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Abstract
Purpose Soil available phosphate (AP) is largely dependent on phoD-harboring bacteria, which can release alkaline phos-
phatase (ALP) to transform insoluble P for plant absorption. However, the way of phoD-harboring bacterial communities 
responding to restoration measures in alpine ecosystems, which are among the least studied and most vulnerable ecosys-
tems, remains largely unknown. This knowledge is fundamental for formulating effective ecosystem management and soil 
conservation policies.
Materials and methods By combining quantitative PCR and amplicon sequencing, we examined the alterations in phoD-
harboring bacterial communities across four distinct meadow types, and explored the potential environmental drivers of 
alpine soil P availability.
Results and discussion The results indicated that the fenced and fenced + reseeded meadows exhibited higher ALP activity 
and soil AP content compared to the grazed meadow, but lower than that of the undegraded meadow. The fenced meadow had 
the highest phoD-harboring bacterial community diversity. Rare genera such as Rhizobium, Breoghania, and Actinomadura, 
played a critical role in regulating ALP activity. A structural equation model demonstrated that soil pH, nutrient supply (e.g., 
soil organic carbon,  NO3

−-N), and vegetation together drove the improvement of soil P availability by enhancing ALP activ-
ity, which was closely related to phoD-harboring bacterial communities. These findings suggest that fencing could promote 
alpine soil P availability by adjusting phoD-harboring bacteria and ALP activity.
Conclusions Our results demonstrate the beneficial impacts of grazing-to-fencing conversion on meadows in alpine ecosys-
tems and can contribute to the development of sustainable management strategies for degraded alpine ecosystems.
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1 Introduction

Phosphorus (P) plays a vital role as a crucial nutrient for 
growth in living organisms, serving as both a structural and 
functional element. It is among the most essential nutrients 
required for supporting various biological processes and 
promoting overall organismal development (Cordell and 
White 2015). Although P is present in plants at only 0.2% 
of their dry weight, it remains the most important limiting 
element for plant productivity (Holtan et al. 1988), with 
the same level of significance as carbon (C) and nitrogen 
(N). However, P does not exist as an element in the soil 
but is dissolved in the soil solution as orthophosphates 
 (H2PO4

−,  HPO4
2−, and  PO4

3−) or is bound to soil parti-
cles and organic matter (Liu et al. 2020a), making it dif-
ficult for direct use by plants. Therefore, researchers are 
increasingly focusing on P mineralization and enhancing 
the efficiency of P utilization.

Alkaline phosphatase (ALP), a phosphomonoesterase 
which can convert organic P into available P (AP), has 
been widely used to evaluate organic P mineralization 
within agroecosystems (Nannipieri et al. 2011). For exam-
ple, the study conducted by Luo et al. (2017) reported a 
higher ALP activity in soils that were amended with organic 
matter compared to soils that received chemical-only ferti-
lization. In addition, compared to orthophosphate fertilizer 
applied in conventional agriculture, animal manure used 
in organic farming may enhance ALP activity and over-
all microbial community activity through the inclusion of 
humic-enzyme complexes with manure (Watts et al. 2010). 
Some soil factors, such as pH and organic matter content, 
have been reported to regulate the activity of ALP (Dai et al. 
2020; Luo et al. 2019). Nevertheless, the regulatory mech-
anisms underlying ALP activity in grassland ecosystems 
remain unclear (Mencel et al. 2022). Some studies, such 
as Chmolowska et al. (2017) and Futa et al. (2017), have 
demonstrated that grazing can increase ALP activity. On 
the other hand, Gilmullina et al. (2020) found a decrease in 
ALP activity associated with grazing. Additionally, N addi-
tion has been reported to significantly suppress ALP activ-
ity in semi-arid grassland soils (Tian et al. 2016). Further 
research is necessary to assess the impacts of ecological res-
toration measures on ALP activity in grassland ecosystems.

Bacteria, especially Actinobacteria and Proteobacte-
ria, are known to have a predominant role in ALP secre-
tion (Chen et al. 2017). In the presence of P deficiency, 
they promote AP release and recovery by increasing ALP 
secretion and activity (Chen et al. 2021). Bacteria carry-
ing genes encoding ALP can be categorized into different 
families, namely phoA, phoD, and phoX (Gou et al. 2020). 
Among these families, phoD has been found in various 
soil types and is particularly abundant compared to phoX 

and phoA (Tan et al. 2013). As a result, understanding 
the changes or fluctuations in community of bacteria har-
boring phoD gene during ecosystem restoration and their 
association with P cycling is integral to formulating effec-
tive ecosystem management and conservation policies. 
Several studies have provided insights into the impacts 
of phosphate fertilization on phoD gene abundance and 
community diversity of bacteria harboring phoD gene in 
different soil types. For instance, Ikoyi et al. (2018) found 
that short-term phosphate fertilization in grassland soil 
could decrease phoD gene abundance. On the other hand, 
Tan et al. (2013) observed that phoD gene abundance was 
increased in pasture soil due to long-term phosphate fer-
tilizer addition. In addition to phoD-harboring bacteria 
that can promote ALP to mineralize P from organic com-
pounds, it has been reported that other microorganisms are 
capable of solubilizing inorganic P through soil acidifica-
tion (Miller et al. 2010; Rice et al. 2012). Meanwhile, the 
diversity of rare phoD taxa has been reported to be more 
strongly related to ALP activity than the diversity of abun-
dant taxa in Chinese steppe and agricultural ecosystems 
(Wei et al. 2019). Therefore, it is important to study the 
rare bacterial communities in phoD to enhance the effec-
tiveness of soil P.

Alpine ecosystems cover approximately 20% of the 
Earth’s terrestrial surface area and play vital roles in climate 
stabilization, food provision, and biodiversity conservation. 
Owing to the extreme environmental stresses in alpine eco-
systems (e.g., low temperatures, freezing cycles, high winds, 
strong UV irradiance, and low oxygen), they are one of the 
most understudied terrestrial ecosystems and are one of the 
most vulnerable to climate change and human disturbance. 
Alpine ecosystems are threatened by overgrazing, which can 
affect the alpine ecosystem structure and function by altering 
plant and soil properties. Fencing and replanting grass seeds 
have been extensively applied to restore grazing–induced 
alpine meadows, and have been reported to be beneficial 
to primary productivity, soil aggregate status, organic C, 
and available N levels. Nevertheless, there is still limited 
knowledge regarding how grazing-to-fencing conversion 
influences the availability of soil P. Given the P limita-
tion in alpine meadows, it is crucial to have comprehensive 
knowledge about the availability of P in alpine for the for-
mulation of effective alpine ecosystem management and soil 
conservation policies. The main focus of this study was to 
investigate the influence of grazing-to-fencing conversion on 
soil AP content, ALP activity, and phoD-harboring bacte-
rial communities (pHBC) in the alpine meadows. The study 
utilized quantitative PCR, high-throughput sequencing, 
and multiple statistical analyses to investigate these effects, 
based on a 5-year field experiment on the Tibetan Plateau. 
Our hypothesis was that grazing-to-fencing conversion could 
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improve AP, possibly by increasing ALP activity as well 
as changing pHBC, which are strongly interconnected with 
plant biomass, soil nutrients, and pH. Our results enhance 
the comprehension of how soil P availability in alpine 
ecosystems can be enhanced by promoting the activity of 
phoD-harboring microbes. This knowledge could provide 
valuable insights for sustainably managing degraded alpine 
ecosystems with guiding efforts toward their restoration and 
conservation.

2  Materials and methods

2.1  Field experiment

The field experiment was located at the Bangjietang Alpine 
Meadow Ecosystem Research Station’s experimental site of 
Tibetan Plateau (32°21′N, 91°40′E, 4672 m ASL) (Fig. 1). 
The temperature is −3.1 °C, and the precipitation is 400 mm 
on average (Yang et al. 2019). The soil in this area is cat-
egorized as a Mattic-Cryic Cambisol according to the FAO/
UNESCO taxonomy. The main plant communities include 
Kobresia pygmaea, Kobresia robusta, Stipa purpurea, Poa 
cymophila, Kengyilia thoroldiana, Elymus nutans, and 
Roegneria thoroldiana (Wang et al. 2020b).

2.2  Sample collection

The field experiment comprised four restoration treatments, 
covering an approximate area of 200 hectares (Wang et al. 
2021c): (1) Undegraded meadow (UM): without human dis-
turbance or livestock trampling and nibbling, and primitive 
vegetation was rich in variety; (2) Grazed meadow (GM): 

4 yaks grazing per hectare since 1988; (3) Fenced meadow 
(FM): fenced with barbed wire in May 2009 to prevent live-
stock from entering (before fencing, the meadow was man-
aged in the same manner as GM); (4) Fenced + reseeded 
meadow (FRM): The FRM was reseeded based on the 
GM; the seeds of the local dominant plants, Elymus nutans 
Griseb., Kengyilia thoroldiana (Oliver) J. L and Poacymo-
phila Keng. were sown in May 2009. The sowing depth was 
3 cm, with a spacing of 20 cm, and sowing densities of 3 
g·m−2, 5 g·m−2, and 8 g·m−2, respectively.

In October 2018, five replicated plots covering 1  hm2 
were randomly established in each meadow, and 20 plots 
were totally set up (Berman et al. 2018; Guo et al. 2017). For 
soil sampling as well as vegetation surveys, nine 10 m × 10 
m blocks were established along the diagonal line with a 
separation distance of 10–20 m between each plot. Within 
each plot, three 1 m × 1 m quadrats were randomly set up, 
and an S-shaped pattern was followed within each quadrat 
for soil sampling. Five soil cores were collected at depths 
ranging from 0 to 15 cm, and were then mixed together to 
form a composite soil sample. Stones, plant litter, root resi-
dues, and other debris were removed from the soil samples. 
Finally, soil samples collected from the nine 10 m × 10 m 
blocks were combined to create a composite sample as a 
repetition for each treatment (Chen et al. 2021; Tang et al. 
2019). Soil samples were sieved using a 2.0 mm mesh and 
were subsequently divided into three parts. The first part 
was placed at 4 °C for dissolved nutrients, microbial bio-
mass P (MBP), and ALP activity measurement. The second 
was immediately placed in − 80 °C for microbial composi-
tion analysis, and the third was air-dried for soil physico-
chemical determination. Aboveground biomass (AGB) and 
belowground biomass (BGB) were obtained by collecting all 

Fig. 1  Location of sampling site in China and in the Tibetan Plateau
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plant tissues in each quadrat and oven-dried at 60 °C for 48 h 
(Wang et al. 2021c). The species richness of vegetation was 
estimated by recording the number of species (Zhang et al. 
2016); The Shannon diversity of vegetation community was 
calculated using the following equation:

where pi represents the relative abundance of each species, 
and n represents the number of species.

2.3  Soil physicochemical analysis

Soil properties, including pH, moisture (SM), organic 
carbon (SOC), total nitrogen (TN), Dissolved organic C 
(DOC), dissolved organic N (DON), total phosphorus (TP), 
AP, nitrate nitrogen  (NO3

−-N) and ammonium nitrogen 
 (NH4

+-N), ALP activity, MBP, exchangeable calcium (Ca-
ex) were measured by standard methods, and were shown 
in Supplementary Material.

2.4  phoD gene abundance quantification

Total DNA was extracted from 0.5 g soil using the E.Z.N.A. 
Soil DNA Kit (Omega, CT, USA). The quality and concen-
tration of the DNA were assessed using a NanoDrop2000 
UV spectrometer (Thermo Fisher Scientific, USA). The 
phoD gene abundance was determined by quantitative real-
time PCR (qPCR) using an ABI 7300 Real-Time PCR Sys-
tem. Primers phoD-F730 (TGG GAY GAT CAY GARGT) and 
phoD-R1083 (CTGSGCSAKSACR TTC CA) were used to 
amplify the phoD gene (Ragot et al. 2015). The qPCR reac-
tion was conducted in triplicate using a 2X Taq Plus Master 
Mix (Thermo Fisher Scientific Inc., MA, USA) consisting 
of 10 μL, along with 0.8 μL of each primer, 1 μL of DNA 
solution, and 7.4 μL of double distilled  H2O. The qPCR 
reaction was conducted under the following temperature 
and time conditions: Initially, a pre-denaturation cycle was 
performed for 5 minutes at 95 °C. A denaturation cycle is 
then carried out at the same temperature for 30 seconds, and 
35 annealing cycles were subsequently performed. Finally, 
an extension step was completed for 1 minute at 72 °C. For 
the construction of the plasmid standard containing the 
phoD genes, we utilized the pMD18-T plasmid (TaKaRa, 
Japan). The concentration of the constructed plasmids was 
measured using a NanoDrop2000 UV spectrophotometer 
(Thermo Fisher Scientific, USA) and then converted to the 
copy number of DNA molecules (copies/µl). The standard 
curves were generated by performing 10-fold serial dilutions 
of the plasmids. The concentration of the plasmid and the 
number of base pairs were measured to calculate the copy 
number (Hu et al. 2018). The amplification efficiency was 
assessed to be 91.06%, with an  R2 value of 0.9988.

Shannon diversity = −

∑n

i= 1
pi ln pi

2.5  phoD gene amplicons sequencing  
and data processing

Primers of phoD-F733 and phoD-R1083 were used to 
amplify the phoD gene. The PCR reactions were carried 
out in triplicate, starting with an initial denaturation step at 
95 °C for 3 minutes, followed by denaturation at 95 °C for 
5 seconds, annealing at 58 °C for 30 seconds, and exten-
sion at 72 °C for 1 minute. After the three reactions were 
combined, the amplicons were purified using the AxyPrep-
DNA Gel Extraction Kit (Axygen, USA) and were paired-
end sequenced using the Illumina MiSeq (Illumina Inc., San 
Diego, CA). The raw sequencing data have been deposited 
in the Genome Sequence Archive at the BIG Data Center 
(accession number CRA010112).

The QIIME-1.9.1 pipeline was used to analyze the raw 
sequences, following the methodology described by Hu 
et al. (2018). The low-quality and chimeric sequences were 
excluded prior to analysis. The remaining high-quality 
sequences were clustered into operational taxonomic units 
(OTUs). For each OTU, a representative sequence was 
selected using UCLUST 1.2.22q, as outlined by Chen et al. 
(2021). OTUs with a singleton sequence were excluded. Tax-
onomic assignment was determined using the RDP classifer 
2.2 against the FunGene database. The α-diversity, Shannon 
and Chao1 richness indexes of pHBC were calculated using 
the Mothur 1.30.2 software (Chen et al. 2017).

2.6  Data treatment

A one-way analysis of variance (ANOVA) was utilized to 
analyze variations in vegetation characteristics, soil proper-
ties, ALP activity, phoD gene abundance, the pHBC diver-
sity, and taxa abundance among the four different meadow 
types. Nonmetric multidimensional scaling (NMDS) and 
similarities analysis (Anosim) were employed to investi-
gate the variations in the pHBC structure across the differ-
ent meadows. Random forest modeling (RFM) was used for 
assessing the critical genera affecting ALP activity. Spear-
man’s coefficient was used to evaluate the correlations 
among vegetation characteristics, soil properties, the pHBC 
structure, and phoD gene abundance. Redundancy analysis 
(RDA) was utilized to analyze associations among soil prop-
erties, vegetation characteristics, as well as the pHBC struc-
ture. The structural equation modeling (SEM) was utilized 
for establishing relationships among environmental factors, 
ALP activity, the pHBC structure, as well as phoD gene 
abundance, with respect to soil AP. ANOVA was conducted 
using SPSS 26.0 (IBM Corp., Somers, USA). SEM was con-
ducted using the AMOS 26. NMDS, Anosim, Spearman’s 
correlations, and RDA were performed using the ‘ggplot2’ 
(Wickham 2016), ‘vegan’ (Dixon 2003), ‘rfPermute’ (Archer 
2022), and ‘plspm’ (Tenenhaus et al. 2005) packages in R 
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4.2.1 (https:// www.r- proje ct. org/). Abundant OTUs were 
identified based on their relative abundances exceeding 1% 
of the total sequences, while rare OTUs were characterized 
by abundances lower than 1%.

3  Results

3.1  TP, AP, C/P, N/P, MBP, and ALP activity

Grazing-to-fencing conversion significantly affected the 
soil P-related properties (Fig. 2). Among the four meadow 
types, the UM site had the highest TP content, and the FM 
site showed a significantly higher AP content than that of 
the GM site, but lower than that of the UM and FRM sites 
(P < 0.05). Besides, the FM site exhibited higher soil C/P 
and N/P ratios compared to FRM and GM sites, although 
still lower than the UM site, significantly (P < 0.05). The 
UM site exhibited the highest levels of MBP content and 

ALP activity, whereas the GM sites had the lowest levels. 
Furthermore, the FM sites showed significantly higher 
MBP content and ALP activity compared to the FRM sites 
(P < 0.05).

3.2  phoD gene abundance and pHBC

The response of phoD gene abundance and pHBC varied 
among the four restoration measures (Fig. 2g). Among 
the meadow types, the UM site displayed the greatest 
abundance of phoD gene, which showed 2.87–4.14 times 
greater than that observed in the other three meadow 
types, and ranked in the following order: FM, FRM, and 
GM sites. Remarkably, fencing led to an increase in the 
diversity of pHBC. The FM site exhibited higher Shan-
non and Chao 1 indices compared to the UM and GM 
sites. (Fig. 2h, i). The ordination of NMDS showed that 
the different meadow types had distinct pHBC composi-
tions, manifested by the separation of cluster from each 

Fig. 2  a TP, soil total phosphorus, b AP, soil available phosphorus, c 
C/P, the ratio of SOC and TP, d N/P, the ratio of TN and TP, e MBP, 
microbial biomass phosphorus, f ALP: alkaline phosphatase activity, 
g phoD gene abundance (copy number g−1 soil), h Shannon index of 
the phoD-harboring bacteria community, i Chao1 index of the phoD-

harboring bacteria community. Different letters indicate significant 
differences between different treatments (Duncan’s test, P < 0.05), 
UM: undegraded meadow; GM: grazed meadow; FM: fenced 
meadow; FRM: fenced + reseeded meadow

https://www.r-project.org
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other in each treatment (Fig. 3), indicating that restora-
tion measures remarkably influenced the β-diversity of 
pHBC. This finding was supported by Anosim analyses 
(R2 = 0.71, P < 0.001) (Fig. 3). The phoD gene sequences 
belonged to 19 bacterial phyla and 255 genera. The domi-
nant phyla were Actinobacteria (32.57%), Proteobacte-
ria (12.25%), Plantomycetes (2.04%), and Cyanobacteria 
(0.20%), which accounted for 47.06% of all sequences 
(Fig. 4a). When comparing the FM and GM sites, the rela-
tive abundance of Proteobacteria was significantly higher 
in the FM site (P < 0.05). The relative abundances of Act-
inobacteria, Plantomycetes and Cyanobacteria showed no 
significant differences among all sites (P > 0.05). At the 
genus level, Rubrobacter (6.77%), Streptomyces (6.31%), 
Frankia (5.30%), Pseudomonas (3.31%), and Micromono-
spora (3.28%) were the dominant genera (Fig. 4b). Com-
pared to fencing and fencing + reseeding, grazing resulted 
in a significant increase in the relative abundance of 
Micromonospora, while causing significant decreases 
in the relative abundances of Rubrobacter and Frankia 
(P < 0.05). Moreover, the UM site exhibited a higher rela-
tive abundance of Streptomyces than the GM site.

Results from RFM indicated that 42.9% of the vari-
ance in ALP activity could be explained by 255 bacte-
rial genera, with only 18 genera as significant predictors 
(Fig. 5; P < 0.05). Most of these predictors were rare gen-
era (relative abundance < 1%; Fig. S1), with Rhizobium, 
Breoghania and Actinomadura being the most significant. 
These rare genera responded differently to the restoration 
measures, with a higher relative abundance of Rhizobium 
at the FRM sites, and the highest abundance of Breoghania 
and Actinomadura in the UM, followed by FM, FRM, and 
GM sites (Fig. S1).

3.3  Potential environmental drivers  
of soil P availability 

For uncovering the underlying mechanism behind soil P 
availability, we conducted an investigation on the modi-
fications in vegetation characteristics and soil properties 
(Tables S1 and S2) among the four meadow types and eval-
uated their associations with ALP activity and pHBC. In 
general, the implementation of fencing and fencing + seeding 
led to noticeable improvements in vegetation cover, diver-
sity, and biomass. This was evident through higher cover-
age, increased plant species richness, and enhanced AGB 
and BGB observed in the FRM and FM sites compared to 
the GM sites. Regarding soil nutrient variables, there were 
significant differences observed among the meadows. The 
FM site had higher levels of SOC, TN, and  NO3

−-N con-
tents than the FRM and GM sites (P < 0.01). However, it 
should be noted that these nutrient levels in the FM site 
were still lower than those observed in the UM site. Soil 
pH values were highest in FRM site, ranging from 8.45 to 
8.82. Among the four meadows, the highest  NH4

+-N content 
and lowest C/N concentration were found in the FM site. 
The results from the RDA indicated that the pHBC variation 
was accounted for by the first two axes, explaining a total 
of 46.87% of the variation (Fig. 6). Soil nutrient contents, 
especially SOC, TP, and  NO3

−-N, contributed more to the 
changes in pHBC (Table S3). Additionally, the SEM model 
provided additional insights into the influences of soil and 
vegetation characteristics on P availability (Figs. 7 and S2). 
Soil AP content was directly affected by ALP activity, which 
was regulated by the β-diversity of pHBC and phoD gene 
abundance. Soil pH directly and negatively impacted ALP 
activity as well as soil SOC, TP, and  NO3

−-N content, and 
BGB could be the predominant driver of phoD gene abun-
dance. Additionally, soil TP content significantly affected 
the variation in the β-diversity of pHBC. Together, these 
findings indicate that grazing-to-fencing conversion directly 
affects soil P availability by altering ALP activity, which is 
regulated by the pHBC diversity and phoD gene abundance.

Because of the important roles of ALP activity, the 
pHBC diversity, and phoD gene abundance in regulat-
ing soil AP content, Spearman’s coefficient was further 
utilized to test their associations with the detected envi-
ronmental variables (Figs. 8 and S3, Table S4). Remark-
ably, ALP activity exhibited a positive association with 
phoD gene abundance. Additionally, both ALP activity 
and phoD gene abundance were positively associated with 
plant coverage, BGB, and soil nutrients (e.g., SOC, TN, 
and DOC) but negatively associated with pH and plant 
diversity, significantly (P < 0.05). Nevertheless, we found 
no significant association between α-diversity (e.g., Shan-
non diversity and Chao1 estimator) with plant and soil fac-
tors (P > 0.05), while β-diversity was positively associated 

Fig. 3  Nonmetric multidimensional scaling (NMDS) ordinations of micro-
bial community for phoD-harboring bacteria. ANOSIM: Analysis of simi-
larities; Stress: Value of stress function. UM: undegraded meadow; GM: 
grazed meadow; FM: fenced meadow; FRM: fenced + reseeded meadow
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with pH and plant species diversity, and negatively cor-
related with most soil nutrient properties, such as SOC, 
 NO3

−-N, and TP (P < 0.05). Taxonomically, the relative 

abundances of Breoghania, Actinomadura and Streptomy-
ces exhibited positive associations with SOC,  NO3

−-N, and 
TP (P < 0.05).

Fig. 4  Community com-
positions at the phylum (a) 
and genus (b) level in four 
meadows. Only the relative 
abundance of the phylum and 
genus in one sample > 1% was 
shown. Different letters indicate 
significant differences between 
different treatments (Duncan’s 
test, P < 0.05). UM: undegraded 
meadow; GM: grazed meadow; 
FM: fenced meadow; FRM: 
fenced + reseeded meadow
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4  Discussion

4.1  Grazing‑to‑fencing conversion increases the soil 
AP contents and ALP activity

Grazing prohibited by fencing or a combination of fencing 
and seeding have been widely applied to improve grassland 
soil P fertility (Han et al. 2020). Consistent with previous 

studies on long-term grazing effects, the soil AP content 
exhibited a significant increase in both fencing and fenc-
ing + reseeding treatments compared to the grazing treat-
ment. This finding demonstrated the positive impact of 
fencing on soil P availability. The increased soil AP con-
tent is due to the mineralization of P-containing organic 
matter. In general, there are two forms in which plant P 
released into the soil (Liu et al. 2020b). Water-soluble P, 
as the first form, is easily released into the soil following 
the decomposition of plant residues and the secretion of 
roots. The second form involves organic substances gen-
erated through microbial metabolism. The improvement 
of soil AP content after feeding and reseeding is likely 
due to the greater organic substances presence resulting 
from plant biomass decomposition, which facilitates the 
release of inorganic P, such as  FePO4 and  AlPO4. The 
availability of P from native sources has been suggested 
to be increased by organic amendments (Cheng et al. 2016; 
Li et al. 2019). This phenomenon can be explained by the 
capacity of organic substances to enhance the concentra-
tion of exchangeable Ca, thereby facilitating the forma-
tion of available Ca-P. Exchangeable Ca levels have indeed 
been shown to play a pivotal role in regulating the phases 
of Ca-P in alkaline soils. Supporting this view, exchange-
able Ca was highly and significantly associated with AP 
content in this study (r = 0.843, P < 0.05). Furthermore, 
the presence of organic matter has a dual impact on P 
availability in alkaline soils. It not only inhibits the deposi-
tion of hydroxyapatite but also promotes the generation of 

Fig. 5  Random forest modeling 
analysis identified the main 
taxa predicting the changes in 
ALP activity (showing only the 
significant results). Rare genus, 
the relative abundance of which 
were less than 1%; abundant 
genus, the relative abundance 
of which were more than 1%. 
Significance levels of each pre-
dictor are as follows: *P < 0.05 
and **P < 0.01

Fig. 6  Redundancy analysis (RDA) for the phoD-harboring bacteria com-
munity structure and environmental factors. SOC, soil organic carbon; TP, 
total phosphorus;  NO3

−-N, nitrate nitrogen; BGB, belowground biomass; 
P-S, Shannon diversity index of plants; Ca-ex, exchangeable Ca; AP, soil 
available phosphorus; MBP, microbial biomass phosphorus. The green 
arrows indicate vegetation properties and brown arrows soil properties
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Fig. 7  Structural equation model (SEM) of vegetation character 
(P-S and BGB), soil properties (pH, SOC,  NO3

−-N, TP, and MBP), 
microbial attributes (phoD gene abundance and phoD-harboring bac-
teria community diversity), and ALP activity as predictors of AP a 
Larger path coefficients are reflected in the width of the arrow; red 
indicates a positive effect and blue a negative effect. Path coefficients 
are calculated after 1000 bootstraps. Coefficients of inner model dif-
fering significantly from 0 are indicated by *P < 0.05, **P < 0.01, 
and ***P < 0.001. The model is assessed using the goodness of fit 
statistic. Path coefficients that are not significantly different from 0 

are shown as dashed lines. χ2 = 1.035, df = 2, P = 0.596, CFI = 1.000, 
RMSEA = 0.000. b Standardized total effects (direct plus indirect 
effects) of these factors derived from the SEM on AP are shown. Std. 
coeff.: standard coefficient; AP, available P; P-S, Shannon diversity 
index of plants; BGB, below-ground biomass; SOC, soil organic car-
bon; Ca-ex, exchangeable Ca; TP, total phosphorus;  NO3

−-N, nitrate 
nitrogen; β, the β-diversity of the phoD-harboring bacteria commu-
nity; Chao1, the Chao1 index of phoD-harboring bacteria commu-
nity; Gene abundance, phoD gene abundance; ALP, alkaline phos-
phatase activity
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dicalcium phosphate dihydrate (Luo et al. 2019). This sug-
gests that organic matter potentially enhance P availability 
by influencing the mineral phases in the soil.

Phosphatase activity has the potential to influence the 
P status and availability in soil, which is achieved through 
the catalysis of ester phosphate bond hydrolysis and sub-
sequent release of phosphate anions from phosphate esters 
(Chen et al. 2017). It has been estimated that phosphatase 
have the capability to convert 20% to 80% of organic P into 
AP, which can be absorbed and utilized by microorganisms 
(Wang et al. 2021d). As a result, P-soluble bacteria obtain 
the necessary P for their growth by secreting phosphatase 
enzymes. This study proposed that the implementation of 
fencing and fencing + reseeding resulted in increased ALP 
activity, thereby enhancing P availability through the min-
eralization of organic P, as evidenced by the higher ALP 
activity in the FM treatment in comparison to that of the GM 
treatment. This could be attributed to the fact that increased 
organic matter from aboveground and belowground biomass 
provides C resources for phoD bacteria and increases their 
abundance and diversity, thereby facilitating ALP secretion. 
This inference is supported by the higher phoD gene abun-
dance and the pHBC diversity in the FM treatment. The 
relationship between soil ALP and AP has been controver-
sial; for example, Fraser et al. (2015) identified a negative 
correlation between ALP activity and Olsen-P concentra-
tion in agricultural ecosystems, while Hu et al. (2018) found 

a significantly positive relationship in long-term fertilized 
cropland, which was in agreement with our study. This dis-
crepancy could be due to the dependency of the P avail-
ability–ALP relationship on soil P levels. In P-limited soil, 
phosphatase would be stimulated to express and meet the 
microbial needs, whereas in P-abundant soil, the increase in 
microbial population led to higher phosphatase secretion. 
This enhanced phosphatase secretion promoted the minerali-
zation of organic P, resulting in a high retention of Olsen-P 
(Hu et al. 2018). Higher levels of soil phosphatase activity 
also indicate a strong capacity of soil microbes to mineralize 
complex P compounds.

4.2  Grazing‑to‑fencing conversion increases 
the phoD genes abundance and pHBC diversity

Previous studies have reported a shift in soil pHBC during 
grazing prohibition (Dong et al. 2020). However, under-
standing about the pHBC structure in alpine ecosystems is 
still limited. In this study, a higher pHBC α-diversity (e.g., 
Shannon and Chao1 estimator) was observed in fenced and 
fenced + reseeded meadows compared to grazed meadows. 
This finding aligns with previous studies that a positive 
impact of fencing on microbial species richness (Fan et al. 
2020). The higher plant diversity observed in the fenced 
site is believed to contribute to this effect (Eldridge and 
Delgado-Baquerizo 2018). It has been documented that a 

Fig. 8  Correlation heat maps between the genus of phoD-harboring 
bacteria and environmental factors. Only the relative abundance of 
the genus in one sample > 1% was shown. SM, soil moisture; SOC, 
soil organic carbon; TN, soil total nitrogen; DOC, dissolved organic 
carbon; DON, dissolved organic nitrogen;  NO3

−-N, nitrate nitrogen; 
 NH4

+-N, ammonia nitrogen; TP, total phosphorus; AP, soil avail-

able phosphorus; ALP activity, alkaline phosphatase activity; MBP, 
microbial biomass P; C/N, the ratio of SOC and TN; C/P, the ratio 
of SOC and TP; N/P, the ratio of TN and TP; P-S, Shannon diver-
sity index of plants; P-R, the richness of plants; AGB, aboveground 
biomass; BGB, belowground biomass. *P < 0.05; **P < 0.01; 
***P < 0.001
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more diverse plant community leads to higher microbial 
diversity due to the presence of a wider range of organic 
substrates (Wang et al. 2020a). It is important to note that 
reseeding plant species has been found to increase soil bacte-
rial diversity, as mentioned in the study by Hu et al. (2018). 
However, no significant difference in the pHBC diversity 
was observed between the fencing-only treatments and the 
fencing combined with reseeding treatments. Additionally, 
our findings indicated that reseeding on the fenced site could 
not enhance the richness of pHBC. This suggested that the 
introduction of new plant species has a negligible impact 
on the diversity of pHBC. One possible explanation for this 
is that the newly introduced species have poor adaptability 
to the soil environment, making them less competitive than 
local species. Besides, we observed that fencing improved 
the phoD gene abundance compared to grazing. Further-
more, we found significantly positive associations among 
BGB, SOC, and phoD gene abundance. This could be attrib-
uted to the increased availability of organic C resulting from 
root decomposition and exudate release in the two fencing 
treatments, which fosters a higher quantity and growth of 
microbes harboring the phoD gene (Zhang et al. 2018).

Our investigation, consistent with previous studies (Lagos 
et al. 2016; Randall et al. 2019), identified Actinobacteria, 
Proteobacteria, and Cyanobacteria as the predominant bac-
teria. These consistent findings suggest that these microbial 
groups, which are essential for the decomposition of organic 
P, may dominate various soil types and environmental condi-
tions. However, the implementation of restoration measures 
resulted in a significant alteration of the pHBC composition. 
(Dong et al. 2020; Wang et al. 2021b). In a recent research by 
Wang et al. (2021b), it was found that afforestation increased 
the diversity of pHBC more than natural restoration on the 
Loess Plateau. In our own observations, we noted that both 
fencing and fencing + reseeding stimulated the growth of 
Rubrobacter, Frankia and Streptomyces. These particular 
bacteria, Rubrobacter and Streptomyces, are known to thrive 
in C-rich environments due to their ability to secrete extracel-
lular enzyme complexes (Wang et al. 2021a). Frankia have 
also been reported to exhibit rapid growth by utilizing hemi-
cellulose and lignin as C sources (Lemanowicz et al. 2016). It 
is worth noting that these three genera, Rubrobacter, Frankia, 
and Streptomyces, encompass numerous bacterial species 
that are capable of solubilizing and mineralizing P (Hamdali 
et al. 2008). Therefore, it would be valuable for future stud-
ies to investigate the interplay between C and P cycling in 
different soil conditions, such as those characterized by P 
limitation, C limitation, or both. In addition, the results from 
RFM indicated that 18 taxa were identified as contributors 
to ALP activity, and most of them were rare genera (rela-
tive abundance < 1%). This finding suggests a critical role of 
the rare bacterial groups, rather than common taxa, in con-
tributing to ALP release. Notably, Rhizobium, Breoghania, 

and Actinomadura were among the significant contributors, 
exhibiting a higher relative abundance in the FM and FRM 
sites compared to the GM site, indicating that fencing and 
fencing + reseeding effectively promote the restoration of soil 
P-solubilizing bacterial communities. Moreover, this obser-
vation aligns with the positive relationship observed between 
these bacteria abundance and soil AP content. These findings 
suggest that the management practices of fencing and reseed-
ing can enhance the presence and activity of P-solubilizing 
bacteria, leading to improving soil P availability. It is worth 
mentioning that Actinomadura has been shown to serve as a 
significant role in solubilization of P, making it more avail-
able for plants to uptake (Nimnoi et al. 2014), while Breogha-
nia is not well-documented, which also has potential contri-
bution to soil P removal (Gallego et al. 2010). Comparing 
with the grazing treatment, the fencing treatment increased 
the abundance of Rhizobium, a rhizobacterium known for 
its ability to solubilize soil P (Cheng et al. 2019; Yousafi 
et al. 2019). Additionally, the practice of fencing, along with 
fencing + reseeding, was shown to specifically enhance the 
population of certain P-solubilizing bacteria, thereby promot-
ing the P availability.

4.3  Soil nutrient and pH are responsible 
for the increased soil P availability 
by regulating pHBC and ALP activity

The soil P availability is regulated by various biochemical 
processes, and the link between ALP activity and P avail-
ability could be confusing. According to the RDA and SEM 
models, ALP activity directly regulated soil P availabil-
ity, which was influenced by phoD gene abundance and 
the pHBC structure. Besides, our observations indicated 
that phoD gene abundance played a more significant role 
in regulating soil ALP activity compared to the pHBC 
structure, indicating that the increased abundance of phoD 
gene resulting from fencing made a greater influence on P 
availability when comparing with the changes in the pHBC 
structure. Previous research has demonstrated the impor-
tance of SOC as a primary driver of phosphorolysis in soil. 
Increased SOC levels, as promoted by fencing, enhance the 
accumulation of exchangeable Ca, which further influenc-
ing the interaction between exchangeable Ca and P, lead-
ing to forming more available Ca-P (Hu et al. 2018). The 
SEM model showed that the pHBC structure was mainly 
affected by C and N, rather than P. This finding aligns with 
the research conducted by Ragot et al. (2016), who investi-
gated strong correlations among dissolved organic C, pH, 
and the pHBC structure in grassland ecosystems. Similarly, 
Hu et al. (2018) identified soil organic C as an influential 
factor of the pHBC structure. These studies confirm the 
crucial function of C and N in regulating P availability, 
although P is also essential for microorganisms. Abundant 
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C and N resources also provide substrates for micro-
biota and increase their diversity, growth, and metabolic 
activities. Consequently, in our study, we observed direct 
effects of SOC and  NO3

−-N on phoD gene abundance and 
the pHBC diversity. The  NO3

−-N can might affect soil P 
through N-rich phosphatases secreted by bacteria and roots. 
In addition, nitrate accumulation can cause soil acidifica-
tion, which might aggravate the transformation and migra-
tion of soil P. Although soil P availability has been found 
to be enhanced by soil acidification (Luo et al. 2017), our 
study did not find a direct effect of pH on soil P availability. 
Instead, soil pH can indirectly impact AP content by exert-
ing influence on both ALP activity and the pHBC structure, 
which aligns with previous research indicating that soil pH 
is a key factor driving microbial community activity and 
structure (Dai et al. 2020).

Notably, BGB also has a significant impact on soil AP. 
Root exudates and organic acids contribute to the minerali-
zation of soil organic P. Additionally, the presence of root 
biomass promotes the pHBC growth and reduces rhizos-
phere pH in alpine meadows. This is supported by the direct 
effect of BGB on phoD gene abundance.

5  Conclusion

Our research findings demonstrated that grazing-to-fenc-
ing conversion could improve alpine soil P availability by 
regulating pHBC, especially through increasing the rare 
genera abundance such as Rhizobium, Breoghania, and 
Actinomadura, and enhancing ALP activity. Among the 
various factors examined, SOC and  NO3

−-N were observed 
to regulate pHBC more strongly than other factors. Soil 
pH, nutrient supply (e.g., SOC,  NO3

−-N), and changes of 
plant community together drive the enhancement of soil P 
availability by enhancing ALP activity, which is closely 
associated with phoD gene abundance as well as the 
pHBC structure. Our study confirmed the positive effect 
of fencing or fencing + reseeding on soil P availability and 
revealed the underlying mechanisms, which could be rec-
ommended for the restoration of grazing-induced degraded 
alpine meadows.
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