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ABSTRACT
Increasing phosphorus (P) inputs significantly affect the nutrient cycle of terrestrial ecosystems. The community structure and assembly processes of soil

bacteria, which are the primary participants in nutrient cycling within terrestrial ecosystems, are affected by P inputs. However, the assembly processes and
driving mechanisms of soil bacterial communities in artificial forest ecosystems in response to P inputs remain unclear. Therefore, in this study, an experiment
was conducted in an artificial Robinia pseudoacacia forest on the Loess Plateau to investigate the effects of P additions (0, 0.5, 1, 2, and 4 g P m−2 year−1)
on soil organic carbon (SOC) composition, bacterial community characteristics (total, abundant, and rare taxa), and assembly processes in the organic horizon
(OH) and mineral horizon (MH). The results showed that P addition significantly changed soil physicochemical properties, such as available P (AP), SOC
content, and SOC composition in terms of labile and recalcitrant SOC fractions. The proportion of labile SOC fraction increased in OH and decreased in MH,
whereas the recalcitrant SOC fraction showed the opposite trend. In OH, the proportion of eutrophic bacteria increased, whereas the proportion of oligotrophic
bacteria decreased. In contrast to those in OH, the changes in eutrophic and oligotrophic bacteria in MH exhibited the opposite trend. The diversity of
bacterial communities in OH did not change significantly with increasing P levels. In MH, the diversity of total and rare taxa increased, while the diversity of
abundant taxa decreased. Under P addition, the total and rare bacterial taxa showed stochastic assembly, whereas the assembly of abundant taxa shifted from
stochastic to deterministic processes in OH and from deterministic to stochastic processes in MH. The partial-least squares path modeling revealed that under
P addition, the assembly of total and rare bacterial communities in OH and MH was regulated by AP and labile SOC fraction, respectively. Meanwhile, the
assembly of abundant taxa in OH and MH was influenced by labile and recalcitrant SOC fractions, respectively. Our findings highlight the critical role of SOC
composition across different bacterial taxa, with abundant taxa exhibiting heightened sensitivity to environmental filtration and the availability of SOC
resources. Our study provides new insights into the community assembly and driving mechanisms of soil bacteria in artificial forest soils under P addition.
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INTRODUCTION

In recent years, increased phosphorus (P) inputs due to
human activities have substantially raised P availability in
soils (Peñnuelas et al., 2013, 2020). Increased P availability
in soil promotes plant growth, enhancing nutrient return from
litter and inducing changes in soil organic carbon (SOC) (Yue
et al., 2017; Gong et al., 2023; Wang et al., 2023). Since P is
an essential element for bacterial growth and development,
and SOC serves as a resource for soil bacteria, the changes
in SOC resulting from altered soil P levels can regulate
the shifts in bacterial community structure and assembly
processes in soil (Sun et al., 2022; Wu et al., 2023). However,
uncertainties still exist regarding how P addition affects SOC
and how both factors impact bacterial community assembly,

limiting our understanding of how bacterial communities
mediate nutrient cycling under P addition.

By affecting plant growth, P addition can influence SOC
dynamics (Sun et al., 2022; Gong et al., 2023). For exam-
ple, Feng et al. (2023) found that P addition promoted plant
growth, resulting in more litter and root residue, and in-
creased the SOC content. However, other studies reported
that P addition decreased the SOC content by enhancing
microbial activity and promoting SOC decomposition (Luo
et al., 2020; Li et al., 2021). Traditionally, the variability in
the response of SOC to P addition is attributed to the diffe-
rences in vegetation type and experimental condition (Jiang
et al., 2021). Recent studies, however, have highlighted the
influence of P addition on SOC dynamics in different soil
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layers (Hou et al., 2020; Huang et al., 2021; Zhao et al.,
2022). For example, in a subalpine forest ecosystem, under
the same P application method using NaH2PO4, P addition
at 5–30 g P m−2 year−1 reduced plant carbon (C) allocation
to belowground biomass, which led to decreased root residue
accumulation and subsequently resulted in a decline in the
SOC content in the mineral horizon (MH, 3–10 cm) (Luo
et al., 2022). In contrast, in an alpine meadow ecosystem, P
addition at 5–15 g P m−2 year−1 increased the SOC content
in the organic horizon (OH, 0–3 cm), but simultaneously
reduced the SOC content in MH by accelerating the de-
composition of recalcitrant SOC (Ma et al., 2023). These
contrasting findings suggest that the influence of P addition
on SOC in different soil layers remains uncertain owing to
the complexity of C composition and the diversity of influen-
cing factors (Fontaine et al., 2007; Wang et al., 2017; Shi et
al., 2023). Additionally, these uncertainties may arise from
the focus on natural ecosystems, with insufficient research
on artificial ecosystems that are characterized by simplified
vegetation structures and greater human disturbance (Zhong
et al., 2020). Therefore, detailed research on the responses
of SOC and its composition to P addition in different soil
layers in artificial ecosystems can help elucidate the impact
of P addition on SOC.

Bacteria, the most abundant microbial species in soil,
play a critical role in nutrient cycling, particularly in SOC de-
composition, compared to soil fungi and archaea (Kennedy,
1999; Khan et al., 2016; Wang et al., 2019; Qin et al., 2020).
Bacterial community assembly can help effectively assess
the mechanisms of community formation and maintenance
(Chase, 2010; Yan et al., 2019; Chen and Xiao, 2023). How-
ever, P, an essential element for bacterial growth, affects
the growth and development of different bacterial taxa and
their community assembly processes (Peng et al., 2021;
Chen and Xiao, 2023). Studies have shown that P addition
causes stochastic processes to dominate community assem-
bly, with abundant bacterial taxa undergoing homogeneous
selection and undominated processes (Shi et al., 2020; Wu
et al., 2023). However, as P effectiveness and level increase,
the proportion of deterministic processes in community as-
sembly also rises (Yu et al., 2019). Therefore, the effects
of P addition on the relative importance of deterministic
and stochastic processes are inconsistent. Previous studies
have indicated that this inconsistency is determined by soil
physicochemical properties, such as available nutrients (Yu
et al., 2019). Other studies have inferred that the uncer-
tainty in community assembly under P addition may also
stem from the changes in SOC (Zhu et al., 2020; Ling et
al., 2021), as SOC serves as a resource for bacteria and
plays a key role in regulating bacterial community assem-
bly (Huang et al., 2022). During ecological succession, the
labile SOC fraction drives bacterial community assembly

by influencing bacterial diversity and keystone taxa (Shi et
al., 2023). Additionally, the recalcitrant SOC fraction drives
community assembly by altering the composition of bacterial
communities (Zhang et al., 2022). Although SOC and its
composition have been found to affect bacterial community
assembly, there is limited research on whether P addition
influences bacterial community assembly by altering SOC
and its composition. In particular, the manner through which
the changes in SOC and its composition induced by P ad-
dition drive bacterial community assembly in different soil
layers remains unknown. Understanding this is crucial for
uncovering the regulatory mechanisms by which P addition
affects soil bacterial community composition and diversity.

The “Returning Farmland to Forest” Project has been
implemented for many years in the Loess Plateau region,
China. Robinia pseudoacacia (RP), with its unique biological
characteristics such as drought resistance and adaptability to
poor soil, is a suitable pioneer tree species for afforestation
in the Loess Plateau, playing a crucial role in improving
the ecological environment (Zhang et al., 2018). Numerous
studies have examined the characteristics of RP, soil proper-
ties, and microbial communities (Zhang et al., 2019; Xu et
al., 2020; Su and Shangguan, 2021). However, few studies
have investigated the effects of P addition on SOC and its
composition in RP plantations, especially on the responses
of bacterial community assembly across different soil layers
to the changes in SOC composition induced by P addition.
Therefore, in this study, we aimed to determine the key
factors affecting SOC composition changes in RP plantations
under P addition and the driving factors behind the assembly
processes of different bacterial taxa. A field experiment
with P addition was conducted to simulate P inputs, during
which soil physicochemical properties, SOC content and
its composition, enzyme activities, and the compositions of
abundant and rare taxa of bacterial communities were mea-
sured in OH and MH. We explored the effects of P addition
on SOC and its composition, focusing on how these changes
influenced the assembly processes of different bacterial taxa.
We hypothesized that 1) P addition increases SOC and alters
SOC composition in OH and MH; 2) P addition shifts the
assembly of abundant taxa from stochastic to deterministic
processes in OH, with the opposite trend in MH; and 3)
the responses of available P (AP) and SOC components in
different soil layers to P addition can explain the changes
in bacterial community structure and assembly processes.
The results of this study will provide valuable insights for
optimizing strategies for sustainable forest management.

MATERIALS AND METHODS

Study area

The experiment was conducted in an artificial RP forest
located on the Loess Plateau in the Wuliwan watershed of
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Ansai District, Shaanxi Province, China (36◦51′–36◦53′ N,
109◦20′–109◦22′ E, 997–1 131 m above sea level). The re-
gion experiences a warm temperate semi-arid continental
monsoon climate, with an average annual rainfall of 505 mm
concentrated from July to September. The average annual
temperature is 8.9 ◦C, and the annual sunshine duration
ranges from 2 000 to 3 100 h. The soil type is yellow loam,
derived from loess parent material, characterized by poor
fertility, a loose texture, and low erosion resistance. The
dominant artificial vegetation in the region consists of RP
forests, which play a key role in soil and water conserva-
tion and ecological restoration (Deng et al., 2016; Su and
Shangguan, 2021).

Experimental design and sampling

Based on the data from the local forestry department,
we selected a 30-year-old artificial RP forest with uniform
planting density as the experimental site. The experiment
commenced in March 2018, using a one-way completely
randomized block design for P addition. Each experimental
plot measured 5 m × 5 m, with a 5 m gap horizontally
and a 7 m gap vertically between the plots. To prevent the
influence of surface runoff, a spacer with a height of 30 cm
was inserted into each plot (Fig. S1, see Supplementary
Material for Fig. S1). This study included five treatments,
with P addition at 0.5 (P1), 1 (P2), 2 (P3), and 4 (P4) g P
m−2 year−1 and with no P addition (control, CK), with each
treatment replicated three times. In each year P addition was
performed four times, with 1/6, 1/3, 1/3, and 1/6 of the total
amount added in March, June, September, and December,
respectively. A mixture of KH2PO4 and KCl was used, whe-
rein the addition of KCl balanced the potassium ions in
KH2PO4, which was subsequently dissolved in 2 L of water
and sprayed uniformly onto the soil surface of the understory.
To eliminate differences in soil moisture content, the control
plots were sprayed with equal amounts of water.

During the peak growth season of RP in August 2022,
specific sampling procedures were implemented, and surface
litter was removed from each plot. Subsequently, a five-point
sampling method was employed to collect soil samples from
OH and MH at depths of 0–3 and 3–10 cm, respectively,
after the removal of visible plant roots, stones, debris, and
fragments. The collected soil samples were thoroughly mixed
and immediately sieved through a 2-mm mesh sieve. A total
of 30 soil samples (five treatments × three replicates × two
soil layers) were collected. The samples were then divided
into three parts: one part was air-dried for analying soil
physicochemical properties and related indicators of SOC
components, the other was stored at 4 ◦C for the determi-
nation of enzyme activities, and the third was preserved at
−80 ◦C for DNA extraction.

Determination of soil physicochemical properties and SOC
components

Soil pH was measured at a soil-to-water ratio of 1:2.5

(weight:weight) with a pH meter (PHS-3C, Shanghai INESA
Scientific Instrument Co., Ltd., China). The total nitrogen
(TN) and total P (TP) contents in the soil were determined
using wet digestion with K2SO4:CuSO4·5H2O (10:1, weight:
weight)-H2SO4 and HClO4-H2SO4, respectively (Zhang et
al., 2019). Soil ammonium nitrogen (NH+

4 -N) and nitrate
nitrogen (NO−

3 -N) were extracted using 1 mol L−1 KCl,
whereas soil AP was extracted using 0.5 mol L−1 NaHCO3

(Jones and Willett, 2006; Zhang et al., 2019; Yu et al.,
2023). All measurements were conducted using an Auto
Analyzer 3 (Seal Analytical, Germany). The activities of soil
extracellular enzymes, including β-1,4-glucosidase (βG),
alkaline phosphatase (ALP), cellobiohydrolase (CBH), and
β-1,4-N-acetylglucosaminidase (NAG), were determined
using the microplate fluorescence method (Paz-Ferreiro et
al., 2012; Xu et al., 2022; Hao et al., 2024).

The SOC content was determined using the K2Cr2O7-
H2SO4 method with additional heat capacity (Liang et al.,
2025). After compressing the sample through a 0.05-mm
sieve, the SOC components were determined by Fourier-
transform infrared spectroscopy instrument (Nicolet IS 10,
Thermo Fisher Scientific, USA) (Farnet-Da Silva et al.,
2017). During scanning, air was used as the background,
and 32 scans were conducted at a resolution of 4 cm−1 in
the spectral range of 500–4 000 cm−1. Different SOC co-
mponents were represented by their functional groups. The
functional groups and their main peak vibration ranges were
as follows: polysaccharide C, 1 060–1 170 cm−1 (C–O);
methyl C, 1 350–1 445 cm−1 (C–H); aromatic C, 1 600–
1 660 cm−1 (C=C); carboxyl C, 1 710–1 720 cm−1 (C=O);
and aliphatic C, 2 800–3 000 cm−1 (C–H). To enhance our
understanding of SOC and the relationships between its
composition and bacterial communities, we classified po-
lysaccharide, methyl, and aliphatic C as labile SOC and
aromatic and carboxyl C as recalcitrant SOC based on a
previous study of Peltre et al. (2014).

A semi-quantitative analysis was conducted in the Omnic
software by applying baseline correction, smoothing, and
coordinate normalization to the infrared spectra. The spectral
data were analyzed using Origin 2022 and peak analysis, and
baseline selection and peak area integration were conducted
based on the selected absorption peaks to determine the
relative percentages of SOC components (Sun et al., 2019).
The content of an SOC component was expressed as the
product of the relative percentage of the SOC component
and the SOC content.

DNA extraction, high-throughput sequencing, and data ana-
lysis

Soil DNA extraction, high-throughput sequencing, and
sequencing data processing were conducted. The methods
used and relevant references are presented in Appendix 1
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(see Supplementary Material for Appendix 1). All data were
stored in the National Center for Biotechnology Information
(NCBI) Sequence Reading Archive (SRA) database under
the accession number PRJNA1048133.

After obtaining the operational taxonomic unit (OTU)
sequences, the classification of total taxa was realized by
calculating the relative abundances of all OTUs. The OTU
sequences with a relative abundance exceeding 0.1% of the
total abundance were defined as abundant taxa, whereas
those with a relative abundance below 0.01% were defined
as rare taxa (Liu et al., 2015; Zheng et al., 2021). After taxo-
nomic classification, Shannon index, Simpson index, ACE,
and Chao 1 were calculated to represent the α-diversity of
different taxa.

The “picante” package (Kembel et al., 2010) in R ver-
sion 4.2.2 (R Core Team, 2016) was used to calculate the
β-nearest taxon index (βNTI) for different bacterial taxa in
OH and MH. Subsequently, based on the scripts in R obtained
from previous studies (Chase and Myers, 2011; Stegen et
al., 2013), the Bray-Curtis-based Raup-Crick index (RCBray)
was calculated. These calculations helped determine the as-
sembly mechanisms of bacterial communities for different
taxa in OH and MH under P addition. Based on these results,
the assembly of bacterial communities can be classified into
stochastic and deterministic processes. Stochastic processes
were characterized using |βNTI| < 2, with |RCBray| <
0.95 indicating an undominated process, RCBray < −0.95
indicating homogenizing dispersal, and RCBray > 0.95 indi-
cating dispersal limitation. Conversely, deterministic pro-
cesses were indicated using βNTI < −2 and βNTI > 2,
representing homogeneous and heterogeneous selections,
respectively (Tripathi et al., 2018; Zheng et al., 2021; Ye et
al., 2023).

Statistical analysis

One-way analysis of variance was conducted using IBM
SPSS Statistics 23. For data that did not meet the normal
distribution assumption, the Kruskal-Wallis test was condu-
cted at a significance level of P < 0.05, and Origin 2023b
was used for visualization. The relationships between soil
physicochemical properties, enzyme activities, and SOC
components, as well as those between soil physicochemi-
cal properties, enzyme activities, and bacterial community
characteristics, were analyzed using redundancy analysis
(RDA) in CANOCO 5.0. The relationships between SOC
components and bacterial community characteristics were
visualized using the “corrplot” package in R, which was
used to generate a pie-chart correlation heatmap.

Partial-least squares path modeling (PLS-PM) was ap-
plied to obtain more accurate model prediction results to
further understand the influences of soil physicochemical
properties and SOC composition on bacterial community
characteristics and assembly processes in OH and MH. The
goodness of fit (GOF) test was used to evaluate the models
with different components.

RESULTS

Soil physicochemical properties and enzyme activity chara-
cteristics

Compared with CK, P addition resulted in increased
soil TP and AP contents by 2.8%–13.6% in OH and 3.2%–
16.4% in MH and 19.3%–38.9% in OH and 19.0%–23.8%
in MH, respectively (Fig. S2, see Supplementary Material
for Fig. S2). Under P addition, the activities of various
enzymes significantly altered in different soil layers, with all
treatments showing higher enzyme activities in OH than in
MH (Table SI, see Supplementary Material for Table SI). In
OH, the βG activity increased with P addition, reaching its
highest level in the P4 treatment, 47.6% higher than that in
CK. The CBH activity initially increased and subsequently
decreased with P addition in both OH and MH, peaking in
the P1 and P2 treatments in OH and MH, respectively.

Content and composition of SOC

Addition of P significantly influenced the SOC content
and its composition (Table I). The SOC content in OH was
consistently higher than that in MH across all treatments,
with an excess range of 8.3%–44.1%. Additionally, the la-
bile SOC fraction, including polysaccharide, methyl, and
aliphatic C, was also higher in OH than in MH. Under P
addition, the SOC content increased by 28.6%–44.1% in
OH and 14.3%–39.4% in MH compared with that in CK.
With increasing levels of P addition, both polysaccharide
and methyl C in OH showed an upward trend, peaking in
the P4 treatment. Conversely, the recalcitrant SOC fraction
(aromatic and carboxylic C) increased initially, peaking in
the P1 treatment, and then decreased. In MH, aromatic and
carboxylic C gradually increased, reaching their maximum
values in the P4 treatment (Table I, Fig. 1).

Correlations of SOC and its component with soil physico-
chemical properties and enzyme activities

The RDA results revealed significant differences in soil
physicochemical properties, enzyme activities, and SOC and
its composition between different soil layers in response to
P addition (Fig. S3, see Supplementary Material for Fig.
S3). In OH, the labile SOC fraction was positively cor-
related with βG, NAG, TP, AP, NO−

3 -N, and NH+
4 -N, but

negatively correlated with pH. Additionally, the recalcitrant
SOC fraction was positively correlated with CBH and TN,
but negatively correlated with ALP. In MH, the labile and
recalcitrant SOC fractions, except for aliphatic C, were posi-
tively correlated with CBH, NO−

3 -N, TN, ALP, and AP. The
recalcitrant SOC fraction also showed a positive correlation
with TP, whereas all five C components were negatively
correlated with NAG, NH+

4 -N, and pH.
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TABLE I

Contents and composition of soil organic C (SOC) in organic horizon (OH) and mineral horizon (MH) in the treatments with no P addition (control, CK) and
with P addition at 0.5 (P1), 1 (P2), 2 (P3), and 4 (P4) g P m−2 year−1 in an artificial Robinia pseudoacacia forest

Horizon Treatment SOC Polysaccharide C Methyl C Aliphatic C Aromatic C Carboxylic C

g kg−1

OH CK 14.09 ± 0.81a)db) 4.72 ± 0.50d 2.71 ± 0.13d 3.73 ± 0.26ab 2.46 ± 0.21e 0.48 ± 0.05c
P1 21.04 ± 0.21b 7.01 ± 0.33bc 4.09 ± 0.44c 3.68 ± 0.27ab 5.57 ± 0.11a 0.71 ± 0.03a
P2 19.73 ± 0.31c 6.97 ± 0.16c 6.81 ± 0.55ab 2.52 ± 0.16c 3.05 ± 0.21d 0.38 ± 0.02d
P3 23.01 ± 0.93b 7.95 ± 0.52b 6.70 ± 0.43b 3.95 ± 0.22a 3.87 ± 0.30c 0.53 ± 0.06b
P4 25.19 ± 0.22a 9.93 ± 0.31a 7.78 ± 0.03a 3.39 ± 0.25b 4.24 ± 0.14b 0.53 ± 0.01b

MH CK 11.02 ± 0.21d 4.50 ± 0.13b 3.32 ± 0.04d 1.19 ± 0.03c 1.72 ± 0.03d 0.29 ± 0.05b
P1 12.86 ± 0.60c 3.50 ± 0.34c 3.52 ± 0.22cd 3.35 ± 0.72b 2.24 ± 0.14cd 0.24 ± 0.01b
P2 17.84 ± 0.25b 7.16 ± 0.28a 5.44 ± 0.19b 1.45 ± 0.15c 3.30 ± 0.28b 0.48 ± 0.05a
P3 16.67 ± 0.29b 4.43 ± 0.26bc 4.11 ± 0.19c 5.06 ± 0.20a 2.71 ± 0.17bc 0.36 ± 0.02b
P4 23.25 ± 0.51a 8.12 ± 0.46a 6.64 ± 0.22a 3.86 ± 0.86ab 4.05 ± 0.22a 0.58 ± 0.05a

a)Means ± standard errors (n = 5).
b)Means followed by different letters within each column for a given soil horizon are significantly different at P < 0.05.

Fig. 1 Distributions of soil organic C (SOC) components in organic horizon (a) and mineral horizon (b) in the treatments with no P addition (control, CK)
and with P addition at 0.5 (P1), 1 (P2), 2 (P3), and 4 (P4) g P m−2 year−1 in an artificial Robinia pseudoacacia forest.

Soil bacterial community composition and diversity

Independent of P addition, the composition of soil bacte-
rial community was dominated by Actinobacteria and Pro-
teobacteria, which together accounted for 56.9%–62.0% of
the total bacterial community (Fig. 2). With increasing P
levels, a significant increase (P < 0.05) was observed in
the proportions of Proteobacteria and Bacteroidetes in the
OH, with increases of 20.1%–32.4% and 41.1%–53.0%,
respectively, compared with those in CK. In MH, the propor-
tions of Actinobacteria and Firmicutes increased (P < 0.05),
reaching their peak values in the P4 treatment with increases
of 17.9% and 51.4%, respectively, compared with CK.
Although the dominant phyla were aligned with the bacterial
community composition, changes in the composition of
abundant and rare bacterial communities were not statistically
significant (P > 0.05) with P addition.

The response of α-diversity of bacterial communities
to P addition differed between OH and MH (Fig. S4, see
Supplementary Material for Fig. S4). In OH, regardless of
the total, abundant, or rare taxa, the response of bacterial
diversity to P addition was not significant. However, in MH,
bacterial community diversity was significantly affected

(P < 0.05) by P addition. With increasing P levels, the
Simpson index of both total and rare taxa significantly
increased (P < 0.05), while the Simpson index of bacterial
communities with abundant taxa decreased significantly
(P < 0.05).

Assembly processes of different bacterial taxa

By analyzing phylogenetic trees and community abun-
dance data, the effect of P addition on microbial community
assembly was evaluated in OH and MH using the βNTI
(Fig. 3). In general, both the total and rare bacterial taxa
showed stochastic assembly processes across different soil
layers. Abundant bacterial taxa also exhibited stochastic
assembly, except in OH, where P addition caused a shift
toward deterministic processes, with |βNTI| > 2 observed in
the P4 treatment. Conversely, in MH, the assembly process
transitioned from deterministic to stochastic as P addition
increased, displaying an opposite pattern to that seen in OH.

The partitioning of assembly modes for abundant and rare
bacterial communities across soil layers (Fig. 4) revealed
that in OH, the abundant bacterial community predomi-
nantly assembled through dispersal limitation, shifting to
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Fig. 2 Distributions of total, abundant, and rare bacterial taxa in soil organic horizon (OH) and mineral horizon (MH) in the treatments with no P addition
(control, CK) and with P addition at 0.5 (P1), 1 (P2), 2 (P3), and 4 (P4) g P m−2 year−1 in an artificial Robinia pseudoacacia forest.

heterogeneous selection with P addition. In contrast, in MH,
the assembly mode shifted from heterogeneous selection
to dispersal limitation. Considering the rare bacterial co-
mmunity, the primary modes of assembly across different
soil layers were homogeneous dispersal and selection.

Correlations between bacterial community and SOC compo-
nents

Pie-chart correlation heatmaps were constructed to ex-
plore the relationships between SOC components and bacte-
rial community composition and diversity across different
soil layers (Fig. 5). In OH, total, abundant, and rare bacterial
communities were primarily influenced by the labile SOC
fraction, with aliphatic C showing correlations with micro-
bial community diversity and composition. In MH, the total,
abundant, and rare bacterial communities were influenced
by both labile and recalcitrant SOC fractions.

Correlations between soil properties, SOC components, and
bacterial community assembly processes

Through PLS-PM, the effect of P addition on the as-
sembly processes of different bacterial communities was
elucidated, with SOC components serving as intermediaries
between soil physicochemical properties (e.g., AP), micro-
bial community characteristics, and community assembly
processes. The explained variance (R2) for the assembly of
various bacterial communities across different soil layers
ranged from 0.42 to 0.81, and the GOF for the overall model
was ⩾ 0.60 (Fig. 6). Considering the total bacterial com-
munity in OH, AP directly regulated bacterial community
assembly, with a standardized total effect of 1.18. In MH,
the labile SOC fraction indirectly influenced bacterial co-
mmunity assembly by altering the bacterial community
diversity, with a standardized total effect of 0.56.

The examination of various bacterial taxa revealed that
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Fig. 3 Box plots of β-nearest taxon index (βNTI) of total, abundant, and rare bacterial taxa in soil organic horizon (OH) and mineral horizon (MH) in the
treatments with no P addition (control, CK) and with P addition at 0.5 (P1), 1 (P2), 2 (P3), and 4 (P4) g P m−2 year−1 in an artificial Robinia pseudoacacia
forest. When |βNTI| > 2, bacterial community is considered a deterministic assembly, while when |βNTI| < 2, bacterial community is considered a stochastic
assembly. The positions of −2 and 2 are marked with dashed lines. Asterisks * and ** indicate significant differences at P < 0.05 and P < 0.01, respectively,
according to the Kruskal-Wallis test.

Fig. 4 Relative influences of deterministic and stochastic assembly processes in shaping abundant and rare bacterial communities in soil organic horizon
(OH) and mineral horizon (MH) in the treatments with no P addition (control, CK) and with P addition at 0.5 (P1), 1 (P2), 2 (P3), and 4 (P4) g P m−2

year−1 in an artificial Robinia pseudoacacia forest. Stochastic processes (see legends A, B, and C) are characterized using |βNTI| < 2, with |RCBray| < 0.95
indicating an undominated process, RCBray < −0.95 indicating homogenizing dispersal, and RCBray > 0.95 indicating dispersal limitation. Conversely,
deterministic processes (see legends C and D) are indicated using βNTI > 2 and βNTI < −2, representing heterogeneous and homogeneous selections,
respectively. βNTI = β-nearest taxon index; RCBray = Bray-Curtis-based Raup-Crick index.

the assembly of abundant bacterial taxa was influenced by
the labile and recalcitrant SOC fractions in OH (standardi-
zed total effect = 0.82) and MH (standardized total effect =

0.62), respectively. In contrast to the abundant bacterial taxa,
the assembly of rare bacterial taxa was regulated by the labile
SOC fraction in both OH (standardized total effect =−1.12)
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Fig. 5 Pie-chart correlation heatmaps showing the correlations between soil organic C components and the diversity and composition of total, abundant, and
rare bacterial taxa in soil organic horizon (OH) and mineral horizon (MH) in the treatments with no P addition and with P addition at different levels in an
artificial Robinia pseudoacacia forest. The fuller the pie chart and the deeper the color, the greater the correlation. PC = polysaccharide C; MC = methyl C;
ALC = aliphatic C; AC = aromatic C; CC = carboxylic C. Asterisks *, **, and *** indicate significant correlations at P < 0.05, P < 0.01, and P < 0.001,
respectively, according to the Kruskal-Wallis test.

and MH (standardized total effect = 0.85). These results
indicate that under P addition, AP and SOC composition
affected the bacterial community assembly processes.

DISCUSSION

Effects of P addition on SOC and its composition

Our results showed that P addition significantly increased
the SOC content (Table I), consistent with the results of Feng
et al. (2023). This is because P addition can promote the
above- and belowground growth of plants, resulting in more
litter, root residues, and C input from root exudates to the
soil and then leading to an increase in SOC (Sun et al.,
2022). Additionally, under P addition, the activities of some
extracellular enzymes in soil increased (Table SI), acce-
lerating the conversion of plant and microbial residues into
SOC (Gong et al., 2023). The increase in SOC content in
different soil layers promoted the production of organic acids
in the soil, thereby reducing soil pH (Liu et al., 2020).

Addition of P also increased the contents of various SOC
fractions (Table I). Specifically, the relative contents of poly-
saccharide and methyl C increased in OH, whereas aro-
matic and carboxyl C increased in MH (Fig. 1). This ob-
servation supports our first hypothesis. In OH, the expla-
nation for this pattern is that P addition promotes plant
growth, enhancing litter production (Hou et al., 2020; Xu

et al., 2020; Shi et al., 2023) and augmenting the source of
labile SOC fraction. Simultaneously, the recalcitrant SOC
fraction in OH migrates into MH, reducing this fraction
in OH and increasing this fraction in MH. The elevated
presence of recalcitrant SOC fraction in MH can also be
attributed to the promotion of root growth by P addition
(Jiang et al., 2021), leading to an increase in root exudates and
root residues. Furthermore, P addition to OH increases the
number of free P ions that are adsorbed onto mineral surfaces
(Kleber et al., 2015; Ma et al., 2023), inhibiting the binding of
microbial residues with minerals and impeding the formation
of recalcitrant SOC fraction. However, in MH, where the
mineral content surpasses that in OH, microbial residues can
readily combine with minerals to form a recalcitrant SOC
fraction (Li et al., 2021).

Effects of P addition on soil bacterial community composition
and diversity

Under P addition, the bacterial community composition
in the different soil layers was dominated by Actinobacteria
and Proteobacteria (Figs. 2 and S5, see Supplementary Ma-
terial for Fig. S5). This dominance was attributed to their
robust adaptability and competitive advantage over other
bacterial phyla in terms of nutrient resources (Dai et al.,
2018). Consequently, they thrive in the loose and poor soils
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Fig. 6 Partial least squares path modeling and standardized total effects quantifying the direct or indirect effects of soil properties and soil organic C (SOC)
components on community structure characteristics and assembly processes of total, abundant, and rare bacterial taxa in soil organic horizon (OH) and
mineral horizon (MH) under P addition (PA) in an artificial Robinia pseudoacacia forest. The red and blue lines with path coefficients indicate positive and
negative correlations, respectively. Labile SOC (LC), recalcitrant SOC (RC), bacterial composition (BC), and bacterial diversity (BD) were the first axes
of the principal component analysis based on polysaccharide, methyl, and aliphatic C, aromatic and carboxylic C, the abundances of the top 8 phyla, and
Simpson index and ACE, respectively. Asterisks * and ** indicate significances at P < 0.05 and P < 0.01, respectively, according to the Kruskal-Wallis test.
AP = available P; βNTI = β-nearest taxon index.
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of the Loess Plateau, establishing themselves as the pre-
dominant phyla in the artificial forest ecosystems of this
study region (Xu et al., 2020; Zhong et al., 2020). However,
with increasing P levels, the proportions of Proteobacteria
and Bacteroidetes increased in OH and decreased in MH,
whereas those of Actinobacteria and Firmicutes exhibited
the opposite trend (Fig. 2). This is because Proteobacteria
and Bacteroidetes are Gram-negative bacteria that prefer
environments with ample nutrient conditions and exhibit
strong competitiveness (Yang et al., 2023). Consequently,
under P addition, the increased nutrient resources in OH
(Fig. S2) were preferentially utilized by Proteobacteria and
Bacteroidetes. Conversely, Actinobacteria and Firmicutes,
classified as Gram-positive bacteria, demonstrate robust
adaptability and can thrive in the relatively nutrient-poor
MH (Yang et al., 2023). This variation is contingent on
the disparity in SOC composition between OH and MH
under P addition. Addition of P increased the labile SOC
fraction in OH (Fig. 1), creating an environment rich in
labile SOC that is favored by r-strategist species, such as
Proteobacteria and Bacteroidetes, which have low substrate
affinity (Delgado-Baquerizo et al., 2016). In contrast, the
recalcitrant SOC fraction in MH increased with P addition
(Fig. 1), providing an optimal growth habitat for K-strategist
species, such as Actinobacteria and Firmicutes, which grow
slowly, possess high substrate affinity, and can effectively
utilize the recalcitrant SOC fraction (Ling et al., 2021; Shi
et al., 2023). Furthermore, the results of RDA (Fig. S6, see
Supplementary Material for Fig. S6) indicated that in OH,
AP had the greatest contribution to the changes in bacterial
community. This is because the availability of P provides
the necessary nutrient conditions for the composition of
oligotrophic and copiotrophic bacteria in OH (Zhou et al.,
2024). Considering bacterial taxa, the effect of P addition on
the composition of abundant and rare bacterial communities
in both OH and MH was not significant (Fig. 2). This is
attributed to the inherent stability and resistance to environ-
mental disturbances caused by abundant and rare bacterial
taxa, respectively (Ye et al., 2023), which led to their adap-
tation to the barren soil of the Loess Plateau. Therefore,
P addition did not cause significant changes in community
composition. Additionally, the non-significant effects may
also be attributed to the concentration of added P (0–4 g P
m−2 year−1) in this study, which may not have exerted a
notable influence on the composition of abundant and rare
bacterial taxa. For example, Li et al. (2021) and Wang et al.
(2023) showed that when P was added at a concentration of
8–10 g P m−2 year−1, the composition of abundant and rare
bacterial communities was significantly altered.

Moreover, P addition had differing effects on the α-
diversity of bacterial communities in OH and MH. In OH,
P addition did not significantly influence the bacterial co-
mmunity diversity, whereas in MH, community diversity

showed an increasing trend (Fig. S4). This may be attributed
to the enrichment of labile SOC fraction in OH owing to P ad-
dition, resulting in reduced competition among bacterial co-
mmunities (Jiao et al., 2022). The enhanced effectiveness of P
supported the majority of bacterial activity (Fig. S6), thereby
sustaining the stability of bacterial community diversity in
OH (Huang et al., 2021; Teste et al., 2021). However, in
MH, the levels of labile SOC and effective nutrients were
lower than those in OH (Figs. 1 and S2), which intensifies
the competition among bacterial communities for resources
and stimulates greater species diversification (Bailey et al.,
2013; Wu et al., 2023), leading to an increase in bacterial
diversity in MH (Fig. S4). From the perspective of bacterial
taxa, following P addition, the diversity of both abundant
and rare bacterial communities in OH remained unchanged,
similar to that of the total bacterial community. In MH, the
diversities of abundant and rare taxa decreased and increased,
respectively (Fig. S4). Considering abundant bacterial taxa
in MH, the AP content increased with P addition, providing
a favorable environment for abundant bacteria (Jiao and Lu,
2020). However, the proportion of recalcitrant SOC fraction
in MH increased, leading to the rapid occupation of more
ecological niches by bacteria that prefer recalcitrant SOC
fraction (Fig. 5). Consequently, the growth and development
of abundant bacterial taxa sensitive to labile SOC fraction
(Liu et al., 2020) are restricted, thereby reducing bacterial
community diversity. Additionally, compared with those
in CK, SOC resources in MH increased under P addition,
which intensified the competition for resources and niches
among rare taxa of bacterial species (Zhang et al., 2022)
that occupy relatively narrow ecological niches (Jousset et
al., 2017), thereby promoting the diversity of rare bacterial
communities. Simultaneously, the increase in the diversity
of rare bacteria in MH substantiates the dominance of rare
bacteria in driving the total bacterial community diversity.

Effect of P addition on assembly processes of soil bacterial
communities

Stochastic processes dominated the assembly of bacterial
community in the soil of RP forest under P addition (Fig. 3).
This is attributed to the increase in P, which augmented soil
nutrient resources (Fig. S2). Consequently, this facilitates the
turnover and propagation of bacterial communities, leading
to stochastic birth, drift, and dispersion within bacterial
community. Ultimately, these stochastic assembly proces-
ses become more pronounced with P addition (Ning et al.,
2020). However, regulatory factors for bacterial community
assembly varied in different soil layers. In OH, the assembly
processes were directly regulated by AP (Fig. 6). This is
attributed to the increase in AP caused by P addition, which
reduces environmental filtering and intra-community niche
exclusion owing to the scarcity of available nutrient resources
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during community assembly (Jiao and Lu, 2020; Chen and
Xiao, 2023). Consequently, the bacterial communities in
OH assembled stochastically. This observation aligns with
that of Tripathi et al. (2018), who suggested that bacterial
communities tend to aggregate stochastically in neutral envi-
ronments from an evolutionary perspective. However, in MH,
the assembly processes were primarily influenced by labile
SOC fraction (Fig. 6). This is because MH has lower effective
nutrient levels than OH, leading to increased environmental
pressure. However, the labile SOC content increased with
P addition (Table I), augmenting the supply of effective
substrates to MH (Zhu et al., 2023). This stimulates niche
differentiation among bacterial communities, reducing the
environmental filtering effects that the bacterial communities
in MH may experience owing to lower effective resource
levels (Huang et al., 2021; Shi et al., 2023). Consequently,
the bacterial communities in MH became more diverse and
underwent stochastic assembly processes.

Although P addition promoted the assembly of bacterial
communities dominated by stochastic processes, the assem-
bly processes of abundant taxa in the bacterial communities
exhibited different patterns in OH and MH. With increasing
levels of P addition, the assembly processes of abundant
bacterial taxa transitioned from stochastic to deterministic
processes in OH and from deterministic to stochastic pro-
cesses in MH (Fig. 3), supporting our second hypothesis.
With increasing levels of P addition, the turnover and decom-
position of litter in OH accelerate, enhancing environmental
heterogeneity (Luan et al., 2020). This results in abundant
bacterial taxa in OH that experience greater environmental
filtering, thereby strengthening the deterministic assembly
of bacterial communities (Ye et al., 2023). Additionally, the
assembly of abundant bacterial taxa in OH was influenced
by labile SOC fraction (Fig. 6). This is attributed to the in-
crease in labile SOC in OH that has a fast turnover rate. Con-
sequently, there is an increase in copiotrophic bacteria with
high substrate affinity among the abundant taxa, reducing
the competitive ability of oligotrophic bacteria (Yang et al.,
2023). Consequently, the abundant taxa experience com-
petitive pressure within the community (Wu et al., 2023).
Moreover, in OH, the faster nutrient turnover enhances the
heterogeneous selection process in the environment (Fig. 4),
leading to a shift from stochastic to deterministic assembly
processes for abundant taxa in OH (Zhou and Ning, 2017). In
contrast, the environmental heterogeneity in MH was lower
than that in OH (Crumsey et al., 2015), providing a favorable
medium for the movement and dispersal of abundant taxa.
Additionally, compared with those in CK, the SOC resources
in MH increased with P addition, facilitating the movement
and dispersion of abundant taxa under conditions of weak
environmental selection (Chen et al., 2023). However, the
increase of recalcitrant SOC content in MH limited the dif-
fusion of bacterial composition with high substrate affinity

among abundant taxa (Fig. 6). Therefore, the transition in
the assembly of abundant taxa in MH was mainly dominated
by dispersal limitation (Fig. 4).

In contrast to the assembly of abundant bacterial taxa,
that of rare bacterial taxa in both OH and MH exhibited
stochastic processes (Fig. 3). This is because rare bacterial
taxa have small individual volumes but large community
abundances, are widely distributed in OH and MH (Zheng et
al., 2021), and can freely disperse between layers. This high
dispersal rate leads to the homogenization of the structure
of rare taxa in bacterial communities (Wu et al., 2023). The
phylogenetic direction was more dispersed, suggesting that
rare taxa in the bacterial communities were stochastically
assembled under the dominance of homogeneous dispersal
(Fig. 4). Additionally, according to the results of the PLS-
PM and total effect models, the primary factor driving the
assembly of rare taxa in OH and MH was labile SOC fraction
(Fig. 6). This was because P addition increased the labile
SOC content in OH and MH (Table I), providing energy for
the stochastic occurrence and dispersal of rare bacteria in OH
and MH. This facilitates the free dispersion of rare bacteria
in narrow ecological niches (Ji et al., 2020) and regulates
the diversity of rare bacterial communities in OH and MH,
thereby influencing their assembly (Wan et al., 2021; Zhang
et al., 2022). However, community structure does not undergo
turnover owing to the strong environmental resistance of
rare taxa (Peng et al., 2021; Cao et al., 2023). This followed
stochastic processes dominated by homogeneous dispersal.

CONCLUSIONS

The addition of P altered soil physicochemical proper-
ties, particularly AP and SOC contents in both OH and
MH, subsequently driving changes in the composition of
bacterial communities. Under P addition, the assembly of
total and rare bacterial taxa occurred through stochastic
processes in both OH and MH. However, in OH, the as-
sembly of abundant bacterial taxa shifted from stochastic
to deterministic processes, whereas in MH, it shifted in the
opposite direction. Key factors influencing the assembly of
bacterial communities during P addition were AP and SOC,
wherein SOC component played a crucial role in shaping
bacterial taxa. These findings improve our understanding of
bacterial community assembly in different soil layers under
P addition in artificial forests, providing insights into the
dynamic changes in bacterial communities induced by P
addition.
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