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Abstract

The dynamic response of soil bacterial communities to fertilization throughout the entire
crop growth cycle remains inadequately characterized. To address this, we conducted
a long-term field experiment in Jiangle County, Fujian Province, China, and collected
soil samples across four rice growth stages (tillering, elongation, filling and maturity)
under five fertilization regimes: no fertilization (CK); chemical fertilizer (NPK); and NPK
supplemented with extra nitrogen (NPKN), extra phosphorus (NPKP) and rice straw
(NPKS). Bacterial communities were analyzed by high-throughput sequencing. Our results
revealed that soil bacterial diversity decreased progressively throughout the growth stages,
with fertilization exerting only a minor influence. Structural equation modeling (SEM)
identified daily mean temperature (DMT) as the factor with the strongest direct and total
effects on the diversity. In contrast, fertilization regimes were the primary determinant
of the community structure. Mantel test and redundancy analysis (RDA) indicated that
soil pH was the most important factor shaping the community structure. Soil bacterial
network attributes also varied mainly with fertilization: fertilizer addition reduced the
complexity but enhanced stability, with NPK and NPKS showing the greatest stability.
Regarding rice yields, all fertilized treatments were comparable but considerably higher
than CK. In conclusion, rice growth stages primarily influenced soil bacterial diversity,
while fertilization regimes predominantly shaped the community structure and network
attributes. Further, we recommend NPK and NPKS as optimal strategies for balancing crop
production, agroecosystem sustainability and environmental health.

Keywords: rice growth stage; fertilization regime; soil bacterial diversity; community
structure; network complexity; network stability

1. Introduction
Rice, as a staple food for nearly half of the global population, is critical to shaping food

production patterns and ensuring food security worldwide [1]. To meet rising demand
under growing population pressure, mineral fertilizers have been extensively used to boost
grain yield [2]. For instance, while China’s total grain output has tripled over the past
half-century, nitrogen (N) fertilizer inputs have surged nearly 37-fold [3]. However, the
overuse of chemical fertilizers, especially in paddy systems, has triggered soil acidification,
water eutrophication, air pollution, and declining land productivity, thereby undermining
agricultural sustainability [4,5]. In response, improved agricultural management practices
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have been implemented, such as soil testing and formulated fertilization, addition of
controlled-release fertilizers, deep placement of fertilizers and incorporation of organic
fertilizers [6].

Soil microorganisms are essential to ecosystem functions and soil quality, regulating
nutrient cycling, bioremediation and plant growth [7]. Among them, bacteria represent the
most abundant, diverse, and metabolically active group, and respond rapidly to agricultural
management [8]. Dai et al. [9] found that N fertilization alone significantly decreased soil
bacterial diversity, while combined NPK fertilization increased it in agroecosystems. Com-
pared to mineral-only fertilization, organic amendments, including straw, plant residue,
and manure, increased soil bacterial diversity in both paddy and upland-paddy fields
and shifted the community structure [10]. These changes in soil bacterial communities
were closely linked to variations in soil properties, particularly soil pH and organic carbon.
However, Chen et al. [11] reported that organic amendments reduced bacterial diversity in
water-dry rotation soils, and temperature might outweigh soil properties in driving diver-
sity patterns. Moreover, some studies reported no significant effects of inorganic fertilizers
or straw return on soil bacterial diversity or community structure in paddy fields [12–14].
These inconsistencies highlight the context-dependent nature of soil bacterial responses,
which are likely influenced by differences in soil properties, fertilization rates, and water
management [15].

Beyond fertilization, crop growth stages also influence soil microbial communities
[16,17]. Temporal shifts in soil microbes are generally caused by stage-related changes
in temperature, moisture, soil nutrient availability and root exudation [18,19]. In wheat
and rice systems, growth stage has been identified as a stronger predictor of soil bacterial
abundance and community structure than fertilization [12,20]. Long-term straw return
significantly altered soil bacterial community structure across rice growth stages, reducing
diversity at early tillering but increasing it at the panicle initiation and heading stages [8].
Given this temporal variability, it is imperative to track bacterial community dynamics
across the growing season to accurately assess fertilization effects. However, most existing
studies rely on single time-point sampling, offering only a snapshot of potential bacterial
community responses. Thus, a comprehensive understanding of how bacterial communities
evolve under different fertilization practices over time remains limited for paddy soils.

Soil microorganisms do not exist in isolation but form complex ecological networks
through material, energy and information exchange [21,22]. These interacting clusters
are expected to play essential roles in nutrient cycling, soil structure improvement, dis-
ease suppression and plant health regulation [23]. Emerging evidence suggests that the
complexity and stability of soil microbial network underpin ecosystem multifunctionality.
For instance, reduced rainfall diminished soil multifunctionality in semiarid grassland by
lowering microbial network complexity [24]. Intensive soil management decreased the sta-
bility of soil biota networks, which in turn predicted declines in soil multifunctionality [2].
Similarly, carbon loss in permafrost was linked to declining microbial network stability in
the active layer [25]. Despite these insights, little is known about how rice growth stages
and fertilization regimes affect the complexity and stability of soil bacterial networks.

In this study, we sampled soils from a long-term field fertilization experiment across
four rice growth stages (tillering, elongation, filling and maturity) under five fertilization
regimes: no fertilization, chemical fertilizer at the locally recommended rate, and 50%
extra N, 50% extra phosphorus (P) and straw return combined with the recommended
rate. Soil bacterial communities were characterized by high-throughput sequencing. Our
objectives were to (1) assess the influence of rice growth stages on soil bacterial diversity and
community structure under different fertilization treatments; (2) track the dynamic response
of soil bacterial communities to fertilization treatments across rice growth stages; and
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(3) evaluate the effects of rice growth stages and fertilization treatments on the complexity
and stability of soil bacterial networks. Understanding how bacterial communities change
over the growing season under different fertilization practices will provide valuable insights
for optimizing agricultural management and enhancing sustainability.

2. Materials and Methods
2.1. Experimental Site and Design

The long-term field experiment was established in 2008 in Jiangle County, Sanming
City, Fujian Province, China (26.748◦ N, 117.113◦ E) (Figure 1). The site is located in the
subtropical region, with a mean annual temperature of 19 ◦C and mean annual precipitation
of 1670 mm. The soil was classified as an Anthrosol according to the WRB soil classification
system and originated from granite bedrock. The cropping system follows a tobacco-rice
rotation, a common paddy-upland system in the subtropical regions of China. The rice
variety is Huifengyou3518, cultivated from June to October. During the rice growing season,
a water layer of approximately 5 cm was maintained above the soil surface. The soil is
predominantly composed of silt and clay, resulting in a loam texture.

Figure 1. The sampling sites in Jiangle County, Sanming City, Fujian Province, China (A). Growth
and harvest of rice during the trial period (B).

The experiment included five fertilization treatments: no fertilization (CK); N, P, and
K fertilizers applied at the locally recommended rate based on soil testing and formulated
fertilization (NPK); NPK with 50% extra N (NPKN); NPK with 50% extra P (NPKP); and
NPK combined with straw return (NPKS). Rice straw was chopped and incorporated into
the soil by plowing at a rate of 3600 kg ha−1. N was supplied as ammonium bicarbonate
and urea each year. Treatments were arranged in a randomized complete block design with
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three replicates. Each plot (7 m × 4 m) was separated by brick frames. Detailed fertilizer
application rates during rice growing season are provided in Table 1.

Table 1. Annual fertilizer application rates in the long-term field experiment in paddy fields from
2008 to 2024.

Nitrogen
(kg·ha−1)

Phosphorus
(P2O5 kg·ha−1)

Potassium
(K2O kg·ha−1)

Straw
(kg·ha−1)

CK 0 0 0 0
NPK 166.05 29.85 72 0

NPKN 249.15 29.85 72 0
NPKP 166.05 44.85 72 0
NPKS 166.05 29.85 72 3600

CK: no fertilization; NPK: N, P, and K fertilizers applied at recommended rates; NPKN: 50% more N fertilizer on
the basis of NPK; NPKP: 50% more P fertilizer on the basis of NPK; NPKS: straw return on the basis of NPK.

2.2. Soil Sampling

Bulk soil samples were collected during the 2024 rice growing season at four key
growth stages: tillering (1 August), elongation (23 August), filling (13 September) and
maturity (10 October). Sampling occurred at least two weeks after any fertilizer application.
In each plot, five topsoil cores (0–20 cm depth) were collected from the plow layer using
a soil auger and combined into one composite sample. This procedure yielded a total of
60 samples (5 treatments × 3 replicates × 4 stages). All samples were immediately placed
in an ice box for transport to the laboratory. Upon arrival, each composite sample was
processed as follows: one portion was stored at 4 ◦C for measurement of dissolved organic
carbon (DOC) and soil water content (SWC); another was stored at −80 ◦C for molecular
analysis of soil bacterial community; and the remaining soil was air-dried and sieved for
analysis of standard soil physicochemical properties.

2.3. Acquisition of Soil Properties

SWC was determined by drying fresh soil at 105 ◦C for 48 h. Soil pH was measured
in a 1:2.5 soil/water suspension using a glass electrode meter. Soil organic matter (SOM)
was analyzed by the wet digestion method with K2Cr2O7-H2SO4, and total nitrogen (TN)
was determined by the semi-micro Kjeldahl method [26]. Exchangeable NH4

+-N and
NO3

−-N were extracted with 2 mol/L KCl, shaking at 250 rpm for 60 min at 25 ◦C on a
mechanical shaker. After the extract was filtered, their concentrations were quantified using
a segmented-continuous flow analyzer (Skalar, Breda, The Netherlands) [27]. Available
phosphorus (AP) was extracted with sodium bicarbonate and measured by the molybde-
num blue method [28]. DOC was extracted with 0.5 mol/L K2SO4 and analyzed by an
organic carbon-nitrogen analyzer (Shimadzu, Kyoto, Japan).

2.4. Analysis of Soil Bacterial Community

Soil DNA was extracted using the Fast DNA SPIN Kit for Soil (MP Biomedicals,
Santa Ana, CA, USA) following the manufacturer’s instructions. A NanoDrop spec-
trophotometer was used to evaluate DNA quality and quantity (Thermo Fisher Scien-
tific, Waltham, MA, USA). The V4-V5 hypervariable region of the bacterial 16S rRNA
gene was amplified with primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 907R
(5′-CCGTCAATTCMTTTRAGTTT-3′). To monitor potential contamination, a negative
control (using nuclease-free water as template) was included during the PCR amplification
process. PCR amplification was performed in a 50 µL reaction mixture with the following
procedure: 94 ◦C for 5 min, 30 cycles (94 ◦C for 30 s, 52 ◦C for 30 s, and 72 ◦C for 30 s), and
72 ◦C for 10 min. For each sample, three independent PCR amplifications were performed
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and the resulting products were pooled. PCR products were separated into 1.5% agarose
gels and subsequently extracted from the gels. The mixture of PCR products was purified
using the E.Z.N.A. Gel Extraction Kit (Omega Bio-tek, Norcross, GA, USA). Lastly, the
purified products were sequenced on the Illumina MiSeq PE250 platform (Illumina, San
Diego, CA, USA).

Raw sequences were processed using Quantitative Insights into Microbial Ecology
(QIIME, version 2020.11.0) [29]. The DADA2 plugin (version 1.8) was used to identify
ASVs by clustering or de-duplication with a 100% similarity threshold [30]. A total of
124,802 ASVs were acquired, each of which was matched to SILVA 138 for its taxonomy.
Samples of soil bacteria were rarefied to 42,822 sequences based on the minimum sequenc-
ing number.

2.5. Statistical Analyses

Two-way analysis of variance (ANOVA) was used to assess the impact of fertilization
treatments, rice growth stages, and their interactions. One-way ANOVA was performed to
compare the differences among fertilization treatments and growth stages. The Bonferroni
test (α = 0.05) was used to conduct post hoc multiple comparisons using the “agricolae”
package in R (version 4.3.3). The overall distribution of soil properties across samples was
visualized by principal component analysis (PCA). Rarefaction curves of ASVs were gener-
ated to evaluate sequencing depth coverage. Unique and shared ASVs among different
groups were shown in UpSet plots implemented with the “UpSetR” package [31]. SEM
was constructed using the robust maximum likelihood evaluation method in AMOS 28.0.
Principal coordinate analysis (PCoA) was performed based on Bray–Curtis distances to
show the distribution of soil bacterial communities. Permutational multivariate analysis
of variance (PERMANOVA) was used to test the significant effect of growth stages, fer-
tilization, and their interactions on the community structure. Relationships between the
community structure and environmental variables were calculated by Mantel test and RDA.
Linear discriminant analysis (LDA) was conducted using LEfSe to identify biomarkers at
multiple taxonomic levels (p < 0.05, LDA score > 3.0). The PCA, PCoA, PERMANOVA,
RDA, and Mantel tests were conducted using the “vegan” package in R.

Soil bacterial networks were constructed following the approach of Xu et al. [32],
including only ASVs with a relative abundance > 0.01%. Random matrix theory (RMT) was
utilized to identify an appropriate correlation threshold [33]. The complexity and stability
of soil bacterial network were calculated as described by Long et al. [2] Simply, the average
variation degree (AVD) reflects the overall stability of a community by calculating the
variation between the abundance of each species [34]. Higher AVD values indicated greater
variability and fluctuations in bacterial network. Therefore, 1/AVD was used to represent
the stability in this study. The topological features of the networks were calculated to
evaluate the network complexity, including average degree, average clustering coefficient,
average path length, network diameter, graph density, and modularity. We computed
one index to reflect the complexity by averaging the standardized scores (a common scale
ranging from 0 to 1) of the topological features.

3. Results
3.1. Rice Yield and Soil Physicochemical Properties

Compared to the CK treatment, chemical fertilizer application significantly increased
rice yield by 210–230%; however, no significant differences were observed among treat-
ments with fertilizer application (Figure 2A). The NPK treatment was designed based on
soil testing and formulated fertilization, as well as long-term production experience in the
study region. These results implied that moderate fertilization could enhance crop yields,
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whereas excessive fertilizer input does not provide additional yield benefits and may even
lead to yield plateaus.

Figure 2. Rice yields and soil physicochemical properties. Rice yields under different fertilization
treatments (A). Different lowercase letters above bars indicate significant differences among fertiliza-
tion treatments (one-way ANOVA, Bonferroni test). PCA plots of soil properties among rice growth
stages and among fertilization treatments (B).

According to two-way ANOVA, all measured soil properties varied significantly across
rice growth stages, whereas fewer were significantly affected by fertilization practices
(Table 2, Table S1). Significant interactions between the growth stages and fertilization
were detected only for a minority of properties, such as pH, NO3

− and AP. The maturity
stage was characterized by the highest SOM and the lowest pH, NH4

+, AP and SWC.
Paddy soils from the tillering stage contained the lowest TN, while the soils from the
filling stage showed the lowest C/N and NO3

−. DOC consistently decreased from the
tillering, elongation, filling to maturity stages. Fertilization treatments did not significantly
affect C/N, NH4

+ and DOC. However, CK exhibited the highest pH and NO3
− levels,

and fertilizer application increased SOM, TN, AP and SWC. PCA of soil properties clearly
distinguished maturity stage soils from other stages and separated CK from fertilized
treatments (Figure 2B). Together, these results demonstrated that both fertilization regimes
and rice growth stages shaped distinct soil conditions in this study.

Table 2. The effects of rice growth stages, fertilization treatments and their interactions on soil
properties by two-way ANOVA.

Growth Stage (G) Fertilization Treatment (F) G × F

F p F p F p

pH 14.581 <0.001 33.834 <0.001 2.911 0.006
SOM 11.673 <0.001 10.616 <0.001 0.194 0.998
TN 5.622 0.003 5.790 0.001 0.940 0.519

C/N 3.040 0.040 0.358 0.837 0.964 0.498
NH4

+ 20.876 <0.001 1.108 0.366 1.403 0.205
NO3

− 19.254 <0.001 17.998 <0.001 3.142 0.003
AP 26.894 <0.001 52.164 <0.001 2.080 0.041

DOC 15.057 <0.001 0.832 0.513 1.567 0.141
SWC 36.854 <0.001 13.915 <0.001 1.714 0.100

SOM: soil organic matter; TN: total nitrogen; AP: available phosphorus; DOC: dissolved organic carbon; SWC:
soil water content.
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3.2. Soil Bacterial Community Composition

All samples were rarefied to 42,822 sequences. The rarefaction curves approached a
plateau at this sequencing depth, confirming that the data sufficiently captured the majority
of soil bacteria (Figure S1). A total of 124,802 ASVs were identified across all sequences, and
the distribution of these ASVs among the different groups was visualized using UpSet plots.
From the tillering to maturity stages, paddy soils contained a progressively decreasing
number of ASVs, and the number of unique ASVs at different stages followed a similar
declining trend (Figure S2A). In comparison, the number of ASVs shared among the growth
stages was low. For example, only 3522 ASVs (2.8%) were shared among all four growth
stages. Likewise, the number of unique ASVs in each fertilization treatment substantially
exceeded the number shared among the treatments (Figure S2B). The total number of ASVs
per treatment followed the order: NPKP > NPK > NPKN > NPKS > CK.

All sequences were classified into 71 phyla. The dominant phyla with a relative
abundance > 1% included Acidobacteriota, Chloroflexi, Proteobacteria, Crenarchaeota,
Planctomycetota, Verrucomicrobiota, Bacteroidota, Desulfobacterota, Firmicutes, Nitro-
spirota, Myxococcota, Actinobacteriota and Cyanobacteria (Figure 3A). These phyla were
consistently detected in all samples, with cumulative relative abundances ranging from
86.5% to 92.7%. The LEfSe method was employed to identify differentially abundant bac-
terial taxa from phylum to genus level, revealing 123 and 120 biomarkers for rice growth
stages and fertilization treatments, respectively. The top five biomarkers based on LDA
score for each stage and treatment are listed in Table S2. The phylum Firmicutes, along with
the classes Bacilli, Alphaproteobacteria and Anaerolineae, were the most discriminative
biomarkers for the tillering, elongation, filling and maturity stages, respectively (Figure 3B).
For fertilization treatments, the classes Planctomycetes and Omnitrophia, phylum Bac-
teroidota, genus Sideroxydans and order Anaerolineales were the predominant biomarkers
in CK, NPK, NPKN, NPKP and NPKS, respectively (Figure 3C).

3.3. Soil Bacterial Diversity and Community Structure

Two-way ANOVA indicated that rice growth stages and fertilization treatments signif-
icantly influenced soil bacterial diversity, as measured by observed ASVs and Faith’s PD,
though their interactions were not significant (Table 3). Both diversity indices of all soils
decreased progressively across rice growth stages, with significant differences observed
among the tillering, filling and maturity stages (Figure 4A,B). A similar temporal trend was
observed in the CK, NPK, NPKN and NPKP treatments (Figure 4C,D). Compared to CK,
only NPKP significantly increased observed ASVs (Figure 4C), whereas both NPKP and
NPK elevated Faith’s PD across all samples (Figure 4D). These fertilization effects remained
consistent at each individual growth stage (Figure 4A,B). Overall, rice growth stages had a
stronger influence on soil bacterial diversity than fertilization treatments in this study.

Table 3. The effects of rice growth stages, fertilization treatments and their interactions on soil
bacterial diversity by two-way ANOVA.

Growth Stage (G) Fertilization Treatment (F) G × F

F p F p F p

Observed ASVs 15.818 <0.001 4.356 0.005 1.244 0.289
Faith’s PD 14.771 <0.001 6.169 0.001 1.303 0.255
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Figure 3. Comparison of soil bacterial taxa among rice growth stages and fertilization treatments. The
phyla with the relative abundance > 1% among different growth stages and fertilization treatments
(A). Biomarkers at each rice growth stage (B) and in each fertilization treatment (C) including phylum
(P_), class (C_), order (O_), family (F_), and genus (G_) taxonomic levels. The top 5 biomarkers for
LDA scores in each stage and treatment are listed.

Figure 4. Observed ASVs among different growth stages (A) and fertilization treatments (C). Faith’s
PD among different growth stages (B) and fertilization treatments (D). Different uppercase letters
and different lowercase letters above bars indicate significant differences.
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SEM quantified the direct and indirect effects of environmental variables on soil
bacterial diversity, explaining 52% of the total variance (Figure 5A). DMT, DOC and AP had
direct positive effects on the diversity, with standardized path coefficients of 0.47, 0.33 and
0.30, respectively. In addition, DMT, SWC and soil pH indirectly influenced the diversity
through AP, while DMT also exerted an indirect effect via DOC. DMT exhibited the highest
total standardized effect on the diversity, followed by DOC and AP (Figure 5B).

Figure 5. Structural equation model (SEM) used to assess multivariate effects on the soil bacterial
diversity (A). Solid and dash lines indicate the significant and non-significant pathways, and gray
and red lines indicate the positive and negative correlations, respectively. The numbers are the
standardized path coefficient. Standardized total effects of environment factors on soil bacterial
diversity as revealed from the SEM (B).

In the PCoA plot, bacterial communities in the CK treatment were clearly separated
from those under fertilized regimes (Figure 6A). PERMANOVA confirmed that both rice
growth stages (R2 = 0.098, p < 0.001) and fertilization treatments (R2 = 0.191, p < 0.001)
significantly influenced the community structure, with no significant interaction observed.
Fertilization exerted a stronger influence than the growth stages. Both Mantel tests and
RDA identified soil pH as the strongest predictor of the community structure, followed by
SOM, NO3

−, AP and SWC (Figure 6B,C).

3.4. Soil Bacterial Network Complexity and Stability

RMT was applied to determine the correlation threshold for constructing soil bacterial
networks, yielding an optimal cutoff of 0.656 (Figure S3). The complexity and stability of
soil bacterial network were subsequently quantified. Two-way ANOVA identified that
the complexity was significantly influenced only by fertilization, whereas the stability
was affected by both fertilization and rice growth stages, and no significant interactions
between the two factors were observed (Table 4). The complexity remained stable across the
growth stages (Figure 7A) but was significantly higher in CK than in fertilized treatments
(Figure 7B). In contrast, the stability was lowest in CK, with NPK and NPKS showing
the highest stability, followed by NPKP and NPKN (Figure 7D). Among different growth
stages, the stability was significantly higher at the tillering and elongation stages than at
the maturity stage (Figure 7C). Overall, fertilization had a stronger effect than the growth
stages on both the complexity and stability.
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Figure 6. Soil bacterial community structure and its influencing factors. The PCoA ordinations show
soil bacterial communities among rice growth stages and fertilization treatments (A). Mantel test of
soil bacterial community structure based on Bray–Curtis distances (B). Redundancy analysis (RDA) of
soil bacterial community structure for all samples (C). Asterisks represent significance of correlation
(*, p < 0.05; **, p < 0.01; ***, p < 0.001).

Figure 7. Soil bacterial network complexity among different growth stages (A) and fertilization
treatments (B). The stability among different growth stages (C) and fertilization treatments (D). The
differences in the complexity and stability are identified by the Bonferroni test. Different lowercase
letters above boxes indicate significant differences.
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Table 4. The effects of rice growth stages, fertilization treatments and their interactions on the
complexity and stability of soil bacterial network by two-way ANOVA.

Growth Stage (G) Fertilization Treatment (F) G × F

F p F p F p

Network complexity 1.006 0.400 144.135 <0.001 1.634 0.121
Network stability 10.781 <0.001 54.846 <0.001 1.885 0.067

We further evaluated the correlations between soil bacterial network attributes and
the relative abundance of dominant phyla (Table 5). The complexity correlated positively
with Acidobacteriota and Planctomycetota but negatively with Bacteroidota and Desul-
fobacterota. In contrast, the stability was positively associated with Actinobacteriota and
negatively associated with Planctomycetota.

Table 5. Pearson correlation coefficients between soil bacterial network complexity and stability and
the phyla with the relative abundance > 1%.

Network Complexity Network Stability

Acidobacteriota 0.421 ** −0.150
Chloroflexi −0.167 0.206

Proteobacteria −0.067 −0.038
Crenarchaeota −0.106 0.125

Planctomycetota 0.376 ** −0.288 *
Verrucomicrobiota 0.034 −0.117

Bacteroidota −0.449 ** 0.2137
Desulfobacterota −0.331 ** 0.046

Firmicutes −0.178 0.092
Nitrospirota 0.175 −0.227
Myxococcota 0.127 −0.138

Actinobacteriota −0.163 0.382 **
Cyanobacteria −0.059 −0.143

Asterisks represent significance of correlation (*, p < 0.05; **, p < 0.01).

4. Discussion
4.1. Rice Growth Stages Outweigh Fertilization for Soil Bacterial Diversity

In the present study, soil bacterial diversity progressively declined from rice tillering
to maturity stages (Figure 4A,B). Among fertilization treatments, NPKP supported the
highest diversity, followed by NPK and other treatments (Figure 4C,D). Overall, rice
growth stages outweighed fertilization for influencing the diversity (Table 3). Consistent
with our findings, Wu et al. [13] reported that fertilization exerted only a minor effect on
the bacterial diversity for a 17-year fertilization experiment in paddy soils, suggesting
that long-term fertilization might diminish the responsiveness of soil bacterial diversity
to nutrient amendments. Similarly, other studies have observed that rice growth stages
influence soil microbial diversity more strongly than cropping practices [16,17].

Temporal shifts in microbial communities during plant growth are influenced by
factors such as temperature, moisture, soil nutrient status and root exudates. Although root
exudates such as organic acids and amino acids were not quantified in this study, previous
work indicated their concentrations were generally low in bulk soil [12,35]. To elucidate
the direct and indirect effects of multiple environmental variables, we performed SEM
(Figure 5). The model showed that DMT had the strongest direct and total effect on the
diversity, underscoring the critical role of temperature in shaping soil bacterial communi-
ties. Temperature is widely recognized as a key driver of soil microbial diversity [36,37].
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The most important direct mechanism is that elevated temperatures accelerate micro-
bial metabolism, growth and population turnover [38]. Second, higher temperatures can
enhance plant productivity, thereby supporting greater microbial species richness [39]. Ad-
ditionally, temperature also indirectly influenced microbial diversity through interactions
with soil nutrient availability, such as DOC and AP in this study (Figure 5A).

DOC emerged as the second most important factor affecting the diversity, likely due
to its rapid turnover and high bioavailability to soil microbes [40,41]. Notably, the temporal
trend in soil bacterial diversity during the rice growth period paralleled that of DOC in this
study. Whereas a global meta-analysis suggested that soil microbial diversity decreased
with DOC, in which the N application reduced soil pH, and low pH increased the mortality
of soil microorganisms and plant roots, further contributing to the release of DOC [42].
This phenomenon was more prevalent in alkaline soils, and soil pH was often negatively
correlated with DOC. In contrast, the soils in our study were acidic, and soil pH showed
a positive correlation with DOC (Figure 6B). SEM also indicated that AP significantly
influenced diversity, which aligns with our observation that NPKP, the treatment with
the highest AP levels, supported the greatest diversity among all fertilization regimes
(Figure 4C,D). In support of this, Li et al. [17] emphasized the important role of P input
levels in regulating soil microbial diversity.

4.2. Fertilization Has a Greater Effect on Soil Bacterial Community Structure

Although both rice growth stages and fertilization treatments significantly altered soil
bacterial community structure, the differences were more pronounced among fertilization
treatments than among growth stages (Figure 6A), indicating that fertilization regimes
exerted a stronger influence. Soil pH was identified as the strongest predictor of community
structure (Figure 6B,C). This is consistent with the observed reduction in soil pH under
chemical fertilizer application, while pH variation across growth stages remained relatively
minor (Table 2 and Table S1). This likely explains why fertilization had such a pronounced
effect on the community structure [43]. The acidifying effect of chemical fertilizers on soil
pH, combined with the established role of pH in structuring soil microbial communities, is
well documented [44]. While soil pH had only a minor impact on soil bacterial diversity, it
strongly influenced community structure, suggesting that pH acts not merely as a broad
filter on taxonomic richness, but likely governs community assembly by modulating the
relative abundance of specific bacterial taxa.

Soils in CK, NPK, NPKN, NPKP and NPKS stimulated Planctomycetes, Omnitrophia,
Bacteroidota, Sideroxydans and Anaerolineales, respectively (Figure 3B, Table S2). These
findings align with Zhang et al. [45], who reported that N application shifted soil bacterial
community composition in degraded grasslands, and some oligotrophic taxa, such as
Planctomycetes adapted to the barren environments, were excluded by copiotrophic taxa,
such as Bacteroidota growing faster under nitrogen-enriched conditions. Anaerolineales,
which are primarily involved in organic matter degradation [46], increased in abundance
under straw addition (NPKS), reflecting their role in carbon cycling. The iron-oxidizing
bacterium Sideroxydans was enriched in NPKP, likely due to enhanced iron-phosphorus
coupling processes in paddy soils under high phosphorus input [47]. Although Omni-
trophia remains poorly characterized, it belongs to the Verrucomicrobiota phylum, which is
common in paddy soils [48]; its increase under NPK may reflect adaptation to moderately
acidic conditions.

4.3. Fertilizer Addition Reduces the Complexity but Increases the Stability of Network

Similarly to soil bacterial community structure, both the complexity and stability
of soil bacterial network were more strongly influenced by fertilization regimes than by



Agriculture 2025, 15, 2466 13 of 17

rice growth stages (Table 4, Figure 7). Fertilizer application significantly reduced the
complexity compared to the CK treatment, a pattern consistent with previous reports of
simplified soil microbial networks under long-term inorganic fertilization [49,50]. These
results implied that achieving higher crop yields through chemical fertilization might
come at the cost of reduced network complexity. However, a recent study proposed that
a simpler microbial network might indicate weaker cascading effects, which could make
ecosystems less susceptible to cascading biodiversity loss, potentially enhancing ecosystem
resilience [51].

The complexity was positively correlated with Acidobacteriota and Planctomycetota,
and negatively correlated with Bacteroidota and Desulfobacterota (Table 5). Acidobacte-
riota and Planctomycetota are typically oligotrophic bacteria, whereas Bacteroidota are
considered as the copiotrophic bacteria [52,53]. This outcome is consistent with Chen
et al. [54], who suggested that chemical fertilizer application increased the concentration
of fast-acting nutrients in soils, shifting microbial interactions from cooperative processes
toward direct competition for abundant resources, thereby reducing the complexity of
microbial networks.

The stability was highest under NPK and NPKS, followed by NPKP and NPKN, with
CK showing the lowest stability (Figure 7D). This is consistent with Yang et al. [55], who
also observed enhanced microbial network stability under inorganic fertilization. The
divergent trends observed between microbial network complexity and stability are not
unexpected, as the complexity reflects a structural attribute, while the stability relates
to a functional one [56]. The stability was positively associated with Actinobacteriota
and negatively with Planctomycetota. Actinobacteriota are regarded as generalists due
to their high metabolic diversity and ecological adaptability, whereas Planctomycetota
are often recognized as specialists owing to their single metabolic capabilities and niche
specialization [57,58]. This supports the view that taxa with broader functional diversity
and environmental adaptability contribute more significantly to network stability.

The stability of soil biota network might serve as a better predictor of soil multifunc-
tionality than complexity or biodiversity in disturbed agroecosystems, with more stable
networks consistently supporting higher levels of multifunctionality [2]. Although rice
yields under NPKS and NPK were comparable to those under NPKN and NPKP, the former
two treatments utilized lower fertilizer inputs and demonstrated higher network stability.
Considering crop yield, agroecosystem sustainability and environmental impacts, NPK
and NPKS emerge as the most recommended fertilization regimes for rice production in
this study region.

5. Conclusions
This study investigated the dynamics of soil bacterial communities under different

fertilization regimes across multiple rice growth stages. Rice growth stages were the
primary factor influencing soil bacterial diversity, which progressively declined throughout
the growing season, largely driven by DMT. In contrast, fertilization had a stronger effect on
the community structure, with soil pH identified as the most influential factor. Fertilization
also played a dominant role in shaping bacterial network properties: fertilizer addition
reduced network complexity, likely due to a shift in bacterial interactions from cooperation
toward direct competition for concentrated nutrients. However, fertilized treatments,
especially NPK and NPKS, exhibited higher network stability, which was associated with an
increase in bacterial taxa with broader functional diversity and environmental adaptability.
Altogether, we recommend NPK and NPKS as optimal fertilization strategies for this region.
These insights improve our understanding of the successional dynamics of soil bacterial
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communities in response to fertilization during crop development and provide a scientific
basis for designing sustainable agricultural practices.
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CK No fertilization
NPK Chemical fertilizer
NPKN NPK supplemented with extra N
NPKP NPK supplemented with extra P
NPKS NPK supplemented with rice straw
DMT Daily mean temperature
SWC Soil water content
SOM Soil organic matter
TN Total nitrogen
AP Available phosphorus
DOC Dissolved organic carbon
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