha sandstone area. Therefore, the
objectives of this study were (1) to investigate the effects of
biocrusts (cyanobacteria biocrusts and moss biocrusts) on soil
properties in the Pisha sandstone area in Pinus tabuliformis
plantations used for soil and water conservation over ten years; (2)
to conduct the effects of biocrusts on the composition of soil
microbial communities (bacteria and fungi) in the Pisha sandstone
area; and (3) to explore the relationship between soil properties and
bacterial and soil microbial communities in the Pisha sandstone area.

2 Materials and methods

2.1 Study area

The study area is located in Soil and Water Conservation Park
of Zhungrun Banner, Erdos, Inner Mongolia, China (110.58 °E,
39.79 °N) (Supplementary Figure S1). The mean annual
temperature is 6°C-9°C, and the precipitation ranges from 380 to
420 mm, concentrated in the July-September period. The terrain is
undulating and has ravines, and the soil in this area is severely
eroded by wind and water. The soil in the Pisha sandstone area is
mostly composed of weathered Pisha sandstone, loess and wind-
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formed sand, with coarse particles, large voids and loose soil
structure. The area primarily has artificial vegetation, and the key
tree species are pines (Pinus tabuliformis), P. sylvestris var,
Armeniaca sibica, etc. The predominant shrub species are
Caragana korshinski, Hippophae rhamnoides, etc., and the main
herbaceous species are Leymus chinensis, Thymus mongolicus, and
Heteropappus altaicus. The soil collected in this study was under the
pines in the Soil and Water Conservation Park. The pines were
planted in 2013 with a row spacing of 3 m x 4 m. The
cyanobacteria- and moss-dominated biocrusts are distributed
under the pines in soil.

2.2 Collection and analyses of biocrust soil
samples

Biocrust soil samples were collected in the Pinus tabuliformis
plantations in July 2022. All samples were collected using a soil drill
(0-5 cm) in a serpentine manner. Soil samples were collected from
the bare ground (CK), cyanobacterial crusts (PC), and moss crusts
(PM) in the study area with four replicates (Supplementary Figures
Slc—e). The collected soil samples were sieved (2mm) and divided
into 3 portions. The first part of the soil sample was placed in liquid
nitrogen and used for DNA extraction and high-throughput
sequencing (16s and ITS), the second sample was placed in a
refrigerator at —4°C and used for determining soil enzyme
activity. The third sample was used for determining soil nutrient
indicators. We extracted DNA from soil samples and sent them to
Gene Denovo Biotechnology (Guangzhou, China) for high-
throughput sequencing (Illumina Hiseq). The ssequencing data
for microbial communities were deposited in the NCBI database.
(Accession numbers PRJNA1148314 for bacterial microorganisms
and PRJNA1148338 for fungal microorganisms). The method of
soil nutrient indicators was shown in Table 1.

2.3 Statistical analysis

Soil indicators and diversity indices of microbial communities
were analyzed through one-way analysis of variance (ANOVA) by
using SPSS 24.0 software. The analysis of significance was
performed using the Least Significant Difference (LSD) method
(00 = 0.05). Before these analyses were performed, data were tested
for normality using the chi-square test and transformed, where
necessary. The data were visualized, and the correlation between
soil nutrient indicators was analyzed using Origin 2024. By
integrating the genetic information of species from three major
databases, namely IMG, KEGG, and PATRIC, phenotypic changes
in the soil microbial communities were analyzed using PICRUSt2
and FunGuild. A diversity index (Observed Species Richness Index,
Shannon-Wiener Index, Simpson’s Diversity Index, Chaol
Richness Estimator Index, Abundance-based Coverage Estimator
Index and Pielou’s Evenness Index) of microbial communities was
calculated from the Omicsmart cloud platform(http://
www.omicsmart.com; Zhang et al., 2021).
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TABLE 1 Measurement methods of soil properties.

Soil process

10.3389/fevo.2025.1524202

Soil indicators Analytical methods References
Calcium oxide (CaO) X-ray fluorescence Li et al. (2018)
Potassium oxide (K,O) X-ray fluorescence Li et al. (2018)
Sodium oxide (Na,O) X-ray fluorescence Li et al. (2018)

Copper (Cu)
Zinc (Zn)
Potassium (K)
Alkali hydrolyzed nitrogen (AN)

Total soil nitrogen (TN)

Flame atomic absorption spectrophotometer Bhatti et al. (2019)

Flame atomic absorption spectrophotometer Bhatti et al. (2019)
Flame atomic absorption spectrophotometer Bhatti et al. (2019)
Akaline hydrolysis diffusion method Deng et al. (2021)

Kjeldahl method Zhang Y. et al. (2022)

Chemical
Available phosphorus (AP) Molybdenum antimony colorimetry Deng et al. (2021)
Total soil phosphorus (TP) Akali fusion-Mo-Sb Anti method Zhang Y. et al. (2022)
Available potassium (AK) NH,OAc extraction and flame photometry Deng et al. (2021)
Soil organic carbon (SOC) Wet combustion procedure Garcia et al. (2021)
Soil organic matter (SOM) K,Cr,0; oxidation and FeSO, titration Qi et al. (2020)
Dissolved organic carbon (DOC) Distill water extraction and then measured using a Qi et al. (2020)
TOC analyzer
Soil pH (pH) pH meter Deng et al. (2021)
Microbial biomass carbon (MBC) Chloroform fumigation extraction method Hui et al. (2022)
Microbial biomass nitrogen (MBN) Chloroform fumigation extraction method Hui et al. (2022)
Biological Urease activity (URE) Phenol sodium hypochlorite colorimetry Gou et al. (2019)
Catalase activity (CAT) Phenol sodium hypochlorite colorimetry Wu et al. (2020)
Invertase activity (INV) 4-Aminoantipyrine phenol colorimetric method Gou et al. (2019)
3 Results nitrogen (MBN) increasing 8.19 and 11.07 times, respectively, in

3.1 Effect of biocrusts on soil nutrient
indicators under different treatments

The presence of biological soil crusts (biolcrusts) significantly
increases the content of mineral elements and nutrients such as
nitrogen, phosphorus, potassium and carbon in soil (Table 2). Soil
sodium oxide (Na,O), copper (Cu), zinc (ZN) and available
potassium (AK) were higher in the cyanobacterial crusts (PC)
and moss crusts (PM) than in bare ground (CK) (P < 0.05). Soil
AK was 143.51% and 233.62% higher, respectively, in PC and PM
than in CK. PM was overall better than PC in enhancing the
nutrient content, which significantly increased the soil content of
alkali hydrolyzed nitrogen (AN), total soil nitrogen (TN), total soil
phosphorus (TP), SOC, and soil organic matter (SOM) nutrients
compared to CK and PC (P < 0.05), with the greatest increase in
AN, were 231.27% and 121.14% higher compared to CK and PC,
respectively. PC also greatly increased the microbial biomass in the
soil, with microbial biomass carbon (MBC) and microbial biomass
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PM compared to CK (P < 0.05).

Soil urease activity (URE) was significantly increased in PC and
PM as compared to CK. Soil invertase activity (INV) was significantly
higher in PM than in CK and PC. Soil INV was 4.35 and 1.82 times
higher in PM than in CK and PC, respectively. Soil calcium oxide
(Ca0), pH, and catalase activity (CAT) were significantly decreased in
PC and PM, with CAT enzyme activity decreased the most, by 48.60%
and 74.0% compared to CK, respectively. The presence of biocrusts
significantly changed the distribution pattern of soil nutrients and
played an important role in soil fertility.

3.2 Effects of biocrusts on soil microbial
community compositions

Biocrusts increased the richness and diversity of microbial
communities in the soil (Supplementary Tables SI, S2). The
Observed Species Richness (Sobs), Chaol Richness Estimator
Index (Chao 1) and Abundance-based Coverage Estimator Index
(ACE) of bacterial microorganisms and the Sobs of fungal
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TABLE 2 Effect of biocrusts on soil properties under pine restored over
ten years.

CK PC PM
CaO g kg 130.58 + 21.77a 66.27 + 12.96b 72.14 + 11.55b
KO gkg ' 17.87 + 1.60b 19.70 + 0.44ab 20.17 + 0.62a
Na,0 g kg™ 12.98 + 0.53b 15.19 + 0.07a 14.92 + 0.40a
Cumgkg™’ 5.54 £ 0.64c 9.63 £ 2.14b 12.39 + 0.50a
Zn mg kg 2821 £249 ¢ 37.24 £ 5.66b 45.11 % 3.09a
Kgkg' 15.34 + 1.46b 17.10 + 0.47ab 17.32 + 0.67a
AN mg kg™ 25.20 + 3.38b 37.74 + 6.82b 83.47 + 17.51a
TN gkg ™' 0.39 + 0.04b 0.55 % 0.16b 1.05 + 0.25a
AP mg kg™ 1.42 + 0.49a 2.79 + 0.40a 3.96 +2.13a
TP gkg 0.41 + 0.02b 0.42 % 0.03b 0.48 + 0.03a
AK mg kg™ 28.51 + 7.096b 69.44 £ 16.52a 95.13 % 25.30a
SOC gkg™* 4.01 + 0.30b 5.90 + 2.48b 9.89 + 2.352
SOM gkg ! 6.92 + 0.51b 10.17 + 4.28b 17.05 + 4.04a
DOC mg kg ! 45.02 + 3.17b 7138 + 11.69ab | 126.12 + 52.9a
pH 9.40 + 0.03a 9.19 £ 0.16b 9.14 + 0.05b
MBC g kg’ 0.18 + 0.06b 0.67 % 0.20ab 1.69 + 1.26a
MBN gkg ! 0.02 £ 0.01b 0.13 £ 0.06ab 0.25 + 0.14a
URE mg kg '/h™" 25.37 + 1.74b 45.11 + 6.62a 48.33 + 15.95a
CAT g/kg '/h™! 14 + 0.82a 7.2 +2.84b 3.64 + 1.69b
INV g/kg™'/h™" 0.43 + 0.07b 0.81 + 0.22b 2.28 + 0.82a

Different lowercase letters in the same row indicate significant differences among various
successional stages of biocrusts (P < 0.05). CaO, calcium oxide; K,O, potassium oxide; Na,O,
sodium oxide; Cu, copper; Zn, zinc; K, potassium; AN, alkali hydrolyzed nitrogen; TN, total
soil nitrogen; AP, available phosphorus; TP, total soil phosphorus; AK, available potassium;
SOC, organic carbon; SOM, soil organic matter; DOC, dissolved carbon; pH, soil pH; MBC,
microbial biomass carbon; MBN, microbial biomass nitrogen; URE, urease activity; CAT,
catalase activity; INV, invertase activity.

microorganisms in PM were significantly higher than those of CK
and PC, but the Pielou’s Evenness Index (Pielou) of fungal
microorganisms in PC was significantly lower than that of CK
and 13% lower than that of CK.

The dominant phyla in the bacterial community were
Proteobacteria (15.93%-20.17%), Acidobacteria (11.12%-24.23%),
Cyanobacteria (1.28%-25.97%), Bacteroidetes (6.68%-14.46%), and
Actinobacteria (7.40%-15.73%). The PC and PM significantly
increased the relative abundance of Cyanobacteria and Bacteroidetes
in the soil compared to CK, while significantly decreasing the relative
abundance of Acidobacteria, Actinobacteria and Gemmatimonadetes
in the soil (Figure 1a; Supplementary Table S3).

Among the fungal communities, Ascomycota had the highest
relative abundance (71.67%-80.90%), followed by Basidiomycota
(9.39%-13.97%) and Glomeromycota (0.05%-9.16%). The PC and
PM significantly reduced the relative abundance of Glomeromycota
in the soil compared to CK, with PC and PM reducing it by 195.43
times and 76.69 times, respectively, while other fungal phyla did not
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show significant differences among different treatments (Figure 1b;
Supplementary Table S4).

3.3 Prediction of soil microbial function

The top 10 soil bacterial functional genes were all related to
metabolism (Figure 2a). Among them carbohydrate metabolism,
amino acid metabolism, metabolism of cofactors and vitamins,
metabolism of terpenoids and polyketides, and metabolism of other
amino acidsde were higher in abundance, totaling more than 50% in
each treatment. Based on the fungal nutritional mode, the monotrophic
fungal types were pathotrophs, saprotrophs, and symbiotrophs. The
fungi with composite nutrient types were pathotroph-saprotroph,
pathotroph-saprotroph-symbiotroph, pathotroph-symbiotroph, and
saprotroph-symbiotroph (Figure 2b).

3.4 Relationship of soil nutrient indicators
and microbial community structures

The Cu, pH, CaO and MBN were the key environmental factors
affecting bacterial and fungal microbial communities, explaining
95.08% of the bacterial microbial community and 95.45% of the
fungal microbial community, respectively (Figures 3a, b). As key
environmental factors, soil CaO showed significant positive
correlations with Gemmatimonadetes and significant negative
correlations with Cyanobacteria. The pH, CAT showed significant
positive correlation with Acidobacteria, Actinobacteria,
Gemmatimonadetes and Verrucomicrobia, while it showed
significant negative correlation with Cyanobacteria, Bacteroidetes.
The soil pH also showed a significant positive correlation with
Glomeromycota, but soil Na,O, Cu and MBN showed a significant
negative correlation with Glomeromycota (Figure 4).

In the correlation analysis of soil nutrient indicators (Table 3),
the soil indicators MBC and MBN, which measure the size of soil
microbial communities and their activities, generally showed
significant positive correlations with soil nitrogen nutrients (AN
and TN), enzyme activities (URE and CAT), carbon fractions (SOC,
DOC, and SOM), AP and AK, but showed significant negative
correlations with pH (Table 3).

4 Discussion

4.1 Effect of bioclusters on soil nutrient
indicators

The well-developed biocrusts beneath the artificial Pinus
tabuliformis enhance the stability of soil aggregates by secreting
organic matter and forming mycelial networks, while also creating a
solid protective layer on the soil surface. This protective layer reduces
the direct erosion caused by wind and water, thereby lowering the risk
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M Unclassified
Other
I Verrucomicrobia
Gemmatimonadetes
M Ppatescibacteria
M Planctomycetes
M Chloroflexi
B Actinobacteria
“ M Bacteroidetes
M cyanobacteria
M Acidobacteria

M Proteobacteria

Relative abundance(%)

20—

Treatment

FIGURE 1

Top 10 bacterial (a) and fungal (b) community structures at the phylum level and their relative abundenced in soil biological crusts. CK, control
without soil biological crust; PC, Cyanobacterial biological crust; PM, moss biological crust.

of soil and water loss. These processes provide favorable conditions for
the restoration and conservation of the ecosystem in the Pisha
sandstone area. The CaO content was 49.25% and 44.76% lower in
PC and PM, respectively, than in bare ground. Pisha sandstone was
mainly composed of kaolinite, quartz, feldspar, and other minerals. It
was characterized by low diagenesis and poor mechanical strength
(Zhang et al., 2023). The CaO was the main oxide components in the
Pisha sandstone. When the CaO came into contact with water, it
underwent disintegration, leading to soil erosion and loss in the surface
layer (Zhang et al., 2024). The coverage of biocrusts could form a
protective layer on the soil surface (Kheirfam and Roohi, 2020),
reducing the intense reaction between CaO and soil moisture,
thereby decreasing soil erosion. Biocrusts could form mycelium
within the soil, and the mycelium can secrete polysaccharides and
other substances that promote the formation of soil aggregates,
improving soil physical and chemical properties and preventing soil

M other
Carbohydrate metabolism
B Amino acid metabolism
Metabolism of cofactors and vitamins
B Metabolism of terpenoids and polyketides
W Metabolism of other amino acids
= Lipid metabolism
M Energy metabolism
B Xenob biod d. and bol

M Replication and repair

Relative abundance(%)

M Glycan biosynthesis and metabolism

20

Treatment

FIGURE 2

Functional abundance of bacterial (a) and fungal (b) community compositions. CK, control without soil biological crust; PC, Cyanobacterial

biological crust; PM, moss biological crust.
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b
1907 M Unclassified
Kickxellomycota
. M Entorrhizomycota
Mucoromycota
M Rozellomycota
60 | e alcarisporiellomycota

M Mortierellomycota
] Chytridiomycota

40
[ | Glomeromycota

M Basidiomycota

Relative abundance(%)

20 - | Ascomycota

Treatment

erosion (Vieira et al., 2025). As biocrusts develop, soil erosion decreases
and soil nutrients increase, which in turn supports the further
development of more biocrusts. This virtuous cycle not only
enhances the soil resistance to erosion but also lays the foundation
for the long-term stability and functional recovery of ecosystems.
Biocrusts significantly enhance soil nutrient content by efficiently
capturing dust and performing photosynthesis, which increases soil
organic matter and promotes the fixation and cycling of carbon,
nitrogen, and phosphorus nutrients. In this study, the soil mineral
elements and nutrients in moss biocrusts (PM) were significantly
increased as compared with bare ground (CK). On the one hand,
moss biocrusts were more efficient in capturing dust, enhancing
photosynthesis, and fixing nutrients, thereby promoting the
accumulation of soil nutrients (Zhang VY. et al., 2022). On the other
hand, biocrusts secreted extracellular polymers, such as polysaccharides.
These polymers increase the cation exchange capacity of the soil, thereby

M Pathotroph
Pathotroph-Saprotroph
B Path heS. h-Symb "

P p pa-SYy P

Pathotroph-Symbiotroph
M saprotroph
M Saprotroph-Symbiotroph
B symbiotroph

M Unassigned
40—

Relative abundance(%)

20+

Treatment

frontiersin.org


https://doi.org/10.3389/fevo.2025.1524202
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Le et al. 10.3389/fevo.2025.1524202

a b
4
~ 2 Cu 23
g° * g
g ® CK s ® CK
“ ]
g PC £ PC
< PH‘_A‘ ) MBC | ® PM b 0 ® PM
2o S z
CAT./I‘/ URE
‘ \ 25
o 6 ™
) 1
5
10 5 0 5 5 0 5
RDA1(82.72%) RDA1(86.59%)

FIGURE 3
Redundancy analysis of the relationship between soil properties and microbial communities of bacteria (a) and fungi (b). CK, control without soil

biological crust; PC, Cyanobacterial biological crust; PM, moss biological crust.

retaining available nutrients (Harper and Belnap, 2001). Biocrusts  gaseous losses vary in different biocrust types, which increases nitrogen
influenced the biogeochemistry of soils through C and N fixation  effectiveness (Zhou et al., 2020). The proportions of unstable and
(Ferrenberg et al., 2022). In this study, biocrusts significantly increased ~ moderately unstable phosphorus are higher in biocrust soils than in
soil AN, SOC, and AP. Biocrusts were the primary nitrogen (N) sourcein ~ bare ground. Moreover, biocrusts are a key player in P cycling as they
sandy lands (Tucker et al,, 2020). Soil N inputs, transformations, and ~ convert stabilized P to unstable, readily bioavailable P (Baumann et al,,
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TABLE 3 Correlation between soil properties of biological soil crusts in the Pisha sandstone area.
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pH
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MBN

DOC
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-0.855**
—-0.858**  0.603*
—-0.593* 0.541 0.746**
—-0.522 0.496 0.679* 0.964**
—-0.834** = 0.993** 0.597* 0.53 0.481
—-0.468 0.54 0.453 0.766** 0.818** 0.495
—0.435 0.519 0.415 0.752** 0.768** 0.481 0.890**
—-0.522 0.536 0.416 0.521 0.494 0.507 0.602* 0.854**
—-0.316 0.527 0.237 0.611* 0.708* 0.506 0.883** 0.764** 0.465
-0.721** = 0.729** 0.663* 0.715** 0.697* 0.712** 0.762** 0.875** 0.888** 0.657*
—-0.439 0.539 0.44 0.741** 0.759** 0.52 0.829** 0.975** 0.844** 0.743** 0.897**
—-0.439 0.539 0.44 0.741** 0.759** 0.52 0.829** 0.975** 0.844** 0.743** 0.897** 0.999**
0.556 -0.566 -0.678* | -0.821"* = -0.814"* -0.586* | -0.652* | -0.762** -0.635* = -0.614* -0.812** -0.853** -0.853**
—-0.349 0.328 0.306 0.537 0.546 0.276 0.647* 0.884** 0.933** 0.516 0.782** 0.840** 0.840** —0.582*
-0.436 0.434 0.438 0.702* 0.698* 0.397 0.706* 0.927** 0.918** 0.595* 0.841** 0.907** 0.907** = -0.745**  0.968**
—-0.353 0.352 0.339 0.664* 0.762** 0.305 0.898** 0.840** 0.621* 0.812** 0.659* 0.768** 0.768** -0.606*  0.736** = 0.762**
—-0.630* 0.527 0.626* 0.649* 0.591* 0.517 0.558 0.761** 0.915** 0.332 0.854** 0.753** 0.753** -0.684*  0.807** = 0.836** 0.586*
0.651* -0.669* = —0.725% | —0.934** = -0.941"* | -0.666* @ -0.846"* | -0.795** = -.0581* -0.782** = -0.809*"* = -0.802** = -0.802**  0.886** -0.555 | -0.715** | -0.767** = -0.662*
—-0.385 0.414 0.36 0.703* 0.770** 0.357 0.939** 0.938** 0.734** 0.828** 0.764** 0.866** 0.866** -0.632*  0.839** = 0.855** 0.959** 0.643* =0.771**

* indicates that the correlation is significant at the 0.05 level (P < 0.05); ** indicates that the correlation is significant at the 0.01 level (P < 0.01); n = 12. CaO, calcium oxide; K,O, potassium oxide; Na,O, sodium oxide; Cu, copper; Zn, zing; K, potassium; AN, alkali hydrolyzed
nitrogen; TN, total soil nitrogen; AP, available phosphorus; TP, total soil phosphorus; AK, available potassium; SOC, organic carbon; SOM, soil organic matter; DOC, dissolved carbon; pH, soil pH; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; URE, urease

activity; CAT, catalase activity; INV, invertase activity.
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2017). They are also a pivotal source of carbon inputs to ecosystems.
According to Li et al. (2012), biocrusts have higher carbon gains in
summer, because they are more likely to meet the photosynthesis
requirements of optimal temperature and light intensity in the moist
summer than in spring and fall. They also have high water-holding and
light-trapping capacities, high chlorophyll content, and thus high carbon
input (Zhang C. P. et al., 2018). The existence of biocrusts reduced soil
PH, possibly because biocrusts, such as lichens, can secrete organic acids,
thereby lowering soil pH (Concostrina-Zubiri et al.,, 2013). Additionally,
soil pH may also decrease because biocrusts increase the infiltration
potential of soil, leading to percolation of soil ions into the soil and a drop
in soil surface pH (Kakeh et al., 2018). Biocrusts protect the surface soil
land, by enhancing soil nutrients and improving soil structure, provide
favorable conditions for vegetation growth. The growth of
vegetation further strengthens soil stability and reduces water and soil
erosion. This process contributes to the restoration and conservation
of ecosystems.

4.2 Effects of biocrusts on soil enzyme
activities biocrusts

Biocrusts enhance organic matter content, improve soil conditions,
and promote nutrient cycling, thereby increasing enzyme activities.
Biocrusts play a vital role in the restoration of degraded ecosystems, the
enhancement of soil quality, and the maintenance of ecological balance.
In this study, the activities of URE enzyme were higher in PM and PC
than in CK. This is due to the increase in the extent of biocrusts, which
are associated with higher nutrient and moisture contents in the soil.
The photosynthetic efficiency of biocrusts in the late succession stage is
higher than that in the early succession stage, significantly increasing
the content of organic matter and polysaccharides in the soil (Gypser
et al, 2016). These organic materials provide abundant carbon sources
for soil microbial activity, promoting microbial growth and metabolic
processes. As microbial activity increases, the synthesis and secretion of
soil enzymes also rise (Niu et al, 2017). The soil URE and INV
enzymes in soil were associated with carbon and nitrogen cycling in
soils (Zhang W. et al., 2018; Dostos et al,, 2022). These processes are
essential for maintaining soil fertility and ecosystem functioning. In this
study, the SOM, TN, and TP contents were significantly higher in
biocrusts than in bare ground, which corresponds to the
aforementioned results. Biocrusts enhance the water retention
capacity of the surface by capturing airborne silt and particles,
among them, moss biocrusts have a higher particle capture ability
than cyanobacterial biocrusts. Additionally, moss biocrusts absorb
water through the hair-like tips on their leaves, further improving
the soil water retention capacity and thereby enhancing soil moisture
content (Zhang Y. et al, 2022). However, the CAT activity was
significantly lower in biocrusts than in bare ground. This may be a
result of the freeze-thaw cycle, which changes the temperature and
water content of the soil surface and affects soil enzyme activity (Zhang
et al,, 2023). These mechanisms not only improve soil quality but also
provide critical conditions for vegetation restoration and ecosystem
stability, playing a vital protective role in preventing soil nutrient loss
and soil degradation.
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4.3 Effect of biocrusts on microbial
community compositions

Biocrusts enhanced soil nutrients content and water retention,
thereby promoting the growth and metabolic activities of soil
microbial communities. The synergistic action of these dominant
phyla facilitates the accumulation and cycling of soil nutrients,
which was of great significance for the restoration and stabilization
of the Pisha standstone area. Organic matter and nutrients were rich
carbon sources for microorganisms (Zhang J. et al., 2022), which
promoted the growth of microorganisms. Biocrusts could recruit
microorganisms in the soil (Maier et al., 2018), Successional stages
of biocrusts affected soil microbial communities, leading to the
formation of specific microbial communities in different biocrusts
(Glaser et al., 2022). Proteobacteria, Acidobacteria, and
Cyanobacteria were the dominant bacterial phyla in biocrusts. By
secreting polysaccharides and other organic materials,
Cyanobacteria could improve soil water retention and stability
(Maier et al,, 2018). In addition, Cyanobacteria provided carbon
and nitrogen sources for other microorganisms during the
formation of biocrusts, promoting microbial community
replenishment and diversity (Wang L. et al., 2022). Acidobacteria
could decompose complex organic matter in the soil to release
nutrients. Proteobacteria was also involved in the cycling of carbon,
nitrogen, and phosphorus in the soil (Araujo et al., 2020).
Ascomycota and Basidiomycota dominated the soil fungal
community. In this study, the relative abundance of Ascomycota
was 23.37% and 11.88% higher in PC and PM, respectively, than in
CK. Ascomycota could promote soil nitrogen cycling (Aanderud
et al,, 2018). Basidiomycota exhibited strong adaptive capacity and
participated in material decomposition and cycling in ecosystems
(Wang et al,, 2023). This corresponded to the higher soil nutrients
content observed beneath biocrusts in this study.

4.4 Relationships of soil microbial
community compositions and soil nutrient
indicators

The structure of soil microbial communities is influenced by
multiple factors, including soil properties, mineral elements, pH,
enzyme activity, and nutrient supply. These factors collectively
maintain the stability of soil ecosystems by regulating microbial
growth, metabolic activities, and nutrient cycling. The presence of
mineral elements was often accompanied by changes in soil pH. In
alkaline soils, the bioavailability of mineral elements was reduced,
which in turn impacted microbial growth and activity (Kenarova
et al., 2014; Lammel et al., 2018). Soil microbial communities were
correlated with soil AK. On the one hand, soil AK provides
nutrients for microbial growth. On the other hand, it mitigated
the toxicity of heavy metals in the soil, thereby protecting soil
microorganisms (You et al., 2023). Naz et al. (2022) reported that
metabolic processes in microbial communities were highly
susceptible to pH and thus mediate nutrient availability in soil.
The relative abundance of microbial communities was significantly
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correlated with soil CAT enzyme activity. This is because microbial
growth and metabolic activities were enhanced under nutrient-rich
soil conditions, which increased the activity of soil enzymes (Huang
et al, 2022). The CAT enzyme was related to the cycling of soil N
nutrients (Wang et al., 2018). The increase of soil mineral elements,
pH, enzyme activity and increasing nutrient supply can promote the
growth of soil microorganisms, thereby enhancing the stability and
productivity of soil ecosystems. Moreover, biocrusts stabilized soil
moisture, regulated pH, and provided organic matter, offered
favorable growth conditions for microbial communities, thereby
further improving the soil microenvironment and promoting soil
health and ecological balance.

5 Conclusion

Biological soil crusts (biocrusts) can significantly improve soil
properties and enhance the diversity of soil microorganisms,
particularly under Pinus tabuliformis that have been restored for
over a decade in the Pisha sandstone area. The presence of biocrusts
protects the surface soil by preventing water and soil erosion. Biocrusts
can improve soil properties, including AN AP andAK, These
abundant soil nutrients provide sufficient carbon sources and
nutrients for microbial activities, promoting the growth and
metabolic processes of microbial communities. As a result, biocrusts
enhance soil microbial biomass and increase microbial diversity. The
enhanced metabolic activities of soil microorganisms lead to
significant increases in the activities of urease and invertase. Soil
nutrients are key factors in maintaining soil fertility and ecosystem
functions. The increase in soil nutrients in the Pisha sandstone area is
conducive to plant growth, thereby reducing soil erosion. This
provides support for the development of rapid biocrust restoration
techniques in the Pisha sandstone areas, which can contribute to the
sustainable development of artificial forest ecosystems.
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