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Abstract

Biological Nitrogen Fixation (BNF) is a sustainable alternative to synthetic fertilizers that
deliver bioavailable nitrogen to rice fields. However, the spatial variability of BNF and
the relative contributions of soil physicochemical properties and trace-element availability
remain poorly understood in long-term cultivated paddy soils. To address this knowledge
gap, we conducted an incubation experiment using paddy soils collected from Zhejiang
and Jiangxi provinces of China, and quantified BNF rates using acetylene reduction assay
(ARA). BNF rates varied from 24 ± 3 to 368 ± 13 kg N ha−1 with substantial geographic
variability (15.3-fold). We observed that soil BNF capacity of Zhejiang soils was much
higher than in Jiangxi soils. Microbial community and correlation analysis revealed that
Phylum Proteobacteria and genera Pseudomonas and Geobacter were abundant and showed
positive association with high BNF sites. Redundancy analysis (RDA) and Random Forest
modelling stated that available Molybdenum was the most important predictors of BNF.
Overall, our findings demonstrated that soil physiochemical properties, micronutrient
availability, and microbial community composition interact to regulate BNF in paddy soils.

Keywords: nitrogen fixation; sustainable agriculture; nitrogen management; available
molybdenum; plant-microbe interaction

1. Introduction
Nitrogen (N) remains one of the strongest nutritional constraints on crop productivity,

and modern agriculture has relied heavily on synthetic N fertilizers to sustain high yields
and meet rising food demand [1–4]. However, the agronomic benefits of fertilizer-N have
been accompanied by major environmental costs because a substantial fraction of applied
N is not recovered by crops, instead lost through ammonia volatilization, nitrate leaching,
runoff, nitrification, denitrification, and nitrous oxide emissions [3,5]. These losses reduce
nitrogen use efficiency, raise production costs, degrade soil and water quality, and intensify
climate forcing, making improved N management a central challenge for sustainable
agriculture in the coming decades [2,6,7].

This challenge is especially important in rice-based agroecosystems, where paddy
soils create dynamic conditions for N transformation and loss. Flooded soils typically

Environments 2026, 13, 509 https://doi.org/10.3390/environments13090509

https://crossmark.crossref.org/dialog?doi=10.3390/environments13090509&domain=pdf&date_stamp=2026-09-15
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/environments
https://www.mdpi.com
https://orcid.org/0009-0007-3456-2174
https://orcid.org/0009-0002-0089-8810
https://orcid.org/0009-0000-3628-7240
https://orcid.org/0000-0002-9778-8724
https://doi.org/10.3390/environments13090509


Environments 2026, 13, 509 2 of 20

develop a thin oxidized surface layer overlying a largely reduced subsurface zone, creating
strong redox gradients that govern microbial processes, nutrient transformations, and the
balance between N retention and N loss [8,9]. Because rice remains a staple crop for a
large proportion of the global population, improving N sustainability in paddy systems
is essential for both food security and environmental protection [3]. These concerns have
stimulated growing interest in biological pathways to reduce dependence on chemical
fertilizers while maintaining soil fertility and crop productivity [10,11].

Among the available alternatives, biological nitrogen fixation (BNF) is particularly
promising because it introduces new reactive N into agroecosystems through a naturally
occurring microbial process. In soils, BNF is mediated by diazotrophic microorganisms
that reduce atmospheric dinitrogen (N2) to ammonia through the nitrogenase enzyme
complex [12]. In non-leguminous systems such as rice, this function is primarily carried
out by free-living and associative diazotrophs inhabiting the rhizosphere, root-associated
environments, and bulk soil [13]. Because BNF is biologically regulated and can offset a
portion of fertilizer-derived N inputs, it is widely considered a key ecological process for
the developing of more sustainable nutrient management strategies [14,15].

Despite this promise, the practical contribution of BNF in agricultural soils is dif-
ficult to predict because N fixation varies widely across soils, climates, land uses, and
management regimes [16,17]. Considerable spatial variation in diazotrophic abundance,
diversity, assembly mechanisms, and functional activity has been reported even among
sites within the same broad agricultural region [16,18]. This variability has hindered the
integration of BNF into fertilizer-management strategies and highlights the need to identify
the environmental controls governing diazotrophic performance under contrasting edaphic
conditions [19,20].

A growing body of evidence indicates that soil physicochemical properties are among
the strongest regulators of diazotrophic community structure and N-fixation activity. Soil
texture influences BNF by modifying pore connectivity, water retention, oxygen diffusion,
and the formation of microsites suitable for nitrogenase activity [12]. Likewise, soil organic
carbon, organic matter, residue quality, and native C: N status regulate the availability of en-
ergy and carbon substrates for heterotrophic diazotrophs, while broader nutrient status can
alter diazotrophic abundance, network structure, and functional expression [21,22]. This
evidence shows that BNF is governed not by microbial presence alone but by interactions
between microbial communities and the surrounding soil environment [11,16].

These controls are especially relevant in paddy soils because flooding can simulta-
neously favor and constrain nitrogen fixation. On one hand, reduced or microaerophilic
microsites can protect nitrogenase, which is highly sensitive to oxygen [23,24]. On the
other hand, flooding alters soil chemistry, redox potential, and nutrient or metal availabil-
ity, thereby restructuring ecological niches for diazotrophic microorganisms and shifting
their activity along soil depth profiles [12,25,26]. Recent studies have further shown that
diazotrophic community composition, diversity, co-occurrence patterns, and adaptive
strategies can explain substantial differences in soil N-fixation potential across climatic
gradients, restoration trajectories, and management systems [27].

Importantly, diazotrophic communities do not respond uniformly to environmental
variation. Different taxa possess distinct ecological strategies, oxygen tolerances, substrate
preferences, and stress-adaptation capacities, meaning that changes in soil properties
may alter not only diazotroph abundance but also the identity of dominant taxa and the
overall efficiency of N fixation [28,29]. Management history also plays an important role;
long-term N fertilization, green manuring, organic amendments, intercropping, carbon
inputs, and restoration practices can reshape diazotrophic communities and influence the
relative contribution of deterministic and stochastic processes to community [19–21,30].
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Comparative analysis of soils from different provinces is therefore a useful framework for
determining whether regional differences in BNF are driven primarily by physicochemical
constraints, microbial community restructuring, or their interaction [11,16].

Reliable assessment of BNF is essential for understanding its contribution to sustain-
able nitrogen management. Despite growing evidence that soil physicochemical properties
influence diazotrophic communities, the relative contributions of soil physical, chemical,
and microbial factors to BNF across paddy soils remain insufficiently understood. We
hypothesized that (i) BNF rates vary significantly among paddy soils due to differences
in physicochemical properties and micronutrient availability and (ii) diazotrophic com-
munity composition mediates spatial variation in BNF. Therefore, this study evaluated
BNF potential in paddy soils from Zhejiang and Jiangxi provinces using the acetylene
reduction assay (ARA) and investigated how soil properties and diazotrophic community
characteristics jointly regulate nitrogen fixation. By linking soil heterogeneity, microbial
community assembly, and nitrogenase activity, this study aims to improve understanding of
the ecological controls of BNF and its potential contribution to sustainable rice production.

2. Materials and Methods
2.1. Site Description and Soil Collection

This experiment was conducted to determine spatial variation in biological nitrogen
fixation (BNF) capacity across long-term rice-cultivated paddy soils in Zhejiang and Jiangxi
provinces of China. The two provinces were selected to obtain geographically separated
paddy soils and thereby capture naturally occurring heterogeneity in BNF and associated
soil conditions. For this purpose, soils were collected from the plough layer (0–30 cm depth)
of 12 actively cultivated paddy fields designated as sites according to their province names.
The twelve paddy soil sites were chosen to represent a diverse array of geographical areas
and altitudes where rice production has been consistently practiced for several decades.
Table S2 (Supplementary File) delineates the precise locations of the paddy sites together
with their geographical attributes. The temperature difference across the 12 sampling sites
ranges from 15.8 to 19.2 ◦C, while annual precipitation varies from 1350 to 1900 mm. At
each site, soil was collected from multiple points within the field, homogenized to form a
composite sample, air-dried, and sieved (<2 mm) for initial physicochemical analysis and
subsequent use in the pot experiment.

2.2. Physiochemical Properties and Trace Element Analysis of the Soil

According to the U.S. soil texture classification standard [31], we have divided the
texture of the paddy field soil plough layer at different sample points. Soil physicochemical
properties were analyzed following the methods described in [32,33]. Soil pH was mea-
sured in deionized water at a soil to-water ratio of 1:2.5 mixtures of soil and deionized
water with a pH meter. Soil cation exchange capacity (CEC) was determined using the
ammonium acetate 1 N method, Soil organic carbon (SOC) was determined using the
Walkley–Black dichromate oxidation method, and soil organic matter (SOM) was estimated
from SOC using a conversion factor of 1.724 [34]. Total nitrogen (TN) was determined by
the dry-combustion method using a Vario MAX CN analyzer (Elementar Analysensysteme
GmbH, Langenselbold, Germany) [35]. Total Phosphorous (TP) was determined by using
the molybdenum-blue method following digestion with H2SO4-HClO4 [36]. Total potas-
sium (TK) was determined after acid digestion by flame photometry using a standard K
calibration curve [37], Total iron (TFe), Total manganese (TMn), Total Zinc (TZn), Total
Copper (TCu) were determined following HF–HClO4 digestion by inductively coupled
plasma optical emission spectrometry (ICP-OES) [38]. Available phosphorus (AP) was de-
termined using the Olsen sodium bicarbonate extraction method. Soil P was extracted with
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0.5 M NaHCO3 (pH 8.5) and quantified by the molybdenum-blue colorimetric method [39],
available K (AK) was extracted with 1 M neutral ammonium acetate (NH4OAc, pH 7.0) and
determined by flame photometry [40], whereas available Fe, Mn, Zn, Cu were extracted by
DTPA, according to [41].

2.3. Experimental Design and Plant Growth Condition

In this project, since it was not possible to collect soil samples during the rice growth
period at the soil sampling site, the method of planting rice in pots after soil sample
collection was adopted. The pot experiment was conducted simultaneously with field
rice cultivation under local environmental conditions in Jiangdu District, Yangzhou city,
Jiangsu Province, China. Each pot (specifications: 10 cm × 10 cm × 35 cm volume) was
filled with 1 kg of the respective homogenized soil. The experiment was conducted with
three replicates per soil type, totaling (12 soils × 3 replicates = 36). Before transplanting
rice seedlings, soils were flooded for one week and a compound N–P2O5–K2O (15–15–15)
fertilizer was applied at the same rate to all pots, reflecting the common fertilization
practice of local rice farmers. The application rate was calculated from the local field rate
and converted to an equivalent rate per kilogram of soil. This supplied equivalent amounts
of N, P2O5, and K2O according to the 15–15–15 formulation. Three rice seedlings were
transplanted per pot. Water management consisted of continuous flooding (maintaining
a 3–5 cm water layer) for the first month after transplanting, followed by intermittent
flooding (alternating flooded and moist conditions) thereafter.

2.4. Measurement of Biological Nitrogen Fixation

In this study, the ARA method [42] was used to determine the biological nitrogen
fixation potential of soil and ethylene concentrations were measured using gas chromatog-
raphy. During the rice growth period, soil was taken weekly from potted rice plants,
and the soil’s biological nitrogen fixation rate was determined by using the ARA method.
While taking soil from the potted rice, a small core was used to collect soil from the entire
thickness of the pot, and a portion of the soil sample was weighed to measure its water
content. The remaining soil was returned to each respective pot, and this procedure was
repeated three times. Sampling began after rice transplanting and continued until the rice
field maturing period, once a week for a total of 13 weeks. After the field-drying period,
biological nitrogen fixation in the rice field was low, so no further measurements were
taken. The amount of biological nitrogen fixation over the entire rice growing season was
calculated by summing weekly data (Supplementary File S1).

2.5. Microbial Communities Assessment and Statistical Analysis

At the mid-season of experiment, soil samples were collected from each pot. Total
genomic DNA was extracted from 0.50 g of soil using the PowerSoil DNA Isolation Kit (Mo
Bio Laboratories, Inc., Carlsbad, CA, USA) according to the manufacturer’s instructions.
The extracted total DNA was dissolved in 50 µL sterile water (PCR grade water), DNA
concentration and purity were checked using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA) and 0.8% agarose gel electrophoresis.
The bacterial 16S rRNA gene (V4 region) was amplified using primers 515F/806R [43] to
assess total microbial diversity. Alpha diversity (Observed ASVs, Shannon, Simpson) was
calculated after rarefaction, and beta diversity was assessed using Bray–Curtis dissimilarity
and PCoA, with group differences tested by PERMANOVA.

Statistical comparisons among different soil sites were conducted via one-way analysis
of variance (ANOVA), followed by Duncan’s multiple range test at the 95% confidence
level. Threshold for all statistical significance was set at p < 0.05. Redundancy analysis
(RDA) coupled with hierarchical partitioning was conducted to explore the associations
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between microbial communities and soil properties using the R “rdacca.hp” package
version 4.5.1 [44]. Pearson’s correlation coefficient was used to evaluate the relationships
between microbial community composition and soil properties, as well as the plant biomass,
spatial variation in BNF and soil properties. The Random Forest model was executed with
1000 trees (ntree = 1000), and model accuracy was evaluated using the default internal
bootstrap sampling method (out-of-bag, OOB), which excludes permutation testing [45].

3. Results
3.1. Soil Physicochemical Properties

The variability in physicochemical properties of soil parameters among the 12 paddy
locations are represented in Table 1. The soil pH varied from 5.3 to 8.2, indicating a
range from acidic to alkaline conditions that significantly affect microbial activity and
nitrogenase efficiency. Samples with higher clay content (≥30%) consistently show lower
BD (≈0.95–1.10 g cm−3) as represented in (Table S1), indicating greater aggregation and
higher micro-porosity typical of fine-textured soils. The SOC varied between 14.97 and
35.10 g kg−1, whereas the TN ranged from 2.13 to 3.96 g kg−1, indicating differences in
organic matter availability and baseline nitrogen levels among locations. Overall, AP
levels were modest (0.45–2.12 mg kg−1), suggesting a possible phosphorus restriction that
may restrict microbial growth and biological nitrogen fixation activities. The availability
of micronutrients demonstrated significant geographical variability, particularly for Fe
(5.66–574.40 mg kg−1) and Mn (0.12–70.45 mg kg−1), both of which are essential cofactors
for nitrogenase activity. Copper, zinc, and molybdenum exhibited site-specific variability,
with molybdenum concentrations ranging from 0.02 to 0.51 mg kg−1, a crucial element in-
tegral to the activity of the nitrogenase enzyme. The observed variations in pH, soil organic
carbon, nutrient availability, and micronutrient delivery suggest significant influences on
microbial nitrogen fixation capability in the studied paddy soils.

Table 1. Soil chemical properties of paddy sites in Jiangxi and Zhejiang provinces.

Soil Sites pH SOC
g kg−1

TN
g kg−1

AP
mg kg−1

AFe
mg kg−1

AMn
mg kg−1

ACu
mg kg−1

AZn
mg kg−1

AMo
mg kg−1

Jiangxi 1 6.5 18.16 2.48 0.95 10.54 50.12 2.67 1.35 0.05
Jiangxi 2 6.52 18.74 3.04 1.85 5.66 52.1 2.67 1.35 0.02
Jiangxi 3 6.5 27.56 3.82 1.35 173.3 23.17 2.08 1.88 0.08
Jiangxi 4 5.3 29.82 3.96 2.12 10.71 17.68 2.05 1.51 0.09
Jiangxi 5 5.6 18.16 3.11 1.66 22.16 70.45 3.47 3.02 0.14

Zhejiang 1 5.4 14.97 2.14 0.69 103.2 18.7 2.45 1.18 0.18
Zhejiang 2 5.8 35.1 2.2 1.46 221.4 52.34 2.14 0.9 0.02
Zhejiang 3 6.8 19.14 2.13 0.45 10.16 36.95 2.53 1.27 0.22
Zhejiang 4 6.4 21.64 2.68 1.32 177.7 50.08 0.23 1.61 0.06
Zhejiang 5 6.7 21.58 3.28 0.9 89.36 50.14 2.65 1.29 0.35
Zhejiang 6 6.0 18.22 2.48 1.15 147.5 55.3 2.24 0.79 0.51
Zhejiang 7 8.2 18.04 3.02 1.52 574.4 0.12 2.58 0.51 0.2

3.2. Spatial Variation in Soil Biological Nitrogen Fixation (BNF) Rates

BNF varied from 24 ± 3 to 368 ± 13 kg N ha−1 among the 12 paddy soils Figure 1a,
indicating a 15.3-fold disparity across locations. The overall coefficient of variation (CV)
was 89.0%, indicating substantial variability in nitrogen-fixing activity. The variability of
soil in Zhejiang (CV = 81.8%) was somewhat greater than that in Jiangxi (CV = 75.3%).
The maximum BNF rate was recorded in Zhejiang 6 (368 ± 13 kg N ha−1), whereas the
minimum BNF rate was seen in Zhejiang 2 (24 ± 3 kg N ha−1). The BNF varied from
28 ± 3 kg N ha−1 at Jiangxi 4 to 165 ± 7 kg N ha−1 at Jiangxi 5. Weekly N-Fixation
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rate demonstrated further notable disparities across provinces in the temporal patterns
of ARA (nmol C2H4 g−1 dry soil h−1). Nitrogenase activity was often elevated and more
variable in Zhejiang soils, with notable peaks early in the season, especially at Zhejiang
3 (11.10 nmol C2H4 g−1 dry soil h−1), Zhejiang 5 (6.63 nmol C2H4 g−1 dry soil h−1), and
Zhejiang 6 (6.02 nmol C2H4 g−1 dry soil h−1) during the first two weeks of incubation
Figure 1b,c. These peaks were followed by phases of stability and intermittent secondary
peaks. Conversely, the activity in Jiangxi soils was comparatively lower and more constant
during the incubation period, with only minor increases at few areas between weeks 9 to
12. By week 13, nitrogenase activity decreased to near-background levels across all soils,
indicating a universal late-season reduction in diazotrophic activity. BNF rates differed
substantially among sampling sites, with generally higher BNF capacity observed in the
Zhejiang soils than in the Jiangxi soils.

Figure 1. Biological nitrogen fixation (BNF) and Nitrogen Dynamics across Jiangxi and Zhejiang
soils. (a) BNF rates of sampling sites, Jiangxi and Zhejiang using acetylene reduction assay (ARA).
(b) Weekly BNF rate (nmol C2H4 g−1 dry soil h−1) over a 13-week incubation period, illustrating
temporal dynamics of nitrogenase activity across Jiangxi sites (c) Weekly BNF rate (nmol C2H4 g−1

dry soil h−1) over a 13-week incubation period, illustrating temporal dynamics of nitrogenase activity
across Zhejiang sites. (d) Soil total nitrogen (TN), plant nitrogen uptake, and plant biomass across
Jiangxi and Zhejiang sampling sites. In panel (a), bars represent the mean BNF values for each site
(n = 3), with error bars showing standard deviations while in panel (d) error bars showing standard
error. Small letters above the error bars indicate significant differences among soil sites, based on
Tukey’s post-hoc test.

3.3. Coupled Patterns of Soil Nitrogen, Plant N Uptake, Plant Biomass, and Biological
Nitrogen Fixation

Across the 12 paddy sites, soil TN, plant biomass, and plant N uptake each measured
in grams showed moderate variability, whereas BNF (kg N ha−1) exhibited exceptionally
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large differences, revealing contrasting nitrogen acquisition strategies across sites. Soil TN
Figure 1d ranged from 2.2 ± 0.1 to 3.77 ± 0.19 g kg−1 a 1.7-fold range, and plant biomass
varied 5.0-fold (5.18 ± 0.86 to 25.77 ± 2.14 g). Plant N uptake showed a narrower 1.7-fold
range (2.22 ± 0.07 to 3.79 ± 1.16 g) and generally followed the biomass pattern, indicating
that higher biomass sites extracted more nitrogen from the soil. In contrast, BNF varied
15.3-fold (24 ± 3 to 368 ± 13 kg N ha−1) Figure 1a, far exceeding the variability observed in
soil TN or plant uptake. Several Zhejiang sites (Zhejiang-1, 3, & 6) exhibited 2.5–7× higher
BNF than Jiangxi sites with similar or even higher soil TN, demonstrating strong microbial
compensation where soil N availability or plant uptake alone was insufficient. Zhejiang 6,
with the highest BNF fixed 15× more nitrogen than Jiangxi 4, despite Jiangxi 4 having the
highest soil TN. Plant biomass was negatively associated with BNF, with the regression
explaining 33% of the variation (R2 = 0.33, p = 0.049; Figure 2). BNF generally decreased
with increasing plant biomass. This negative association indicates that higher BNF rates
were not accompanied by greater plant biomass under the experimental conditions.

Figure 2. Relationship between biological nitrogen fixation (BNF) and plant biomass across the
12 paddy soils. The solid line represents the fitted linear regression, and the shaded area indicates
the 95% confidence interval. The relationship was negative (R2 = 0.33; p = 0.049).

3.4. BNF Soil Factor Relationship and Identification of Soil Drivers of BNF Through IF, VIF

The Pearson correlation analysis indicated that certain soil micronutrients and physical
features had the strongest association with variations in biological nitrogen fixation (BNF)
as we can see in Figure 3. Molybdenum had the most robust positive correlation with
BNF, aligning with its essential function as the primary cofactor of nitrogenase. While clay,
Available copper (ACu), available manganese (AMn) and available iron (AFe) exhibited
a modest positive correlation. Conversely, bulk density, soil organic carbon, and total
nitrogen exhibited a negative correlation with biological nitrogen fixation. Moreover, the
study of the important factor (IF) Figure S1A indicated that BD, AP, and Mo were the
primary soil determinants for BNF, exhibiting the highest IF values of 0.75, 0.69, and 0.66,
respectively, and showed a strong association with BNF. Clay had a considerable influence
(IF = 0.45), whereas all other factors shown weak or negligible associations (IF < 0.35). The
variance inflation factor (VIF) Figure S1B analysis indicated little multicollinearity among
the main predictors (VIF = 1.50–2.85), except for manganese, which exhibited a somewhat
elevated value (5.67). These trends together indicate that BNF is favored in soils exhibiting
optimal physical structure and adequate micronutrient availability, whereas nutrient-dense
or compacted soils hinder diazotrophic activity.
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Figure 3. Pearson correlation coefficients between biological nitrogen fixation (BNF) and key soil
variables. Scale on the right side of the heatmap represents magnitude of the correlation, while color
indicates direction and strength (red = positive, blue = negative).

3.5. Microbial Diversity

The twelve paddy sites across two provinces exhibited different biogeographic pat-
terns of phyla and genera characterized by significant biological nitrogen fixation activity.
Proteobacteria (32–53%), including several facultative and anaerobic diazotrophs capable
of nitrogen fixation under diverse redox conditions, were prevalent in the highest BNF
sites of Zhejiang Figure 4a. These sites were abundant in Gemmatimonadetes, Chloroflexi,
and Bacteroidetes. We used a correlation threshold of |r| > 0.5 and developed a precisely
constructed co-occurrence network of phyla Figure 4b including 21 nodes interconnected by
85 solid connections (47 positive and 38 negative). The network exhibited a comparatively
elevated average degree (8.10), suggesting a robust ecological link across taxa. Community
identification revealed a division of the network into four coherent modules, exhibiting
a modularity of 0.41, which indicates a substantially modular non-random interaction
pattern. Substantial positive and negative correlations indicate the presence of cooperative
guilds and competitive or niche-segregated phyla. Overall, these topological characteris-
tics indicate that the formation of microbial communities in paddy soils is influenced by
organized ecological interactions rather than random co-occurrence.

Figure 4c shows a considerable rise in Anaeromyxobacter, Geobacter, and Pseudomonas
in high BNF Zhejiang soils. All these taxa possess the ability to fix nitrogen, decrease
iron, denitrification and respire anaerobically. Oligotrophic and symbiotic genus such
as Bradyrhizobium, Rhizomicrobium, Opitutus, and Candidatus Koribacter predominated in
Jiangxi soils, characterized by reduced and more stable biological nitrogen fixation (BNF).
The Pearson correlation analysis Figure 4d revealed a strong positive association between
biological nitrogen fixation (BNF) and Pseudomonas (r = 0.70, p < 0.05), suggesting its po-
tential as a principal diazotrophic contributor in soils with elevated BNF levels. In contrast,
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BNF exhibited a negative correlation with Acidobacteria species, including Koribacter and
Solibacter, suggesting that these oligotrophic taxa diminish in circumstances conducive to
active nitrogen fixation. Certain genera exhibited closely coordinated behavior, such as a
substantial co-occurrence between Burkholderia and Phenylobacterium (r = 0.76) and a distinct
negative correlation between Rhizomicrobium and Anaeromyxobacter (r = −0.56). Pearson
correlation analysis between BNF, soil chemical properties, and diazotrophic taxa revealed
(Figure S2) that BNF was strongly and positively associated with available Mo, while show-
ing negative relationships with SOC and TN, indicating contrasting nutrient controls on
N2-fixation. Among microbial groups, Pseudomonas and Anaeromyxobacter exhibited the
strongest positive correlations with BNF, highlighting their functional relevance. Soil pH
further structured microbial patterns, aligning positively with Bradyrhizobium and Solibacter,
whereas SOC showed negative associations with taxa such as Opitutus. Strong microbial
co-occurrence patterns, particularly Burkholderia–Phenylobacterium and Koribacter–Solibacter,
reflected tightly linked community networks within the soil system. Collectively, these
results indicate that BNF manifests within a structured interaction network of microorgan-
isms, rather than as isolated taxon-level reactions.

Figure 4. Microbial community composition and co-occurrence patterns across Jiangxi and Zhejiang
paddy soils. (a) Relative abundance of dominant bacterial phyla. (b) Phylum-level co-occurrence
network showing positive (blue) and negative (red) correlations. (c) Relative abundance of dominant
bacterial genera. (d) Genus-level correlation heatmap, with significant correlations indicated by
asterisks (p ≤ 0.05).

3.6. Alpha Diversity Patterns

The 12 paddy habitats exhibited significant variation in microbial alpha diversity rich-
ness, whereas high evenness remained constant. The recorded species richness Figure S3B
ranges from 1439 to 2137, with the peak species richness in Zhejiang 3 and the minimum in
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Zhejiang 4. The Chao1 estimate Figure S3A demonstrated significant richness (1833–2721),
implying the existence of several uncommon species across all locations. The diversity in-
dices, determined by richness and evenness, were elevated and comparable, with Shannon
indices Figure S3C spanning from 7.38 to 8.74 and Simpson indices Figure S3D ranging
from 0.974 to 0.992, indicating that the microbial communities exhibited high diversity and
equilibrium. Zhejiang sites exhibited greater richness and Shannon diversity compared to
Jiangxi sites. This aligns with the significantly elevated BNF rates seen at several locations
in Zhejiang. This trend indicates that more diversified microbial communities may include
a greater reservoir of potential diazotrophic species and enhanced functional redundancy,
potentially augmenting biological nitrogen fixation under ideal environmental circum-
stances. The comparatively reduced variety reported in Jiangxi may correlate with the more
moderate and steadier BNF rates seen at these locations. In conclusion, our findings suggest
that microbial diversity is a strong predictor of the geographical distribution of biological
nitrogen fixation (BNF) and may serve as a significant biological connection between soil
environmental parameters and nitrogen fixation capacity in paddy ecosystems.

3.7. Beta Diversity Patterns and Their Relationship with BNF Across Sites

The Bray–Curtis Principal Coordinates Analysis (PCoA) showed variation in microbial
community structures among the paddy soils of Jiangxi and Zhejiang Figure S4a,b Jiangxi
samples were relatively closely within the ordination space (PCoA1: −0.069 to 0.038;
PCoA2: −0.040 to 0.088), suggesting relatively similar community composition among
these samples. Conversely, Zhejiang samples occupied a wider range of ordination space
(PCoA1: −0.060 to 0.117; PCoA2: −0.086 to 0.034) across both ordination axes. Although
the two provincial groups showed some overlap in ordination space, Zhejiang samples
displayed greater dispersion than Jiangxi samples. The observed variation in microbial
community composition was associated with variation in BNF among the sampling sites,
however the PcoA did not show clear separation of microbial communities according
to province.

3.8. Soil and Microbial Predictors of Biological Nitrogen Fixation: Insights from Redundancy
Analysis and Random Forest Modeling

Redundancy analysis (RDA) demonstrated that the physicochemical characteristics
of the soil substantially affected the composition of the diazotrophic community in the
paddy soils Figure 5C,D. The first two axes of RDA accounted for 54.0% of the overall
diversity in community organization. RDA1 and RDA2 accounted for 29.4% and 24.6% of
the overall variation, respectively. Hierarchical partitioning identified molybdenum (Mo)
as the primary environmental predictor, accounting for 49% of the variance in diazotrophic
community composition. Permutation experiments corroborated the predominant influ-
ence of Mo on community structure (F = 16.15, p = 0.002), followed by cation exchange
capacity (CEC; F = 10.39, p = 0.01) and Mn (p = 0.02). Soil pH, accessible phosphorus (AP),
and copper (Cu) exhibited no significant correlation with the variance of diazotrophic
communities (p > 0.10).

The Random Forest analysis indicated that the variance in biological nitrogen fixation
(BNF) was significantly associated with soil physicochemical parameters and microbial
community composition, with the optimized model accounting for 37.85% of the over-
all variation in BNF Figure 5A,B. The main predictors for BNF were determined by the
percent increase in mean squared error (%IncMSE) as follows: availability molybdenum
(AMo; 11.61%), clay content (10.67%), Chlorobi (9.67%), bulk density (BD; 8.97%), and
Nitrospirae (8.22%). AMo, clay content, and bulk density (BD) were the most reliable
contributors among the soil variables, whereas accessible phosphorus (AP), available man-
ganese (AMn), and soil organic carbon (SOC) contributed comparatively less. Microbial

https://doi.org/10.3390/environments13090509

https://doi.org/10.3390/environments13090509


Environments 2026, 13, 509 11 of 20

taxa such as Chlorobi, Nitrospirae, Pseudomonas, Ignavibacteriae, Verrucomicrobia, and
Deinococcus–Thermus served as significant predictors. Comparable patterns were seen for
IncNodePurity values Figure 5B, with AMo, BD, Pseudomonas, Chlorobi, and Cyanobacte-
ria identified as the principal contributors to the overall reduction in model impurity. The
variability of BNF in paddy soils was linked to the combined influences of soil parameters
and the makeup of the diazotrophic community.

Figure 5. Random Forest and redundancy analysis (RDA) identifying key soil variables shaping
diazotrophic community structure across Jiangxi and Zhejiang paddy soils. (A) Variable importance
based on %IncMSE, showing the relative contribution of soil properties and selected microbial taxa
to model accuracy (R2 = 0.379). (B) Variable importance based on IncNodePurity, highlighting
the strongest predictors of diazotroph distribution. (C) RDA ordination illustrating relationships
between soil variables (AP, BD, clay, CEC, SOC, AMn, AMo) and abundant potentially diazotrophic
and genera (Anaeromyxobacter, Pseudomonas, Geobacter, Opitutus, Rhizomicrobium, Bradyrhizobium).
(D) Explained variation (%) of individual soil variables on potential diazotrophic bacterial community
composition. Dark red bars indicate significant variables, while gray bars indicate non-significant
variables. Significance levels: * p < 0.05, ** p < 0.01. Molybdenum (Mo) showed the most significant
effect (p < 0.01) on community composition.

4. Discussion
BNF significantly enhances available nitrogen content in paddy ecosystems, potentially

reducing reliance on external fertilizer inputs [46]. BNF size significantly varies among
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locations due to the regulation of nitrogen fixation by the interplay of soil physicochemical
properties, microbial community composition, and ecosystem nitrogen requirements [25].
The present work demonstrates that biological nitrogen fixation in paddy soils is influenced
by several environmental conditions, as shown by the integration of ARA derived estima-
tions of biological nitrogen fixation with soil characteristics, microbial diversity, community
composition, and multivariate analysis. It arises from a hierarchical soil-microbe feedback
mechanism in which the physical structure of the soil and nutrient availability determine
the makeup of diazotrophic communities, hence regulating the magnitude and temporal
dynamics of nitrogen fixation. This paradigm encapsulates the significant disparity ob-
served between Jiangxi and Zhejiang, as well as the considerable variety in BNF across
various locations.

4.1. Relationships Between Soil Physical Properties and Biological Nitrogen Fixation (BNF)

Among the soil physical properties evaluated, clay content and bulk density were
identified as important predictors of BNF variation in random forest analysis. These result
suggests that variation in soil physical condition may contribute substantially to differences
in BNF among the sampled soils [47]. The observed association between clay content
and BNF is likely related to the effects of soil texture on water retention capacity, oxygen
transport, nutrient retention, and microscale redox heterogeneity. In the flooded paddy soils,
these properties can generate spatially heterogenous microenvironments that potentially
support different microbial processes, including BNF [8]. As a result, fine textured soils
may offer more favorable environments for diazotroph establishment and persistence
than coarse textured soils, owing to consistent moisture conditions and microorganisms’
protection from environmental variations [48].

Bulk density showed a negative association with BNF indicating that BNF tended to
decrease as soil density increased. This association is plausible that higher bulk density
reduce spore connectivity, thereby limiting gas exchange and alter the physical habitat
available to microorganisms [47]. In paddy soil, such physical constraints would reduce
the availability of suitable microhabitats for diazotrophic activity and may create subop-
timal oxygen gradients for nitrogenase function. Collectively, these compaction-induced
effects are consistent with the observed suppression of BNF under higher bulk density
conditions [49].The identification of clay content and bulk density across multiple an-
alytical approaches suggests that soil physical properties are important correlates and
predictors of BNF variation in the sampled soils. These findings indicate that soil tex-
ture and bulk density may contribute to variation in the physical habitat experienced by
diazotrophic communities [50].

4.2. Soil Nutrient Availability Associated BNF

Soil physical structure was the most significant predictor of BNF, but nutrient avail-
ability was also important. Across the different analysis AP, AMo, repeatedly emerged as
variable associated with variation in BNF. Their importance was supported by correlation,
RDA and RF modelling analysis our observation are consistent with Wong, et al. [51].
AP showed a positive association with BNF, indicating that soils with higher AP tended
to exhibit higher BNF rates. This relationship is biologically plausible because N2 fixa-
tion requires substantial energy and ATP, making P availability potentially important for
maintaining the energetic demands of diazotrophic. metabolism [52]. Sites with increased
phosphorus availability may be better able to sustain the high metabolic expenditures of
nitrogen fixation, resulting in faster fixation rates [53]. However, the present observational
data cannot establish that increased P availability directly stimulates BNF.
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Available Mo showed a positive association with BNF (r = 0.82]), indicating that
BNF tended to increase with increasing Mo availability across the sampled soils. This
relationship is biologically plausible because Mo is an essential component of the Fe-
Mo-cofactor of Mo-dependent nitrogenase and therefore has a well-established role in
N2 reduction [54,55]. The substantial relationship between Mo and BNF and diazotroph
community structure shows that micronutrient availability associate enzyme activity and
nitrogen fixer community composition [56]. Nevertheless, because Mo availability was
not experimentally manipulated, the observed association should not be interpreted as
direct evidence that Mo availability causally increased BNF. The importance of Mo was
further supported by its contribution to diazotrophic community variation in the RDA and
its relatively high predictive importance in the Random Forest model (%IncMSE = 11.6),
suggesting that Mo availability may be an important environmental correlate of both
BNF and diazotrophic community structure as reported by Rousk, et al. [57], Mo is the
key component of nitrogenase enzyme and it helps to shape diazotrophs. Microbial
communities were also associated by manganese and cation exchange capacity (CEC) [58].
Although their direct associations with BNF were weaker than those observed for AP and
Mo, Mn and CEC were associated with variation in diazotrophic community composition.
Their potential roles may relate to nutrient retention, electron-transfer processes, and soil
redox conditions; however, these mechanisms were not directly tested in the present study.
Overall, our findings suggest that nutrient availability determines the biophysical feasibility
of N2 fixation [59,60].

4.3. Microbial Community Composition, Soil Conditions and BNF Variation

A key finding of this study is that soil physicochemical properties associate biolog-
ical nitrogen fixation (BNF) not only through direct effects on nutrient availability and
microbial activity, but also indirectly through their influence on diazotroph community
assembly [25,61]. The RDA results indicate that variation in soil physicochemical proper-
ties was associated with variation in diazotroph community composition. Together with
the observed relationships between microbial taxa and BNF, these findings suggest that
community composition may represent an important ecological component associated
with BNF variation [62]. This pattern suggests that differences in BNF among sites arise
because local soil conditions select microbial taxa with distinct ecological strategies and
nitrogen-fixing capabilities [63,64].

The alpha diversity results provide additional support for this mechanism. Zhejiang
soils generally exhibited greater richness and slightly higher diversity than Jiangxi soils,
suggesting a larger pool of potential diazotrophs and greater functional redundancy [65].
Higher microbial diversity may increase the range of taxa capable of contributing to
ecosystem functions; however, diversity alone does not demonstrate greater BNF potential,
and the present data suggest that community composition may be more informative than
richness alone [16,66].

This interpretation is supported by the genus- and phylum-level analyses, which re-
vealed clear shifts in diazotroph assemblages between provinces. High-BNF Zhejiang sites
were enriched in Proteobacteria and contained greater abundances of Anaeromyxobacter,
Geobacter, Pseudomonas, Gemmatimonas, and Anaerolinea and Pearson correlation analy-
sis Figure 3 also supported that Pseudomonas is the most significant positively correlated
genera with BNF as supported from previous studies that pseudomonas is keystone genera
in paddy soil to support BNF in diazotrophs [67,68]. These taxa are commonly associated
with metabolic flexibility and adaptation to fluctuating redox conditions typical of flooded
paddy soils [69]. The greater abundance of these taxa coincided with higher BNF at several
Zhejiang sites and may indicate differences in the functional potential of the diazotrophic
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communities. However, functional traits and metabolic responses were not directly mea-
sured, and therefore this interpretation remains hypothetical [70]. In contrast, Jiangxi soils
were characterized by greater abundances of Bradyrhizobium, Rhizomicrobium, Opitutus,
and Candidatus Koribacter, taxa generally associated with more stable nutrient environ-
ments and conservative resource-use strategies. The dominance of these genus corresponds
with the lower and more uniform BNF rates observed across Jiangxi sites [19]. Collectively,
these findings indicate that microbial community assembly represents a critical intermedi-
ate mechanism linking soil environmental conditions to ecosystem-level nitrogen fixation.
Soil physicochemical properties act as environmental filters that shape diazotroph diversity
and composition, while the resulting functional characteristics of microbial communities
ultimately determine the magnitude and variability of BNF across paddy soils consistent
with previous studies [71].

4.4. Community Heterogeneity and Spatial Variation in BNF Potential

The beta diversity analysis provides further evidence of an association between mi-
crobial community structure and BNF variation across the sampled paddy soils. Zhejiang
communities occupied a broader ordination space than Jiangxi communities, indicating
greater variation in community composition heterogeneity among sites. In contrast, Jiangxi
samples clustered more tightly, reflecting relatively homogeneous microbial assemblages.
Such variation in community composition may be associated with differences in functional
potential and ecosystem processes [72,73].

The greater dispersion of Zhejiang communities indicates greater variation in dia-
zotrophic assemblages among sites, which may reflect in soil properties, nutrient avail-
ability, and redox conditions. This compositional variation may correspond to differences
in functional potential of diazotrophic communities, although functional traits were not
directly assessed in present study [74,75]. In contrast, the tighter clustering of Jiangxi
communities indicates greater compositional similarity among these sites. This pattern
may reflect relatively similar environmental conditions, although environmental filtering
was not directly assessed in this study. The relatively similar diazotrophic assemblages
observed in Jiangxi may be associated with greater similarity in local ecological condi-
tions, this pattern coincided with the comparatively narrower range of BNF rates observed
across the Jiangxi sites. This interpretation is consistent with the narrower range of BNF
observed across Jiangxi sites and with the higher soil TN and lower microbial variability
characteristics of these soils [76,77].

The beta diversity patterns, together with the alpha diversity, taxonomic composition,
and RDA results, suggest that differences in soil physicochemical properties are associated
with variation in microbial community assembly and BNF. Soil environmental gradients
create distinct ecological niches that select for different diazotrophic taxa and functional
traits, ultimately determining the magnitude and stability of nitrogen fixation across
sites. Thus, community composition may represent an important ecological component
associated with the relationship between soil conditions and BNF variation across the
sampled paddy soils [78,79].

4.5. Association Between Soil Nitrogen Availability, Plant Biomass and BNF

The relationships between BNF, soil TN, plant biomass, and plant N uptake provide
important insights into the ecological role of nitrogen fixation [80]. Although biomass and
plant N uptake generally increased together, BNF exhibited a contrasting pattern. Sites
characterized by lower or moderate nitrogen availability frequently displayed elevated
fixation rates, whereas sites with high soil TN generally exhibited reduced BNF. This pattern
is consistent with the ecological expectation that N2 fixation may become more important
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under conditions of lower available N; however, the observed relationships do not establish
that BNF directly responded to nitrogen demand in the present study [81]. Previous studies
have proposed that diazotrophic activity can respond to N availability, with greater fixation
under conditions of N limitation and reduced fixation when alternative N sources are
abundant. Our observed negative association between TN and BNF is consistent with
this framework [82]. The exceptionally high BNF rates observed in several Zhejiang sites
provide a clear example of this compensatory response. Despite possessing only moderate
soil nitrogen concentrations, these sites supported substantially greater fixation than several
nitrogen-rich Jiangxi soils. This pattern is consistent with a potential contribution of BNF to
N supply under relatively lower soil N availability, although direct compensation cannot
be demonstrated from the present observational relationships.

4.6. A Soil–Microbe Framework for Regulating BNF in Paddy Ecosystems

When put together, the findings support a conceptual framework in which BNF is
the outcome of interactions between soil physical structure, nutrient availability, microbial
community assembly, and ecosystem nitrogen demand. Soil texture and bulk density were
associated with variation in microorganisms’ physical habitat, while AP, Mo, and other
nutrients were associated with variation in BNF and bacterial community structure. These
environmental gradients may contribute to diversity in diazotroph community composition,
resulting in the formation of various functional microbial communities. The size and timing
of BNF are determined by the functional features reflected in these communities, and
they adjust to local nitrogen limits. The higher BNF observed at several Zhejiang sites
coincided with differences in soil physical properties, micronutrient availability, microbial
diversity, and diazotrophic community composition. These factors may jointly contribute
to the observed spatial variation in BNF, although their individual causal contributions
cannot be separated using the present observational dataset. Higher-BNF Zhejiang soils
were generally enriched in Proteobacteria and several diazotrophic genera, whereas Jiangxi
soils showed greater representation of relatively oligotrophic taxa. However, the lack of
clear province-level separation in PCoA suggests that these differences were more closely
associated with local soil conditions than geographic location alone. In contrast, Jiangxi soils
exhibited more homogeneous diazotrophic communities and relatively lower BNF, which
may partly be associated with their comparatively higher N availability and consequently
lower ecological demand for energetically costly N2 fixation.

4.7. Implications for Sustainable Nitrogen Management

The results have important implications for sustainable rice production. Management
measures that improve soil structure, reduce compaction, maintain available phosphorus,
and provide a sufficient supply of micronutrients may increase the importance of biological
nitrogen fixation in crop nutrition. Maintaining varied and functionally viable microbial
communities that can adjust to environmental changes and enable nitrogen fixation under a
variety of field situations is also critical. These findings suggest that management practices
aimed at maintaining favorable soil structure, adequate P and micronutrient availability,
and diverse diazotrophic communities could potentially support BNF and contribute
to improved nitrogen use efficiency. However, field-based experiments are needed to
determine whether modifying these soil properties can effectively enhance BNF and reduce
fertilizer requirements. Future studies should also monitor changes in soil redox conditions
and the availability of nutrients and trace elements before and after flooding to better
elucidate their roles in regulating BNF under paddy soil conditions.
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5. Conclusions
This study revealed substantial spatial variation in biological nitrogen fixation (BNF)

across long-term rice-cultivated paddy soils from Jiangxi and Zhejiang. BNF variation
was associated with local soil physicochemical properties, micronutrient availability, and
diazotrophic community composition. Available Mo, and clay content, emerged as impor-
tant predictors, while Pseudomonas abundance was positively associated with BNF. Despite
higher BNF in Zhejiang soils than Jiangxi soils, absence of clear province-level separation
of microbial communities, suggesting that local soil conditions rather than geographic
location alone better explain BNF variation. Overall, our findings highlight the importance
of integrating soil properties and diazotrophic communities to understand spatial BNF
patterns and provide a basis for future experiments evaluating soil management strategies
to enhance biological N supply in paddy ecosystems.
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