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Abstract

Continuous monoculture in poplar plantations often leads to declining soil nutrient avail-
ability and productivity. Phosphorus (P), in particular, frequently becomes a key limiting
factor due to its high fixability and low chemical availability in the soil. Understory
vegetation, however, may promote soil P cycling and enhance P availability by regu-
lating the community structure and decomposition activity of soil microorganisms. In
this study, a seven-year field experiment was conducted in degraded poplar plantations
using a randomized complete block design to investigate the effects of four understory
vegetation treatments—understory removal (UR), planting of a nitrogen-fixing species
Sesbania cannabina in understory (PN), retention of a single dominant understory species
Echinochloa crus-galli (RS), and retention of diverse understory vegetation (RD)—on soil
P fractions and availability, and to elucidate the microbial mechanisms driving P cycling
using a metagenomic approach. The results showed that, compared with UR, all understory
retention treatments significantly increased soil labile P fractions, improved microbial com-
munity structure, and enhanced the abundance of P cycling-related functional genes and
associated enzyme activities. Specifically, PN enriched the bacterial phylum Chloroflexi,
thereby strengthening its role in P cycling, and increased the abundance of key functional
genes such as ppa and phnH. These changes led to higher activities of acid phosphatase,
phosphodiesterase, and phytase, ultimately improving soil P availability. In contrast,
through the input of litter with greater diversity and higher biomass, RD enriched micro-
bial communities dominated by Proteobacteria. This treatment increased the abundance of
P cycling-related genes (e.g., phnW, purK, phnP, ugpQ) and associated enzyme activities,
thereby enhancing soil P mobilization. Both the introduction of nitrogen-fixing species and
the increase in understory species richness promoted soil P cycling and enhanced P avail-
ability, albeit through distinct mechanisms. Planting of nitrogen-fixing species enriched
specific microbial taxa and functional genes, whereas increasing understory species richness
boosts P cycling by increasing bacterial species richness and functional gene abundance.
Both enhancing species richness and planting nitrogen-fixing species in the understory
effectively improved soil P availability and supported the sustainable management of
degraded poplar plantations. Among these approaches, retaining diverse understory
vegetation is more cost-effective and contributes to biodiversity conservation, making it
a recommended management strategy.
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1. Introduction
Phosphorus (P) is an essential nutrient for photosynthesis and respiration [1] and

serves as a primary limiting factor for forest productivity. Although total soil P is gen-
erally abundant, the vast majority exists in stable forms, resulting in extremely low
bioavailability [2]. This issue is particularly pronounced in fast-growing industrial-use
plantations under intensive management practices such as continuous short-rotation mono-
culture, which have led to severe decline in soil P availability and tree growth [3–6].
Although fertilizer application can mitigate P limitation to some extent, it suffers from
low use efficiency, high cost, and a high risk of environmental pollution [7]. Therefore,
exploring sustainable management strategies to enhance soil P availability is critical for
improving both the productivity and sustainability of plantations [8].

Soil microorganisms play key roles in regulating P mobilization, a process primarily
governed by functional genes involved in P cycling [9]. On one hand, soil microorganisms
synthesize and release various enzymes—including acid phosphatases (encoded by genes
such as phoA), alkaline phosphatases (encoded by phoD), phosphodiesterases (encoded by
glpQ), and phytases (encoded by appA) —that mineralize organic P (Po) into plant-available
inorganic P (Pi) [10]. On the other hand, microorganisms secrete organic acids that dissolve
sparingly soluble Pi compounds [11–13]. Therefore, modulating microbial community
structure to enhance the abundance of P-transformation functional genes represents an
important approach to improving soil P availability. Recently, a comprehensive database of
soil P cycling gene families (PCycDB), covering 11 categories of P cycling and metabolic
processes, has been developed, providing a highly effective tool for studying the role of
microbial functional genes in soil P cycling [14].

In forest ecosystems, litter is a major source of soil organic matter [15]. Microorganisms
decompose litter and mineralize Po into inorganic forms available for plant uptake [16–18].
The quality and quantity of litter vary among plant communities. Inputs of organic mat-
ter with different properties can alter the composition and structure of the soil microbial
community, thereby influencing its functions [19]. A study on litter and root removal
in a Mongolian pine plantation showed that removing both significantly reduced soil
phosphatase activity and microbial biomass, thereby decreasing soil labile P content [20].
Changes in litter input quality can also regulate the abundance, species composition, and
activity of soil microorganisms by influencing their living environment and carbon source
supply, thereby altering soil P mineralization. Nitrogen (N)-fixing plants typically produce
high-quality litter, which alters the community structure of soil microorganisms, partic-
ularly by increasing the abundance of arbuscular mycorrhizal fungi [21]. This promotes
the solubilization of occluded soil P, which is then mineralized by phosphatases, thereby
increasing soil labile P [22]. However, some studies have pointed out that N-fixing plants
require substantial amounts of P to maintain nodule symbiosis and may therefore reduce
soil P availability [23]. Litter with a high carbon-to-phosphorus (C:P) ratio typically leads to
soil P immobilization during the early stage of decomposition, whereas litter with a low C:P
ratio tends to decompose rapidly and release P quickly [24]. Furthermore, litter diversity
is also closely associated with soil P cycling and availability [25]. Litter from different
species may exhibit complementary chemical compositions—such as in C:N:P ratios and
lignin content—which can alleviate the nutrient limitations associated with the decomposi-
tion of single-species litter, thereby promoting decomposition and P mineralization [26].
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Moreover, diverse litter inputs provide a variety of decomposition substrates, which can
promote soil microbial community diversity, thereby enhancing soil enzyme activity and Po
mineralization [27,28]. Compared with monoculture plantations, natural forests or mixed
plantations provide more diverse litter, which supports greater soil microbial richness and
functional diversity, ultimately enhancing P cycling and availability [28,29]. Consequently,
the establishment of mixed-species plantations has often been recommended to address
the nutrient issues associated with pure plantations. However, mixed-species plantations
also face challenges in establishment and management and may reduce the yield of target
timber species, which to some extent limits their practical application [30].

Species-rich and diverse understory vegetation is commonly present in plantations.
However, traditional forest management practices often clear this understory vegetation
to reduce its potential competition for resources such as nutrients. Nevertheless, recent
research has suggested that clearing understory vegetation can hinder nutrient cycling
and lead to soil P loss [31]. Like mixed forests, the presence of understory vegetation
in pure plantations might also influence soil microbial abundance, community structure,
and decomposition activity by mixing its litter with tree litter. This, in turn, regulates
soil P cycling, ultimately affecting P availability [32–34]. However, most studies have
primarily focused on the effects of the presence or removal of understory vegetation on
soil nutrient dynamics, while research on the effects of understory vegetation species or
diversity—particularly their influence on soil P cycling and availability—remains lacking,
and the underlying mechanisms remain poorly understood.

Poplar (Populus spp.) is the most widely cultivated fast-growing industrial timber plan-
tation tree species on mid-latitude alluvial plains [35]. However, continuous monoculture
with short rotations and whole-tree harvest has led to a serious decline in site productivity,
with reduced P availability as a major contributing factor [36]. Poplar plantations are typi-
cally established with wide spacing, and the ample understory space provides favorable
conditions for vegetation growth [37]. Given the potential role of understory vegetation
in soil nutrient cycling and in enhancing nutrient availability, investigating the effects of
understory species type or diversity on soil P cycling and availability in degraded poplar
plantations can provide a scientific basis for their sustainable management. Therefore, this
study established treatments with different understory species and richness in a degraded
poplar plantation after continuous pure poplar cultivation for three successive rotations
and employed metagenomic approaches to explore their effects on soil P availability and
the underlying microbial mechanisms. We proposed the following hypotheses: (1) Plant-
ing N-fixing species and retaining understory vegetation with high species richness can
enhance P availability by altering the community structure and functional gene abundance
of soil P-transforming microorganisms. (2) The mechanisms by which planting N-fixing
species and retaining understory vegetation with high species richness enhance soil P
availability differ.

2. Materials and Methods
2.1. Study Site and Experimental Design

The study site is located at the Bancheng Malanhu Forest Farm in Sihong County,
Suqian City, Jiangsu Province, China (33◦32′ N, 118◦36′ E). The region has a mid-latitude,
warm, sub-humid climate, with a mean annual temperature of 14.4 ◦C and mean annual
precipitation of 910 mm, most of which falls between June and August. A soil survey
indicates that the soil type is Albic Udic Luvisol, developed from lacustrine deposits, with
a predominantly clay loam texture. The soil has a pH of 6.65, a bulk density of 1.13 g·cm−3,
an organic carbon content of 25.66 g·kg−1, and a total nitrogen content of 2.49 g·kg−1 in the
0–10 cm soil layer [38].
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The experimental plantation was established in March 2016 using the Populus deltoides
clone ‘Nanlin-3804’, planted at a spacing of 6 m × 6 m. Prior to this, this site had been
under continuous pure poplar plantation management for three successive rotations (more
than 35 years), and soil fertility as well as site productivity had already declined severely.
Preliminary surveys conducted in August 2017 revealed that the understory vegetation
was dominated by Echinochloa crus-galli, which accounted for approximately 60% of the
total understory biomass. Other major understory species included Setcreasea purpurea (20%
of biomass), Cyperus rotundus (10%), and Ammannia coccinea (10%) [38].

The experiment employed a randomized complete block design with three blocks
and four understory vegetation treatments: (1) understory removal (UR); (2) planting
a N-fixing species, Sesbania cannabina, in the understory (PN); (3) retention of a single
dominant understory species, E. crus-galli (RS); and (4) retention of diverse understory
vegetation (RD). In the UR treatment, all understory vegetation was completely removed,
and the soil surface was covered with a permeable black weed barrier fabric. In the PN
treatment, all native understory vegetation was removed, after which S. cannabina was
sown and maintained to achieve approximately 90% cover. The RS treatment retained
only the dominant understory species E. crus-galli, while all other understory plants were
removed; periodic reseeding ensured that E. crus-galli cover remained at approximately
90%. The RD treatment involved no intervention in the original understory vegetation,
thereby maintaining its naturally high species richness.

Each block contained four experimental plots, each measuring 36 m × 12 m and con-
taining 18 poplar trees arranged in three rows. The four treatments were randomly assigned
to the four plots within each block. Treatment implementation began in August 2017, and
annual understory vegetation management was conducted thereafter in accordance with
the experimental design. No other stand management measures were implemented.

The litter properties of each treatment were derived from the average of seven consec-
utive years of surveys (Table 1).

Table 1. Litter properties of different understory vegetation treatments.

Litter
Diversity

Litter
Biomass
(t·ha−1)

Litter Quality

TC
(g·kg−1)

TN
(g·kg−1)

TP
(g·kg−1) C/N Ratio C/P Ratio N/P Ratio

UR 1 1.8 ± 0.2 c 437.1 ± 2.4 a 10.0 ± 0.07 b 2.0 ± 0.1 b 44.0 ± 5.5 a 214.2 ± 1.03 a 4.9 ± 0.04 b
PN 2 2.5 ± 0.2 ab 426.7 ± 0.7 ab 36.9 ± 0.24 a 3.8 ± 0.1 a 11.6 ± 0.9 c 111.7 ± 0.47 b 9.7 ± 0.07 a
RS 2 2.1 ± 0.2 bc 402.8 ± 1.3 b 9.7 ± 0.08 b 3.6 ± 0.1 a 42.9 ± 4.8 ab 114.5 ± 0.61 b 2.7 ± 0.02 c
RD 5 3.0 ± 0.5 a 420.9 ± 1.1 ab 11.2 ± 0.02 b 3.8 ± 0.1 a 35.9 ± 1.5 b 107.1 ± 0.60 b 2.9 ± 0.01 c

Values are means ± standard deviation. Different letters indicate significant differences among understory
vegetation treatments (p < 0.05). UR, understory removal; PN, planting a N-fixing species in understory; RS,
retention of a single dominant understory species; RD, retention of diverse understory vegetation; Litter Diversity,
the number of plant species (including poplar) contributing to the litterfall in each treatment; TC, total carbon
content; TN, total nitrogen content; TP, total phosphorus content.

2.2. Soil Sample Collection and Processing

Soil samples were collected in August 2024, seven years after the initiation of the
experimental treatments. In each experimental plot, three randomly selected soil profiles
were excavated to collect samples from the 0–10 cm layer. The samples were promptly trans-
ported to the laboratory at 5 ◦C. After passing through a 2 mm sieve and homogenization,
each sample was divided into three portions: one portion was passed through a 2 mm sieve
and stored at 4 ◦C for the determination of enzyme activities related to P transformation;
another portion was air-dried at room temperature, further passed through a 1 mm sieve,
and used to determine soil total P content and P fractionation; and the remaining portion
was stored at −80 ◦C for subsequent metagenomic sequencing analysis.
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2.3. Phosphorus Fractionation and Enzymatic Activity Assays

Soil total P content (TP) was determined by H2SO4-HClO4 digestion followed by
molybdenum-antimony colorimetric analysis.

Soil P fractionation was conducted following the modified Hedley sequential extrac-
tion method, as described by Tiessen et al. [39]. Soil samples were sequentially extracted
with deionized water containing anion-exchange resin membranes, 0.5 mol·L−1 NaHCO3,
0.1 mol·L−1 NaOH, 1.0 mol·L−1 HCl, and concentrated HCl. Inorganic P (Pi) in each
extract was measured colorimetrically using the molybdenum blue method. Total P in
the extracts (except those extracted with deionized water and 1.0 mol·L−1 HCl) was de-
termined also using the molybdenum blue method after persulfate oxidation. Organic P
(Po) was calculated as the difference between total P and Pi. For the deionized water and
1.0 mol·L−1 HCl extracts, only Pi was measured. This procedure yielded the following frac-
tions: resin-extractable P (Water soluble-P), NaHCO3-extractable Pi and Po (NaHCO3-Pi,
NaHCO3-Po), dilute HCl-extractable Pi (Di-HCl-Pi), and concentrated HCl-extractable Pi
and Po (Conc-HCl-Pi, Conc-HCl-Po). Residual-P was calculated as the difference between
TP and the sum of all extracted fractions.

Soil phosphomonoesterase activity (PME) was determined using the p-nitrophenyl
phosphate method [40]. Fresh soil (1.00 g) was placed into a 50 mL conical flask, to which
0.2 mL of toluene, 4 mL of buffer (THAM buffer at pH 6.5 for acid phosphatase (ACP) or
pH 11 for alkaline phosphatase (ALP)), and 1 mL of 5 mmol/L disodium p-nitrophenyl
phosphate were added. The mixture was incubated at 37 ◦C for 1 h. After incubation, 1 mL
of 0.5 mol·L−1 CaCl2 and 4 mL of 0.5 mol·L−1 NaOH were added, shaken, and filtered.
The absorbance of the filtrate was measured at 405 nm. Enzyme activity was expressed as
mg p-nitrophenol·kg−1·h−1. PME was calculated as the sum of ACP and ALP.

Soil phosphodiesterase activity (PDE) was determined using the bis-p-nitrophenyl
phosphate method, with bis-p-nitrophenyl phosphate as the substrate; the analytical steps
were the same as those for phosphomonoesterase [40].

Phytase activity (PA) was determined using the vanadate-molybdate colorimetric
method with sodium phytate as the substrate [40,41]. Fresh soil (1.00 g) was placed into
a 50 mL conical flask, to which 0.2 mL of toluene was added for a 10-min pre-treatment.
Subsequently, 3.8 mL of acetate buffer (0.2 mol·L−1, pH 5.2) and 2 mL of 0.00761 mol/L
sodium phytate were added, mixed, and incubated at 37 ◦C for 30 min. After incubation, the
reaction was terminated, and the mixture was filtered. The filtrate was mixed with vanadate-
molybdate chromogenic reagent and allowed to develop color at room temperature for
10 min. Using distilled water as a blank, the absorbance was measured at 415 nm. PA was
expressed as mg P·kg−1·min−1.

2.4. Soil Metagenomic Analysis

Total soil DNA was extracted using the Omega Mag-Bind Soil DNA Extraction Kit
(Omega Bio-tek, Inc., Norcross, GA, USA). Metagenomic sequencing was performed on
the Illumina NovaSeq sequencing platform (Illumina Inc., San Diego, CA, USA). DNA
quality was verified by concentration (≥2 ng·µL−1) and purity (A260/A280 ratio). Libraries
were constructed and sequenced on the Illumina NovaSeq 6000 platform (PE150, insert size
approximately 400 bp), generating approximately 20 million paired-end reads per sample.
Raw reads were quality-filtered using fastp (v0.23.2) under the following conditions: Q ≥ 20,
read length ≥ 50 bp, and proportion of ambiguous bases (N) < 30%. Functional gene
annotation was conducted using MMseqs2 (similarity ≥ 95%) against the PCycDB (v2.0)
database, and gene abundances were calculated based on the number of mapped reads.
The analysis focused on genes involved in P cycling, including those related to organic
phosphoester hydrolysis, pyrimidine metabolism, and phosphonate and phosphinate
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metabolism. To identify microbial hosts carrying P-cycling genes, contigs harboring target
genes were subjected to taxonomic classification. Contigs were annotated using Kaiju
(v1.9.0) against the NCBI nr database (2022 release), and taxonomies were assigned at the
phylum levels. Only contigs with confident taxonomic assignments (confidence score ≥ 0.5)
were retained for diversity analyses.

2.5. Statistical Analyses

Preliminary analyses showed that the block effect was not significant for any of the
measured variables (p > 0.05). Therefore, one-way analysis of variance (ANOVA) was used
to test the effects of understory vegetation treatment on soil P fractions, enzyme activities,
and microbial parameters related to P cycling without block effect analysis. After verifying
the assumptions of normality and homogeneity of variance, ANOVA was performed using
SPSS software (version 22.0). When treatment effects were significant (p < 0.05), means were
compared using Fisher’s least significant difference (LSD) test. Linear regression analysis
was used to evaluate the relationships between the enzyme activities and the contents of
different P fractions.

Pearson correlation analysis was performed using the ChiPlot online platform (https:
//www.chiplot.online/ (accessed on 15 June 2025)) to assess relationships among soil P
fractions and between P fractions and functional genes related to P cycling. Correlation
matrices were visualized as heatmaps.

The abundance table of P-cycling microorganisms (i.e., taxa carrying at least one target
functional gene) was used to calculate alpha diversity indices, including Chao1, ACE,
Shannon and Simpson diversity index. Beta diversity was assessed using Bray–Curtis
dissimilarity and visualized via principal coordinate analysis (PCoA). Permutational multi-
variate analysis of variance (PERMANOVA, with 999 permutations) was applied to test for
significant differences in community composition.

Partial least squares path modeling (PLS-PM) was constructed using R software
(v4.5.1) to evaluate the direct and indirect effects linking litter properties, microbial com-
munity structure, and functional gene abundance to soil P availability under the different
understory vegetation treatments.

3. Results
3.1. Soil P Fractions Under Different Understory Vegetation Treatments

Across all treatments, soil P was predominantly present in the moderately labile pool,
whereas the labile P fractions accounted for the smallest proportion (Figure 1a). Compared
with the understory removal (UR) treatment, the contents of the three labile P fractions
(Water soluble-P, NaHCO3-Pi, and NaHCO3-Po) increased in all understory retention
treatments, with the retention of diverse understory (RD) treatment exhibiting the highest
values—significantly increased by 52.1%, 91.6%, and 43.3%, respectively. The planting
of a N-fixing species (PN) treatment ranked second, with NaHCO3-Pi and NaHCO3-Po
contents significantly higher than those in UR but not differing significantly from those
in the retention of a single dominant understory species (RS) treatment (Figure 1a,b). The
three labile P fractions were significantly positively correlated with each other (Figure 1d).

NaOH-Pi content was highest in RD (49.54 mg·kg−1), followed by PN (42.45 mg·kg−1),
representing significant increases of 60.5% and 37.5% over UR, respectively (Figure 1a),
and was significantly positively correlated with all three labile P fractions (Figure 1d).
Conversely, NaOH-Po was highest in RS and lowest in PN and RD, which were 8.9%
and 9.9% lower than RS, respectively (Figure 1a). NaOH-Pi was significantly positively
correlated with Conc-HCl-Pi, and NaOH-Po with Di-HCl-Pi and Conc-HCl-Po (Figure 1d).
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Figure 1. Contents of soil P fractions (a), labile P (b), and inorganic, organic, and residual P (c) under
different understory vegetation treatments, and correlations of soil P fractions (d). Pi, inorganic P; Po,
organic P; Re-P, residual P. UR, understory removal; PN, planting a N-fixing species in understory;
RS, retention of a single dominant understory species; RD, retention of diverse understory vegetation.
Values in panels (a–c) are means ± standard deviation. Different letters indicate significant differences
among understory vegetation treatments (p < 0.05). Significance levels: *, p < 0.05; **, p < 0.01.

Organic P (Po) was the dominant form across all treatments. Inorganic P (Pi) content
was significantly increased in RS, whereas Po content was significantly increased in UR
(Figure 1c). The increase in Po was mainly attributable to NaOH-Po and Conc-HCl-Po,
while the increase in Pi was mainly attributable to Di-HCl-Pi (Figure 1a), with both groups
belonging to the moderately labile or stable P pools.
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3.2. Enzyme Activities Related to P Cycling

Compared with UR, the activities of P-cycling enzymes significantly increased in all
three understory retention treatments, with RD consistently showing the highest values.
Specifically, the activities of acid phosphatase (ACP), alkaline phosphatase (ALP), phos-
phomonoesterase (PME), phosphodiesterase (PDE), and phytase (PA) in RD increased by
41.4%, 32.9%, 36.8%, 87.5%, and 73.3%, respectively, relative to UR (Figure 2a). Compared
with RS, the activities of ACP, PDE, and PA increased in PN, with ACP and PDE reaching
statistical significance (increases of 18.4% and 30.4%, respectively), whereas ALP activity
was significantly higher in RS (p < 0.05, Figure 2a).

Figure 2. Enzyme activity (a) and the stoichiometric ratio (b) related to P cycling under different
understory vegetation treatments. ACP, acid phosphatase; ALP, alkaline phosphatase; PME, phos-
phomonoesterase (ACP + ALP); PDE, phosphodiesterase; PA, phytase. UR, understory removal; PN,
planting a N-fixing species; RS, retention of a single dominant understory species; RD, retention of
diverse understory vegetation. Error bars represent standard deviation. Different letters indicate
significant differences among treatments (p < 0.05).

The ACP/ALP ratio was significantly higher in PN than in all other treatments
(Figure 2b). The PME/PDE ratio was significantly lower in PN and RD compared with UR.
The PME/PA ratio decreased in all understory retention treatments relative to UR, with
a significant reduction in RS and PN. Furthermore, the PDE/PA ratio was significantly
increased in PN, indicating a more important role of PDE in Po mineralization under this
treatment (Figure 2b).

Linear regression analysis revealed significant relationships between P fractions and
enzyme activities (Table 2). Water-soluble P was significantly positively correlated with
PDE activity, while NaHCO3-Pi and NaHCO3-Po were strongly significantly positively
correlated with ACP activity (p < 0.01). NaOH-Pi was strongly positively significantly
correlated with both PDE and PME activities (p < 0.01), whereas NaOH-Po was significantly
negatively correlated with PDE activity. Conc-HCl-Pi exhibited a significant positive
correlation with PA activity.
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Table 2. Multiple linear regression analysis of P fraction with enzyme activity related to P cycling.

Variable Y X
Unstandardized Coefficient Standardized

Coefficient
Adjusted

R2 P
Collinearity Diagnosis

B Standard Error Tolerance VIF

Water soluble-P PDE 0.029 0.009 0.694 0.429 0.012 1.000 1.000
NaHCO3-Pi ACP 0.086 0.013 0.901 0.794 0.000 1.000 1.000
NaHCO3-Po ACP 0.163 0.082 0.878 0.749 0.000 1.000 1.000

NaOH-Pi
PME 0.060 0.017 0.421

0.923
0.006 0.504 1.985

PDE 0.120 0.023 0.625 0.000 0.504 1.985
NaOH-Po PDE −0.111 0.049 −0.581 0.271 0.048 1.000 1.000

Conc-HCl-Pi PA 0.541 0.142 0.770 0.552 0.003 1.000 1.000

ACP: acid phosphatase; PME: phosphomonoesterase (the sum of ACP and alkaline phosphatase); PDE: phospho-
diesterase; PA: phytase.

3.3. Microbial Community Structure and Functional Gene Abundance Involved in P Cycling

The Chao1 index of bacterial community involved in P cycling significantly increased
in RD, indicating greater richness of bacterial species potentially associated with P cy-
cling (Table 3). PCoA based on Bray–Curtis distances showed the cumulative variances
explained by the first two principal components are 65.4% and 59.8% for bacterial and
fungal community, respectively (Figure 3), which indicates that the PCoA captures the
main gradient of community variation, while the remaining variance comes from a large
number of low-abundance rare taxa. However, it revealed that understory vegetation treat-
ments significantly influenced soil bacterial community structure (Figure 3a) but not fungal
community structure (p = 0.14, Figure 3b). Samples from RD and PN were clearly separated
from those of UR along the primary axis, with RD exhibiting greater within-treatment
variability in bacterial community structure (Figure 3a).

Table 3. Alpha-diversity index of microbial communities involved in P cycling under different
understory vegetation treatments.

Index UR PN RS RD

Chao1
Bacteria 4161.1 ± 151.8 b 4303.2 ± 109.5 ab 4245.4 ± 33.6 b 4455 ± 54.3 a
Fungi 20.2 ± 4.1 a 21.2 ± 5.3 a 21.2 ± 4.02 a 29.8 ± 12.5 a

ACE
Bacteria 4169.2 ± 200.2 a 4310.8 ± 130.5 a 4238.9 ± 52.76 a 4422.6 ± 67.1 a
Fungi 22.1 ± 1.4 a 24.3 ± 7.6 a 24.6 ± 5.6 a 39.5 ± 22.9 a

Shannon
Bacteria 4.6 ± 0.10 a 4.6 ± 0.20 a 4.6 ± 0.04 a 4.6 ± 0.10 a
Fungi 2.3 ± 0.50 a 2.2 ± 0.30 a 2.3 ± 0.20 a 2.5 ± 0.32 a

Simpson Bacteria 1 ± 0.003 a 1 ± 0.007 a 1 ± 0.003 a 1 ± 0.004 a
Fungi 0.8 ± 0.1 a 0.2 ± 0.1 a 0.8 ± 0.1 a 0.9 ± 0.1 a

Values are means ± standard deviation. Different letters indicate significant differences among treatments
(p < 0.05). UR, understory removal; PN, planting a N-fixing species in understory; RS, retention of a single
dominant understory species; RD, retention of diverse understory vegetation.

At the phylum level, the dominant bacterial phyla across all treatments were Pro-
teobacteria, Actinobacteria, and Chloroflexi, while fungal communities were dominated
by Basidiomycota and Ascomycota (Figure 4). The relative abundance of Chloroflexi was
significantly higher in PN, whereas Proteobacteria was significantly higher in RD. Within
the fungal community, Ascomycota was significantly enriched in PN.
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Figure 3. Principal coordinate analysis (PCoA) of soil bacterial (a) and fungal (b) community
composition involved in P-cycling under different understory vegetation treatments. UR, understory
removal; PN, planting a N-fixing species in understory; RS, retention of a single dominant understory
species; RD, retention of diverse understory vegetation.

Figure 4. Relative abundances of the top ten bacterial phyla (a) and top five fungal phyla (b) involved
in P cycling under different understory vegetation treatments. Different letters indicate significant
differences among treatments (p < 0.05). UR, understory removal; PN, planting a N-fixing species
in understory; RS, retention of a single dominant understory species; RD, retention of diverse
understory.

Metagenomic analysis identified 132 functional genes associated with soil P trans-
formation. RD exhibited the highest gene abundance overall, with PN ranking second
(Figure 5a). Genes encoding the two-component system, purine metabolism, and transport
processes accounted for the largest proportions (25%, 18%, and 17%, respectively). The
abundances of genes involved in the two-component system, pyrimidine metabolism,
and the phosphotransferase system were significantly higher in RD. RD also showed
higher gene abundances in organic phosphoester hydrolysis and phosphonate/phosphinate
metabolism, although the differences were not significant. Specifically, RD exhibited signif-
icant enrichment of 28 P-cycling functional genes, including phnI and phnW (involved in
phosphonate/phosphinate metabolism); pstA, ugpA, ugpE, pstC, ugpB, phnV, phnD, phnE,
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ptxB, and aeps (microbial transport processes); tmk and pyrF (pyrimidine metabolism); and
purC, purD, adk, purF, and purM (purine metabolism) (Figure 5a). In contrast, PN exhibited
significantly higher abundances of genes related to oxidative phosphorylation and the
‘others’ category, both associated with inorganic P solubilization (Figure 5b), including opd
(organic phosphoester hydrolysis), phnH (phosphonate and phosphinate metabolism), and
ppa (oxidative phosphorylation).

Figure 5. Heatmap of Z-score-transformed abundances of 132 individual P cycling genes (a) and bar
plot of the summed abundance of genes encoding each of the 11 P-transformation processes (b) under
different understory vegetation treatments. Error bars represent standard deviation. Different letters
indicate significant differences among treatments for a given process (p < 0.05). UR, understory
removal; PN, planting a N-fixing species in understory; RS, retention of a single dominant understory
species; RD, retention of diverse understory vegetation.

3.4. Gene–Enzyme–P Fraction Relationships

Numerous functional genes were significantly correlated with P-cycling enzyme activ-
ities (Figure 6), providing molecular-level evidence that understory treatments influenced
soil phosphatase activities by modulating functional gene abundance. ACP activity was
primarily associated with phosphonate/phosphinate metabolism, showing significant posi-
tive correlations with 13 functional genes (adk, purF, ugpA, pstC, phnC, phnU, phnD, ptxB,
phoP, pps, rpiA, phnW, and phnA). ALP was significantly positively correlated with purD
and cmk and negatively correlated with glpT and pgtP. PME was primarily influenced
by pyrimidine metabolism, with significant positive correlations with 11 functional genes
(purD, adk, purF, phnC, phnD, ptxB, phoP, cmk, pyrH, rpiA, and phnW). PDE showed the
closest associations with functional genes, being significantly positively correlated with
31 functional genes from the two-component systems, pyrimidine metabolism, phospho-
nate/phosphinate metabolism, and phosphotransferase systems, while showing significant
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negative correlations with genes from other processes. PA was significantly positively
correlated with purine metabolism, pyrimidine metabolism, two-component systems, and
others, as well as with 27 P-cycling genes (ugpA, phnV, opd, phnW, etc.; Figure 6).

Figure 6. Heatmap of Pearson correlation coefficients between P cycling functional genes and
enzyme activities related to P cycling. * and ** indicate significant correlations at p < 0.05 and
p < 0.01, respectively. ACP, acid phosphatase; ALP, alkaline phosphatase; PME: phosphomonoesterase
(ACP + ALP); PDE, phosphodiesterase; PA, phytase.

Of the 132 P-transformation genes, 77 were significantly correlated with at least one P
fraction (Figure 7) in P cycling. Genes from purine metabolism, pyrimidine metabolism,
two-component systems, organic phosphate hydrolysis, and the phosphotransferase system
showed significant correlations with labile P fractions, identifying these as key processes
for enhancing soil P availability (Figure 7). Specifically, 38 functional genes (guaB, purC,
adk, ugpA, phnD, phoR, phy, phoD, tmk, phnW, and pstI, etc.) were significantly positively

https://doi.org/10.3390/agronomy16151464

https://doi.org/10.3390/agronomy16151464


Agronomy 2026, 16, 1464 13 of 25

correlated with one or more labile P fractions. Notably, the majority of the functional genes
were negatively correlated with NaOH-Po, with purF, pstA, pstC, phnE, phnS, rpiA, ptsH,
pps, and nrdE showing significant negative correlations (Figure 7).

Figure 7. Heatmap of Pearson correlation coefficients between functional genes related to P cycling
and soil P fractions. * and ** indicate significant correlations at p < 0.05 and p < 0.01, respectively.

3.5. Contribution of Microbial Phyla to P Cycling

Different understory vegetation treatments significantly influenced the functional
contributions of specific microbial phyla to P-cycling genes within each functional cate-
gory (Figure 8). Within the bacterial community, Proteobacteria contributed significantly
more to most P-cycling processes in RD, whereas Chloroflexi contributed significantly
more in PN (Figure 8a,b). Within the fungal community, PN significantly enhanced the
contributions of Bacillariophyta to transport processes, unclassified Eukaryota to pyrimi-
dine/purine metabolism, and Oomycota to pyrimidine metabolism; Oomycota’s contri-
bution to pyrimidine metabolism was also significantly enhanced in RD (Figure 8c,d).
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Overall, understory vegetation treatments not only altered the overall diversity and abun-
dance of P-transforming microbial communities but also significantly affected the relative
contributions of key functional microbial taxa to specific P-cycling processes.

Figure 8. Contribution of dominant bacterial (a,b) and fungal phyla (c,d) to the overall gene abun-
dance within each P-cycling functional category under different understory vegetation treatments.
Different letters indicate significant differences among treatments in the contribution of a given
phylum to a specific process (p < 0.05). UR, understory removal; PN, planting a N-fixing species
in understory; RS, retention of a single dominant understory species; RD, retention of diverse
understory vegetation.

3.6. Pls-Pm Analysis of Regulatory Pathways

Partial least squares path modeling (PLS-PM) was employed to quantify the pathways
through which different understory vegetation treatments regulated soil P availability by
altering litter properties, microbial communities, and functional genes. The models under
the four understory vegetation treatments exhibited satisfactory overall fit (GoF = 0.64, 0.67,
0.59, and 0.71 for UR, PN, RS, and RD, respectively), revealing significant differences in
their driving mechanisms (Figure 9).
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Figure 9. Schematic diagrams of partial least squares path modeling (PLS-PM) under UR (a), PN (c),
RS (e), and RD (g), and direct, indirect, and total pathway of understory treatment, litter property, soil
bacterial property, soil fungi property, functional gene abundance, and enzyme activity on soil labile
P under UR (b), PN (d), RS (f), and RD (h). PCGs, P-cycling functional gene. UR, understory removal;
PN, planting a N-fixing species in understory; RS, retention of a single dominant understory species;
RD, retention of diverse understory vegetation. Red and blue arrows indicate significant positive
and negative effects (p < 0.05), respectively, while dashed grey arrows indicate non-significant
relationships. Arrow width corresponds to the strength of standardized path coefficients, with
numerical values labeled. R2 represents the variance explanation rate. Asterisks indicate significance
levels: *, p < 0.05, **, p < 0.01, ***, p < 0.001.
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Understory removal strongly significantly reduced litter quantity, diversity, and P
content (β = −0.82, p < 0.01; Figure 9a) in UR. Litter properties indirectly influenced P-
cycling functional genes abundance by altering fungal species diversity (Chao1 and ACE
indices) (β = 0.57), which in turn strongly positively affected enzyme activities (β = 0.72,
p < 0.001), ultimately resulting in a modest increase in labile P content (β = 0.75, p < 0.001).

N-fixing plants strongly significantly improved litter properties in PN—increased litter
total N and P content and N/P ratio (β = 0.93, p < 0.001; Figure 9c)—which subsequently
exerted significant positive effects on both soil bacterial (Chloroflexi relative abundance,
ACE, Chao1, and Simpson indices) and fungal community structure (Ascomycota relative
abundance, Chao1, Shannon, and Simpson indices) (both β = 0.60). The altered bacte-
rial community structure further enhanced the abundance of functional genes involved
in purine metabolism, transport, and the two-component system (β = 0.72), which in
turn strongly significantly increased P-transforming enzyme ACP, PDE and PA activi-
ties (β = 0.74, p < 0.01), ultimately significantly enhancing soil labile P content (β = 0.89,
p < 0.01).

No significant effect on litter properties was observed (β = −0.27, p = 0.03) in RS,
resulting in limited changes in microbial community structure, with only a significant
positive effect on fungal ACE and Chao1 indices (β = 0.67, p < 0.05; Figure 9e). This
change positively affected P-cycling functional gene abundance (β = 0.61), which strongly
enhanced enzyme activities (β = 0.72, p < 0.01) and led to an increase in labile P content
(β = 0.76, p < 0.01).

RD exhibited the highest model fit and the most complex regulatory mechanism
(Figure 9g). It strongly significantly increased litter biomass, diversity, and total P content
(β = 0.82, p < 0.001). Litter properties influenced P-cycling functional gene abundance
through dual pathways: by affecting bacterial community structure (Proteobacteria relative
abundance, ACE, Chao1, Shannon, and Simpson indices) (β = 0.82, p < 0.01; effect on genes:
β = 0.65, p < 0.01) and by altering fungal community structure (ACE and Chao1 indices)
(β = 0.60; effect on genes: β = 0.43, p < 0.05). The increased functional gene abundance
further significantly enhanced P-transforming enzyme activities (ACP, PDE, PA) (β = 0.74,
p < 0.01), promoting a substantial increase in labile P content (β = 0.96, p < 0.001).

Overall effect analysis indicated that P-transformation enzymes had direct effects on P
fractions, whereas understory vegetation treatments and litter properties exerted indirect
effects (Figure 9b,d,f,h). Microbial community structure and P-transformation functional
genes affected P fractions through both direct and indirect pathways.

4. Discussion
Litter decomposition is a fundamental driver of nutrient cycling in terrestrial ecosys-

tems, and P input via litterfall is essential for sustaining soil P cycling in forests [42]. After
seven years of understory removal, soil total P and the labile P fractions were significantly
decreased in the 0–10 cm soil layer in UR (Figure 1a,b). Understory removal directly
reduced plant litter input, thereby diminishing the substrate available for microbial decom-
position [43]. The absence of understory vegetation can also alter soil physical properties,
such as increasing evaporation and reducing soil moisture content [44], which may limit
inorganic P diffusion and release, ultimately compromising P availability for soil microbes
and plants [45]. Additionally, removing understory vegetation reduces the input of root
litter and root exudates (e.g., organic acids) and may impede the upward transport of P
from deeper soil by plant roots [46]. Soil organic P content, particularly the NaOH-Po frac-
tion, was higher in UR than in other treatments, while inorganic P content was significantly
lower (Figure 1a,c). This likely stems from reduced microbial access to nutrients, which
suppresses soil microbial activity and P transformation enzyme activities, thereby weaken-
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ing Po mineralization [47,48]. Consequently, moderately labile Po (NaOH-Po) accumulated
while Pi declined. Consistent with this, understory removal has been shown to reduce
bacterial biomass in other ecosystems, partly through altered soil N availability [49], and to
generally suppress soil hydrolytic enzyme production [50].

Compared with retaining E. crusgalli (RS), planting N-fixing S. cannabina (PN) led to
higher soil labile P contents (Figure 1a,b). indicating significant improvement of P supply in
the degraded poplar plantation. Litter of the N-fixing species S. cannabina exhibited greater
biomass and higher quality than that of E. crusgallii (Table 1), which effectively increased
soil N content—as confirmed in our previous studies [51]—and supplied ample and readily
decomposable substrates for microbial growth and activity, thereby enhancing P cycling
and increasing soil labile P content [52–54]. Similarly, mixing N-fixing tree species with
eucalyptus has been shown to promote the transformation of soil P fractions and enhance
P availability through microbial mediation [21]. Among P fractions, moderately labile P,
particularly NaOH-Po, constituted the largest proportion of the total P pool and played a
key role in sustaining P availability. Compared with the RS treatment, the PN treatment
exhibited a significant increase in NaOH-Pi content and a simultaneous decrease in NaOH-
Po content (Figure 1a). Moreover, NaOH-Pi was significantly positively correlated with all
three labile P fractions (Figure 1d), suggesting that the PN treatment stimulated microbial
mineralization of NaOH-Po into NaOH-Pi, and that this NaOH-Pi pool subsequently
served as a key source replenishing more labile P fraction. Nitrogen is a key component of
phosphatase synthesis; thus, increased N availability may enhance phosphatase synthesis
and accelerate soil Po mineralization [55]. This finding aligns with studies in karst natural
forests [56] and larch plantations [57], both of which reported that N addition decreased
the soil NaOH-Po fraction. However, some studies have reported that N-fixing plants
promoted soil Po accumulation [58]. These contrasting results may reflect differences in the
functional traits of the microorganisms recruited by different N-fixing plant species; some
microbial communities might possess greater capacities to solubilize recalcitrant Pi, leading
to distinct P fraction dynamics such as NaOH-Po accumulation. The decrease in Di-HCl-Pi
content indicates that the PN treatment promoted the activation and release of inorganic
P from stable Pi pools. Roots and microbes can release CO2 through respiration and
exude organic acids directly, while the N-fixation process itself releases H+; these processes
promote the dissolution of calcium phosphates by reducing local pH and chelating metal
cations (e.g., Ca2+) that bind P [59]. The released inorganic P can be partially adsorbed by
iron and aluminum oxides, contributing to the observed increase in the NaOH-Pi fraction.

Retention of diverse understory vegetation (RD) resulted in the highest labile P com-
pared with both RS and PN (Figure 1a,b), indicating a substantial improvement in P
supply in the degraded poplar plantation. This result aligns with the meta-analysis of
Wang et al. [60], which concluded that plant diversity enhances soil P availability and sus-
tains productivity in terrestrial ecosystems. Diverse understory vegetation produces litter
and root exudates of varying quality, creating diverse niches and resources for a broader
range of soil microbial functional groups [28,29]. Deng et al. [61] found that mixed forests
improved the microbial habitat and enhanced phosphatase activity and organic acid-
mediated cycling processes, resulting in significantly higher litter P and bioavailable P
fractions compared with monocultures. However, RD had significantly lower soil total
P content than RS (Figure 1a), which may be attributed to the conversion of stable P into
bioavailable forms that are subsequently taken up by plants and temporarily stored in
biomass [62]. Both moderately labile P and stable P were higher in RD than in PN, corre-
sponding to significantly lower Conc-HCl-Pi and Conc-HCl-Po in RD (Figure 1a,b). Corre-
lation analysis revealed significant positive correlations of Conc-HCl-Pi with NaHCO3-Pi,
NaHCO3-Po, and NaOH-Pi (Figure 1d), suggesting that these are interconnected pools
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and that RD facilitated the transfer of stable P from to more available forms. This further
indicates that preserving diverse understory vegetation enhances microbial community
and functional diversity by creating heterogeneous habitats, thereby more comprehensively
driving soil P activation processes [63]. Similarly, Wang et al. [64] reported that litter
diversity enhanced the release of P bound to amorphous iron oxides by increasing micro-
bial biomass P and phosphatase activity, explaining 86.3% of the variance in this process.
Previous studies have shown that increased soil available P can enhance photosynthetic
properties (e.g., electron transport rate), chlorophyll content, and biomass accumulation [65].
Adequate P supply also allows plants to optimize root system architecture by promoting
fine root growth to enhance P uptake, while allocating more resources to aboveground
growth [65]. Therefore, the improvements in soil labile P in RD treatment create favor-
able soil nutrient conditions for the growth potential and productivity recovery of poplar
plantations. Future research should integrate tree growth parameters—including diameter
at breast height (DBH), tree height, volume increment, and biomass accumulation—and
establish long-term permanent monitoring plots to comprehensively evaluate the true
effectiveness of understory vegetation management strategies in sustaining the long-term
productivity of poplar plantations.

The understory vegetation treatments significantly influenced the activity of multiple
phosphatases. Understory removal markedly reduced the activity of P cycling-related
enzymes (Figure 2a), likely due to reduced organic matter input and diminished microbial
activity, which inhibited phosphatase synthesis. When N-fixing species were planted in
the understory (PN), the activities of soil ACP, PDE and PA increased compared with
RS, with significant increases observed for ACP and PDE (Figure 2a), consistent with
Li et al. [66]. The input of high-quality litter provides ample substrates for microbial
growth [53], and N-fixing plants may increase soil N availability, making P the primary
limiting factor and thereby prompting microbes to invest more resources in producing
P-acquiring enzymes [67]. Furthermore, the ACP/ALP ratio significantly increased in PN
(Figure 2b). Given that ALP is primarily of microbial origin while ACP originates from both
roots and microbes, this increased ratio suggests a significant contribution from the roots of
the N-fixing understory species in secreting acid phosphatases, which play key roles in P
mobilization [68]. Compared with RS, the activities of all P-transforming enzymes further
increased in RD (Figure 2a). This may be attributed to diverse understory litter providing
heterogeneous resources for soil microorganisms, thereby enhancing soil microbial biomass
and community metabolism and leading to the comprehensive production of various
extracellular enzymes [69].

Soil Po constitutes a major part of the total P pool but must be hydrolyzed by en-
zymes into labile inorganic forms before plant uptake; consequently, P-transformation
enzymes play a pivotal role in P mobilization. Significant positive correlations among
ACP, PDE, and labile P fractions (Table 2) suggest that P mineralization in PN and RD was
enhanced primarily through increased ACP and PDE activities. This is consistent with the
significant negative correlation between phosphatase activity and NaOH-Po, reflecting the
mineralization and depletion of Po with increased phosphatase activity [70].

The relative abundance of the bacterial phylum Chloroflexi was significantly higher
in PN than in RS (Figure 4a). Chloroflexi are oligotrophic bacteria characterized by slow
growth and the ability to degrade complex organic compounds [71]. Although enhanced
soil N supply generally suppresses oligotrophic groups such as Chloroflexi while increas-
ing eutrophic groups such as Proteobacteria and Actinobacteria [33,72–74], several studies
have observed increased Chloroflexi abundance when N-fixing plants were intercropped
under forest canopies [75,76]. While fungal community composition—as revealed by
PERMANOVA—did not differ significantly among treatments, we did observe a higher
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relative abundance of Ascomycota in the PN treatment at the phylum level (Figure 4b).
This phylum-level shift suggests that certain fungal taxa may respond to high-quality litter
inputs, even though the overall community structure remains largely unchanged. Ascomy-
cota predominantly comprise eutrophic fungi that rely on abundant C and N substrates for
rapid proliferation; the high-quality litter of N-fixing understory plants meets their growth
requirements, thereby promoting their abundance [77,78]. Ascomycota can also contribute
to P cycling through their own metabolic activities and interactions within the soil microbial
community, playing significant roles in determining soil P availability [21,56]. In contrast,
the contribution of bacterial phylum Verrucomicrobiota to most P cycling processes was
enhanced in RS (Figure 8a,b), suggesting that this treatment may influence soil P cycling by
regulating Verrucomicrobiota activity.

Significantly altered bacterial species richness and community composition were ob-
served in RD compared with both RS and PN (Table 3, Figure 3). This finding aligns with
the biodiversity-ecosystem function theory, which posits that higher plant diversity sup-
ports more diverse soil microbial communities through resource complementarity [79,80].
In pine-oak mixed forests, soil microbial community diversity has been reported to be
altered by enhanced species richness and understory vegetation composition [1]. The
relative abundance of the bacterial phylum Proteobacteria and its contribution to most
P-cycling processes significantly increased in RD (Figures 4a and 8a,b). Proteobacteria are
widely recognized as a dominant phylum in P solubilization and mineralization [9]. This
phylum possesses broad C utilization capabilities, making it more likely to dominate in
resource-rich and diverse environments [81]. Within this phylum, genera such as Pseu-
domonas and Rhizobium can secrete phosphatases that mineralize Po, while genera such
as Burkholderia can produce organic acids to solubilize Pi [12]. These functions reinforce
the critical role of this phylum in driving soil P cycling.

The abundance of several genes related to Po mineralization, including opd (involved
in organic phosphate hydrolysis) and phnH (involved in phosphonate metabolism), was sig-
nificantly increased in PN compared with RS (Figure 5). This is supported by Qin et al. [82],
who reported that N-fixing plants can influence microbial metabolism and community
structure through labile organic matter inputs, thereby modulating functional gene ex-
pression. Notably, opd abundance was significantly positively correlated with soil phytase
activity (Figure 6), suggesting that soil phytase synthesis may be encoded by the opd gene
and that PN can promote the transformation of NaOH-Po into inorganic P by enhancing
phosphatase-mediated organic P mineralization [83]. In addition, the abundance of ppa,
which encodes polyphosphatase crucial for degrading inorganic polyphosphates into phos-
phate [84], was also significantly increased in PN (Figure 5b). Thus, enzymes and genes
involved in both soil organic P mineralization and inorganic P dissolution were simultane-
ously enhanced in PN, effectively promoting soil P cycling and increasing P availability.

Compared with RS and PN, which retained a single understory vegetation species, the
abundance of functional genes associated with three soil P cycling processes: pyrimidine
metabolism, the two-component system, and the phosphotransferase system, significantly
increased in RD (Figure 5). The total abundance of these genes was significantly positively
correlated with both phosphodiesterase and phytase activity (Figure 6) and with soil labile
P fractions (Figure 7), indicating their crucial roles in enhancing soil P cycling and availabil-
ity. Pyrimidine metabolism can improve cellular P use efficiency by prioritizing P allocation
toward essential processes such as nucleotide synthesis [85]. Specifically, 28 P-cycling
functional genes, including phnI and phnW that involved in microbial intracellular organic
P mineralization and encode 2-aminoethylphosphonic acid pyruvate transaminase, were
significantly increased in RD; notably, phnW abundance was significantly positively cor-
related with ACP activity and all three labile P forms [86]. The abundance of P transport
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system genes (pstA, ugpA, ugpE, pstC, ugpB, phnV, phnD, phnE, ptxB, and aeps) were sig-
nificantly increased in RD, which regulate microbial utilization efficiency of various P
forms through a “threshold-sensing-active transport” mechanism [87]. These phosphate
transport-related genes enable effective P acquisition in both P-deficient and P-rich envi-
ronments [12]. Furthermore, the abundance of genes central to intracellular P metabolism,
including those involved in pyrimidine (tmk, pyrF) and purine (purC, purD, adk, purF, purM)
metabolism, was increased in RD; purine metabolism provides energy and enables certain
microorganisms to hydrolyze organic P into available inorganic P, thereby enhancing plant
P uptake [88].

PLS-PM analysis revealed that all four understory vegetation treatments influenced
soil P availability, yet their regulatory pathways and core driving mechanisms differed
substantially. UR exhibited the simplest regulatory mechanism (Figure 9a), primarily by
significantly reducing litter biomass, diversity, and total P content, which indirectly af-
fected P-transformation functional gene abundance through altered fungal species diversity,
ultimately driving P mobilization via enhanced enzyme activities (ACP, PDE, PA). This
finding is consistent with the conclusion that UR provided insufficient organic matter input
and suppressed microbial activity, with fungal communities particularly sensitive to litter
scarcity and emerging as key mediators of P-cycling, as also observed by Chen et al. [89].
RS exerted relatively weak effects (Figure 9c), with no significant impact on litter biomass,
quality, or diversity, resulting in limited alterations in microbial community structure and
functional gene abundance and a smaller increase in P availability compared with PN
and RD. In contrast, high-quality litter rich in N and P but low in C/N was introduced
in PN, altering soil microbial community structure by specifically enriching the bacterial
phylum Chloroflexi and the fungal phylum Ascomycota, which subsequently enriched
P-transformation functional genes and significantly enhanced ACP, PDE, and PA activities
to promote P mobilization (Figure 9b). This aligns with previous findings that N-fixing
plants enhance P availability through high-quality litter-mediated microbial effects, al-
though the earlier study identified ALP rather than ACP or PDE as the key enzyme [53].
The most complex and comprehensive regulatory mechanism exhibited in RD: retaining
diverse understory vegetation not only increased litter total P content but also significantly
enhanced litter diversity and biomass, creating diverse microbial ecological niches that
promoted a Proteobacteria- dominated bacterial community and suggested a potential
increase in fungal community diversity. (Figure 9d). These dual pathways jointly increased
P-transformation functional gene abundance and achieved efficient P mobilization through
comprehensive enzyme activity enhancement, consistent with the “biodiversity-resource
complementarity” theory [90]. However, this study focused solely on aboveground litter in-
put and overlooked belowground root litter and root exudates, which are critical mediators
of rhizosphere plant-microbe interactions [30]. Future studies should integrate root exudate
analyses to fully elucidate the “understory vegetation-microorganism-P-transformation”
continuum and examine P-cycling processes and enzymes beyond P mineralization, such as
stable inorganic P dissolution. Finally, the identified key microbial groups (e.g., Chloroflexi,
Proteobacteria) and functional genes (e.g., phnH, phnW, ppa) provide important targets
for screening efficient P-solubilizing strains and developing microbial inoculants, offering
a novel approach for efficient P utilization in poplar plantations.

5. Conclusions
This study demonstrates that understory vegetation treatments influence microbial

communities and functional genes by altering litter quality, diversity, and biomass, thereby
enhancing soil P availability in degraded poplar plantations. Understory removal reduced
litter input, decreased microbial activity and functional gene abundance, and lowered
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enzyme activity, thereby limiting P mobilization. Planting an N-fixing species in the
understory introduced high-quality litter, which enriched Chloroflexi and Ascomycota,
enhanced the contribution of Chloroflexi to P-transformation, and increased the abundance
of specific genes (ppa, opd, phnH), leading to higher enzyme activities and greater soil P
availability. Retaining diverse understory vegetation provided litter with higher biomass,
diversity, and P content, which supported a species-rich microbial community dominated
by Proteobacteria. This treatment increased the abundance of a broad suite of P-cycling
genes (e.g., phnI, phnW, pstA, ugpA, ugpE) and stimulated enzyme activities, therefore
driving the most effective overall P mobilization.

In conclusion, both planting N-fixing species and retaining diverse understory vegeta-
tion are effective strategies for enhancing soil P availability and promoting the productivity
and sustainability of degraded poplar plantations. However, retaining naturally diverse
understory vegetation offers the additional advantages of being more cost-effective and
enhancing overall biodiversity. Therefore, it is recommended as the preferred approach for
understory management in poplar plantations.
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