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ABSTRACT23
Biological nitrogen fixation (BNF) is important for sustainable rice cultivation. Various24

edaphic factors have been individually evaluated for their effects on BNF in paddy soils.25
However, no single factor could fully explain the different soil outcomes. Paddy BNF is more26
likely to be simultaneously influenced to various degrees by combinations of several factors;27
however, the relative importance of the interaction of multiple edaphic factors on the28
regulation of BNF in rice soils is still unclear. Twenty-seven paddy soil samples with different29
soil properties were collected from major cropping areas in southwest and northeast China.30
Rice was transplanted into pots of these soils and grown in a 15N2 enriched airtight chamber.31
Estimation of BNF was based on measurements of 15N enrichment in the different soils and32
rice plants at the end of a 77-day incubation period. BNF amounts ranged from 0.66 to 12.333
kg  ha-1. BNF had a significant positive relationship with available phosphorus (AP) and34
significant quadratic relationships with available molybdenum (AMo) and total soil nitrogen35
(TN). AP explained 42% of the observed variation in BNF, TN explained 17%, and AMo36
explained 13%. The specific interaction between the soil cation exchange capacity (CEC) and37
available soil N (ASN, as determined by rice N uptake) accounted for 28% of the variation.38
BNF was reduced when AP was < 14 mgkg-1, AMo < 0.09 mgkg-1, or when TN was > 3.239
g  kg-1. These results provide valuable benchmarks that could be used to guide farmers in40
managing their soils to improve the potential contribution of paddy BNF to soil fertility.41
Key Words: available molybdenum, available soil nitrogen, influencing factors, multiplicative42
effect, rice field43
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53

INTRODUCTION54
55

Flooding conditions in rice fields create a suitable environment for biological nitrogen56
fixation (BNF), which greatly contributes to the sustainability of paddy productivity before57
utilizing N fertilization (Ladha and Reddy, 2003). BNF is more environmentally friendly than58
N fertilization, but the amount of BNF is limited by edaphic factors (Buresh et al., 1980).59
Some studies have investigated the effects of different edaphic factors (e.g., pH, N availability,60
molybdenum, phosphorus, and oxygen concentration) on BNF from physiological, genetic,61
and ecological perspectives (Reed et al., 2011; Smercina et al., 2019). Although some factors62
have been found to affect paddy BNF, how these edaphic factors work together on BNF and63
how important they remain elusive (Reed et al., 2011).64

BNF can be limited by edaphic factors in two different but inclusive ways: BNF is65
actively decreased for environmental adaptation or passively decreased because of66
environmental limitations (Reed et al., 2011). Diazotrophs fix atmospheric N2 for67
physiological demand, but at the cost of high energy consumption (Stam et al., 1987). To68
balance N acquisition and the energy cost of N2 reduction, BNF is highly regulated by a69
sophisticated regulatory network at the gene and protein levels (Dixon and Kahn, 2004). Most70
diazotrophs switch off BNF by downregulating the expression of the nifA gene and71
inactivating nitrogenase when the external mineral N is sufficient for their growth (Halbleib72
and Ludden, 2000; Dixon and Kahn, 2004). Similarly, because of the oxygen sensitivity of73
nitrogenase, its expression level is tightly controlled by oxygen concentration (Hill, 1988).74
Furthermore, the BNF is also passively reduced owing to external restrictions. Survival of75
diazotrophs is essential for BNF. Aluminum compounds repress the growth of cyanobacteria76
and decrease BNF (Jurgensen, 1973; Jančula and Maršálek, 2011; Wang et al., 2019).77
Diazotrophs tend to live in a neutral environment, whereas an acidic or alkaline environment78
represses BNF (Meng et al., 2021). Molybdenum is necessary for the synthesis of79
Mo-dependent nitrogenases. Mo deficiency decreases nitrogenase activity by obstructing its80
synthesis (Jurgensen, 1973; Ma et al., 2019a). In addition, due to the high demand for ATP,81
BNF is repressed under the constraints of energy sources and phosphorus (Vitousek et al.,82
2002; Chiewattanakul et al., 2022). The survival of diazotrophs, nif genes transcription,83
assembly of Fe-Mo cofactors, and ATP consumption are necessary processes for BNF, and84
different edaphic factors influence these processes. Only when the environmental85
requirements of these processes are met can the N2 be reduced to ammonium by nitrogenases.86
Therefore, we hypothesized that BNF amount is the result of the multiplication of edaphic87
factors rather than a simple sum (Fig. 1).88

89
Fig. 190

Fig. 1 The framework of how multiple edaphic factors affect BNF. The fulfillment of91
BNF needs four necessary processes — the survival of diazotrophs, transcription of nif genes,92
assembly of Fe-Mo cofactor, and ATP consumption. These components work sequentially;93
failure of any part will limit BNF. So, we inferred that BNF is affected by edaphic factors94
multiplicatively rather than additively and hypothesized that BNF amount is the result of the95



multiplication of edaphic factors than a simple sum.96
97

To test this hypothesis, 27 paddy soils, including eight subgroups, were sampled from the98
southwest to the northeast and incubated with rice plantations in an airtight, transparent, and99
15N2 enriched growth chamber until the rice was ripe to measure BNF amounts. We attempted100
to answer four questions: (1) what are the driving edaphic factors of paddy BNF amounts? (2)101
how do these factors work together on BNF? (3) what is their relative importance? (4) What102
are their limiting thresholds?103

104
MATERIALS AND METHODS105

Soil collection106

In the Second Soil Survey of China, paddy soils were classified into eight subgroups107
according to the pedogenic classification of Soil Taxonomy of China. They are bleached108
paddy soils, gleyed paddy soils, percolated paddy soils, de-gleyed paddy soils, submerged109
paddy soils, salty paddy soils, periodical water-logging paddy soil and others (fluvo-aquic110
soils, gray fluvo-aquic soils). The following criteria were considered during soil sampling site111
selection: 1) all subgroups were covered, 2) the site was the main rice production area, and 3)112
each subgroup was located in different areas. Finally, 27 sites were selected based on the113
detailed addresses and surrounding conditions described in the Second Soil Survey of China.114
A total of 27 soil samples were collected in 2015 and 2016 (Fig. 2). In each site, a soil sample115
was collected in an “S” shape at several points from the plow layer (0-15cm) after the harvest116
of rice. All paddy soil samples were air-dried and passed through a 2-mm sieve to remove117
plant residues and stones. The thoroughly homogenized soil samples were then used to118
analyze the soil physicochemical properties and for field 15N2 labeling experiment.119
Information on the sampling sites and soil properties is shown in Fig. 2 and Table I.120

121
Fig. 2122
Fig. 2 Sampling locations for paddy soils.123

124



Table I125
Physiochemical properties of 27 soil samples used for 15N2 labeling incubation.126
Sample
ID pH OC TN TP TK AP AK AMo CEC Bulk

Density

gkg-1 mgkg-1 cmolkg-1 gcm-3

L1 6.05 12.06 1.05 0.40 18.06 27.67 112.21 0.24 16.14 1.41
L2 7.71 13.58 1.29 0.58 19.38 34.82 274.30 0.19 17.56 1.11
L3 6.21 14.74 1.36 0.79 21.54 67.98 265.98 0.38 19.04 1.16
L4 5.65 12.57 1.13 0.49 19.56 14.19 178.71 0.25 20.53 1.29
L5 7.65 16.41 1.77 0.66 18.96 43.59 374.04 0.34 30.69 1.18
L6 7.77 11.45 0.99 0.45 20.30 21.92 224.42 0.22 14.03 1.21
L7 7.85 16.78 1.86 1.05 18.50 57.38 174.55 0.11 19.47 1.33
L8 6.70 15.98 1.77 0.49 16.98 19.83 162.08 0.18 22.03 1.14
L9 6.86 16.69 1.84 0.50 17.67 18.52 232.74 0.19 25.24 1.24
L10 7.51 25.81 2.92 1.00 19.69 52.80 149.62 0.32 20.60 1.08
L11 6.56 30.58 3.14 0.71 18.71 21.24 103.90 0.18 23.23 1.17
L12 8.00 13.68 1.54 0.93 15.15 29.35 66.50 0.06 9.42 1.25
L13 5.27 19.57 1.86 0.77 13.63 36.12 128.84 0.41 21.91 1.03
L14 5.01 14.82 1.23 0.49 15.06 34.72 174.55 0.09 19.80 1.14
L15 5.60 14.01 1.30 0.31 19.41 2.51 78.96 0.05 22.88 1.31
L16 4.74 16.54 1.56 0.21 20.35 2.80 132.99 0.08 20.46 0.90
L17 8.14 20.63 1.98 0.86 15.87 17.84 54.03 0.09 17.18 1.31
L18 5.29 18.66 2.03 0.36 15.99 15.89 153.77 0.78 19.65 1.23
L19 4.80 15.28 1.85 0.78 24.14 36.29 170.40 0.19 17.18 1.14
L20 5.34 16.52 1.91 0.27 17.20 10.03 78.96 0.12 10.02 1.16
L21 7.45 29.40 2.82 0.86 14.16 24.15 187.02 0.09 18.74 1.14
L22 5.99 28.52 3.29 0.55 16.97 14.49 295.08 0.26 25.66 0.98
L23 5.06 54.61 3.97 0.71 12.17 9.62 191.18 1.51 35.46 0.96
L24 6.22 30.87 3.35 0.70 9.98 14.80 95.59 0.12 16.63 1.15
L25 6.54 31.57 3.15 0.76 13.19 27.38 132.99 0.24 19.77 1.08
L26 7.12 37.43 3.87 1.07 12.18 52.04 33.25 0.07 17.76 0.97
L27 6.99 22.40 2.24 1.82 6.28 71.11 70.65 0.95 26.87 1.25

Soil physical and chemical analysis127

The soil physicochemical properties were analyzed following the methods described by128
Lu (2000). The soil texture (clay, silt, and sand fractions) was determined using the standard129
pipette method. The soil pH was measured in deionized water at a soil-to-water ratio of 1:2.5130
(w/v). The soil cation exchange capacity (CEC) was determined using the ammonium acetate131
method. Soil organic carbon (OC) concentrations were determined using the dichromate132
redox titration method. Total soil N concentration was measured using a Vario Max CN133
Analyzer (Elementar Analysensysteme GmbH, Hanau, Germany). Soil total P was determined134
using the molybdenum-blue method following digestion by H2SO4-HClO4. Soil total K was135
determined using a flame photometer following digestion with HF-HClO4. Available P in the136
soil was extracted using sodium bicarbonate and determined using the molybdenum-blue137
method. Available K in the soil was extracted by ammonium acetate and determined using a138
flame photometer. The total Fe and Mo in the soil were measured using an inductively139
coupled plasma atomic emission spectrophotometer (ICP-AES) after HF-HNO3-HClO4140
digestion. The quantities of available Fe in soils were determined using the ICP-AES141
following extraction with diethylene triamine penta-acetic acid (DTPA). Available Mo was142



extracted with an acid ammonium oxalate solution and then analyzed using inductively143
coupled plasma mass spectrometry with high performance liquid chromatography144
(HPLC-ICP-MS).145

Field 15N2 labeling experiment146

Field 15N2 labeling experiments were conducted in Xiaoji Town, Jiangdu City, Jiangsu147
Province, China (32°35′N, 119°42′E) from July 27 to October 11, 2018. Three chambers148
(length × width × height = 100 × 100 × 120 cm) (ITIGCN Co., Ltd., Nanjing, China) were149
installed in a flooded rice field. The temperature and CO2 concentration in the chambers were150
automatically controlled according to ambient air temperature (ambient temperature ± 2 °C)151
and CO2 concentration (400 ± 20 ppm). Excessive O2 generated by the rice photosynthesis in152
the chambers was removed using an oxygen absorber composed of iron powder, salt, and153
water (RUI-KOCH Desiccant Co., Ltd., Shenzhen, China). The detailed design and control154
system of the chamber were described by Bei et al. (2013) and Zhang et al. (2021). Three155
chambers were installed, and 27 pots (length × width × height = 9 × 9 × 20 cm) were placed156
randomly in each growth chamber. Air-dried soil was filled into each pot to a depth of 15 cm,157
according to their bulk density (Table I). The soils were submerged with 1–2 cm of water158
above the soil surface for two weeks before seedling transplantation. One seedling of159
two-month-old rice (Oryza sativa L., Wuyunjing 23) was transplanted into each pot from an160
adjacent rice field. Then, 116.37 mg KH2PO4 and 32.55 mg KCl (equivalent to 70 kg of P2O5161
ha−1 and 70 kg of K2O ha−1, which is the commonly applied amount in local rice production)162
were added to each pot before transplantation, while N fertilizer was not applied. After163
transplanting for 10 days, approximately 40 L of air in the 15N2-labeling chamber was164
replaced with enriched 15N2 (approximately 95 atoms% 15N), as described by Bei et al. (2013).165
The 15N enrichment of N2 within the labeling chamber was constantly monitored during the166
77-day labeling period (Fig. S1). The soil and plant samples in the growth chambers were167
sampled after 77 d of labeling. The rice plants were separated into two parts: aboveground168
and underground. The soil in each pot was sectioned from the top at two intervals (0–1 cm169
and 1–15 cm). A subsample of soil and plant samples was then dried and ground using a170
Retsch MM 400 mixer mill (Retsch, Haan, Germany), and analyzed for total nitrogen (TN)171
content and 15N-enrichment using a Thermo Finnigan Delta plus Advantages Mass172
Spectrometer coupled with an elemental analyzer (Thermo Fisher Scientific Inc., Waltham,173
MA, USA).174

Calculations and statistical analysis175

The amount of BNF was calculated as follows:176
15������� ������ % = 15��ℎ����� ������ % − 15�������� ������ % ;
15������� ���(%) = 15��ℎ����� ��� % − 15�������� ��� % ;

%������ =
15������� ������(%)

15������� ���(%)
× 100;

��� �� ��� =
�=1

�

�� ������ × %������� ;

��� �� ℎ� =
��� �� ���

0.09 × 0.09 × 0.01,
177

where %������ is the percentage of N dirived from BNF, �� ������ is the amount of N in178
rice plants (aboveground and underground) and soil (0–1cm and 1–15cm) in the 15N2-labeled179
chamber.180

181



We used rice N uptake per unit of soil to estimate available soil nitrogen (ASN). ASN182
was calculated as:183

184

��� =
�� × �� + �� × ��

� × ��
185

where � is the volume of soil in each pot; �� represents the bulk density of soil; � and186
� represent the N concentration and biomass, respectively; and the subscripts a and u187
represent the aboveground and underground parts of rice, respectively. Information on the188
ASN and rice biomass is shown in Table S1.189

190
The normality of log-transformed BNF and rice biomass was tested using the191

Shapiro-Wilk method and visualized using a normal Q-Q plot (Royston, 1982). Pairwise192
correlation of soil properties was analyzed by “corr.test” function with no adjustment for193
multiple tests and visualized by “corrplot” function (Wei and Simko, 2017; Revelle, 2018).194
The regression analysis of BNF and soil properties was conducted by the “lm” function and195
visualized by the “ggplot2” package (Wickham, 2016; R Core Team, 2022). The significance196
level of P value was set at 0.05. The parameters of our model were estimated by minimizing197
the residual sum of squares using a Newton-type algorithm (Schnabel et al., 1985). The198
relative importance of edaphic factors was calculated by the “relaimpo” package (Grömping,199
2007). The limiting thresholds of edaphic factors were determined by minimizing the p-values200
of t-test of ln(BNF) between soils above and below thresholds. All data and R code201
supporting the results are available from the figshare:202
https://doi.org/10.6084/m9.figshare.20453658.v3203

204



RESULTS205
206

The BNF amounts measured by 15N2 labeling incubation for 77 days ranged from 0.66 to207
12.36 kg ha-1 (Fig. 3a). The mean and median of BNF amounts were 3.64 and 2.97 kg ha-1208
respectively. In contrast to the normal distribution of rice biomass, BNF followed a lognormal209
distribution (Fig. 3b, c).210

211
Fig. 3212
Fig. 3 BNF amounts measured by 15N2 labeling incubation for 77 days until the rice was ripe213
(a), and normal Q-Q plots for log-transformed BNF (b) and biomass of rice (c). P means the214
probability that the distribution is normal.215

216
Considering the lognormal distribution of BNF amounts, BNF amounts were217

transformed using the logarithmic method before regression analysis. The BNF had a218
significant positive linear relationship with pH, available phosphorus (AP), and bulk density219
(Fig. 4a, c, e). Significant quadratic relationships were observed between the BNF amounts220
and total nitrogen (TN), available Mo (AMo), and organic carbon (OC) (Fig. 4b, d, f). BNF221
amounts had a significant positive correlation with the ratio of CEC to available soil nitrogen222
(ASN) (Fig. 4g), but no significant relationship was observed between BNF amounts and223
CEC, and between BNF amounts and ASN.224

225
Fig. 4226
Fig. 4 Statistical analysis of regression between BNF amounts with pH (a), total nitrogen (b),227
available phosphorus (c), available molybdenum (d), bulk density (e), organic carbon (f), and228
the ratio of CEC to available soil nitrogen (g).229

230
BNF amounts were driven multiplicatively by AP, AMo, TN, ASN and CEC. ��� =231

(1.64 ∙ �� + 61.06) ∙ 1
exp 6.04∙���−0.05∙���+9.79 +1

∙ ( − 19.56 ∙ ���2 + 20.43 ∙ ��� +232

3.80) ∙ ( − 23.64 ∙ ��2 + 98.74 ∙ �� + 23.67), which could explain 86% of BNF variation,233
and the residues follow a normal distribution (Fig. 5a). Among the driving factors, AP234
contributed 42%, CEC and ASN contributed 28%, TN contributed 17%, and AMo contributed235
13% to the BNF (Fig. 6a). Removing any one of them would make the R2 lower than 0.80236
(Figure 6a). Adding factors (pH, OC, TP, TK, TFe, TMo, AK, AFe, and Clay) did not increase237
the R2 (Fig. 6b). Adding factors (bulk density, water holding capacity, silt, and sand) slightly238
increased R2, but the increase was less than or equal to two percentage points (Fig. 6b).239

240
Fig. 5241
Fig. 5 Linear regression analysis of predicted BNF and measured BNF (a), and Normal Q-Q242
plots for residues (b). R2 means the explained proportion, and P means the probability that the243
distribution of residues is normal.244

245
Fig. 6246
Fig. 6 Effect of removing factors (AMo, TN, ASN, CEC, AP) (a) and adding factors (pH, OC,247
TP, TK, TFe, TMo, AK, AFe, and Clay, bulk density, water holding capacity, silt, and sand) (b)248
on R2. “All” means the variables that had been selected, namely AP, CEC, ASN, TN, and249
AMo. “-Varible” means deleting a variable from the model, “+Variable” means adding a250
variable to the model. The abbreviations are as follows: TN = total nitrogen, OC = organic251
carbon, TP = total phosphorus, TK = total potassium, TMo = total molybdenum, AP =252
available phosphorus, AK = available potassium, AFe = available iron, AMo = available253
molybdenum, CEC = cation exchange capacity, BD = bulk density, Clay = the percentage of254
clay content, Silt = the percentage of silt content, Sand = the percentage of clay content, WHC255
= water holding capacity, ASN = available soil N.256

257



The limiting thresholds of AP, AMo and TN were 14 mgkg-1, 0.09 mgkg-1 and 3.2 gkg-1,258
respectively. When AP was lower than 14 mgkg-1 or AMo lower than 0.09 mgkg-1, increasing259
AP or AMo significantly increased BNF amounts (Fig. 7a, b). When TN was higher than 3.2260
gkg-1, BNF amount was significantly limited (Fig. 7c).261

262
Fig. 7263
Fig. 7 Thresholds of AMo (a), AP (b) and TN (c) to limit BNF. AMo, available molybdenum;264
AP, available phosphorus; TN, total nitrogen.265

266
DISCUSSION267

268
The BNF amounts estimated at the end of a 77-day incubation ranged from 0.66 to 12.36269

kg·N·ha-1 (9–160 g·N·ha-1·day-1, Fig. 3a). The mean and median of BNF amounts was 3.64270
and 2.97 kg·N·ha-1 (47 g·N·ha-1·day-1 and 39 g·N·ha-1·day-1) respectively. These BNF271
amounts were lower than those in previous studies using the same 15N2 incubation272
measurement technology, 45 kg·N·ha-1 (643 g·N·ha-1·day-1) (Bei et al., 2013), and 22 to 39273
kg·N·ha-1 (297 to 527 g·N·ha-1·day-1) depending on the rice cultivar grown (Ma et al., 2019b),274
and similar to 2.2 to 20.1 kg·N·ha-1 (46–419 g·N·ha-1·day-1, mean 186 g·N·ha-1·day-1) across275
four different soil types (Wang et al., 2019). The lower BNF amounts in this study might be276
due to the smaller pot size. The pot used in this study was 9×9 cm2 which is smaller than Bei277
et al. (2013), Ma et al. (2019b), and Wang et al. (2019). The smaller pot size decreased BNF278
by reducing root respiration and exudates through hindering rice growth (Bei et al., 2013;279
Wang et al., 2020). Furthermore, the smaller pot size caused a higher planting density of rice,280
which can block sunlight and repress the growth of phototrophic diazotrophs, which are the281
main contributors to BNF in paddy soils (Wang et al., 2020). Considering the important role282
of rice planting in paddy BNF, keeping pot-grown rice plants resembling field-grown plants is283
important for estimating the BNF in the field.284

While considering the effects of edaphic factors on BNF, previous studies have285
broadened our knowledge about the effects of single factors (such as Mo, P, and N286
availability) on BNF (Reed et al., 2011). Our results showed that BNF amounts were287
determined by edaphic factors AP, CEC, ASN, AMo and TN in the form of multiplication,288
namely BNF amounts = f1(available P) × f2(ASN, CEC) × f3(AMo) × f4(TN), where f1 was a289
linear function, f2 was a logistic function, and f3 and f4 were quadratic functions. These factors290
could explain 86% of the variation of BNF amounts. The multiplicative effects of edaphic291
factors resulted in the lognormal distribution of BNF amounts rather than a normal292
distribution. Log-normal distribution of BNF in the ocean has also been observed (Tang et al.,293
2019). These results highlight the multiplicative effects of edaphic factors on BNF amounts,294
suggesting that multiple improving approaches for different restrictions would be more295
efficient in enhancing BNF than a single approach, and the benefit might be multiplicative.296

Although phosphorus was fertilized in our study, AP (measured before the experiment)297
still showed significant positive effects on BNF amounts and was the primary edaphic factor298
driving paddy BNF amounts (Fig. 4c and Fig. 6a). AP has also been reported as a driver in the299
ocean, where photosynthetic N fixers dominate the BNF (Tang et al., 2020). In contrast to300
heterotrophic diazotrophs, which are often limited by the availability of carbon compounds301
(Buresh et al., 1980), photosynthetic N fixers, the major contributor to paddy BNF (Bei et al.,302
2013; Wang et al., 2020), are often limited by phosphorus (Buresh et al., 1980). Applied303
phosphorus can stimulate N fixation in rice soils (Tang et al., 2017). We found that when AP304
was lower than 14 mgkg-1, the BNF amount was significantly limited (Fig. 7b). Phosphorus305
fertilization is an efficient way to improve BNF, especially in paddy soils with AP lower than306
14 mgkg-1.307

Wang et al. (2019) conducted a similar experiment to determine the driving factors of308
paddy BNF and found that paddy BNF was mainly determined by Al oxides but not AP.309
Aluminum compounds can be used as algaecides to suppress cyanobacteria growth (Jančula310



and Maršálek, 2011). As shown in Fig. 1, if aluminum oxides kill diazotrophic cyanobacteria,311
the positive effects of available phosphorus cannot be brought about. In addition, the AP312
ranged from 24 to 41 mg·kg-1 in Wang et al. (2019), while 2–71 mg·kg-1 in this study. AP in313
Wang et al. (2019) had less variation than that in this study and was higher than the limiting314
threshold of 14 mg·kg-1 detected in this study. Therefore, the effect of AP cannot be displayed315
in Wang et al. (2019). Wang et al. (2019) suggested that pH affects BNF indirectly by316
affecting the activity of aluminum. The solubility of Al increases with a decrease in pH, in317
acidic soils (pH ≤ 5.5), the mineral forms of Al can dissolve and release Al ions into the soil318
solution (Zhou et al., 2011). Acidic soils with a pH <5.5 account for 50% of all samples in319
Wang et al. (2019), and 22% in this study. The importance of Al oxides and pH was diluted in320
this study. We also found a positive relationship between pH and BNF (Fig. 4), and a positive321
correlation between pH and AP (Fig. S2). Therefore, in this study, pH indirectly affected the322
BNF by affecting the AP instead of Al oxides in Wang et al. (2019). Although the detected323
driving factors differ between this study and that of Wang et al. (2019), the potential324
microbial mechanisms might be similar. Aluminum oxides inhabit paddy BNF by repressing325
diazotrophic cyanobacteria (Wang et al., 2019), and the AP can improve paddy BNF by326
promoting diazotrophic cyanobacteria.327

Available soil N (ASN) was a secondarily important edaphic factor driving paddy BNF328
(Fig. 6a). The low rate of N fertilizer (5.64 mg N kg−1 soil) does not depress BNF, while a329
high rate of N fertilizer (99.72 mgNkg−1soil) eliminates BNF (Santiago-Ventura et al., 1986).330
The repressed rate of N fertilizer on BNF is 86.15% at 250 kg·ha-1 and 83.21% at 125 kg·ha-1331
(Zhang et al., 2021). These results indicate that the effect of ASN on BNF is non-linear.332
Logistic function transforms continuous values to the range 0–1 and has an S shape.333
Therefore, logistic function was used to model the response of BNF to ASN in this study. No334
significant relationship was observed between BNF amount and ASN, but BNF amount had a335
significant positive relationship with the ratio of CEC to ASN (Fig. 4g). ASN was estimated336
by rice N uptake in this study, so ASN can represent the ability of the soil to supply N to rice.337
However, there might be some differences between N availability to rice and to diazotrophs.338
Ammonium can be adsorbed in the negatively charged sites of soils (Brady et al., 2008). The339
adsorbed ammonium might still be available to rice, but not to diazotrophs. The number of340
negatively charged sites that can adsorb positively charged ions is measured by CEC (Brady341
et al., 2008). When CEC is higher in the soil, a greater amount of free ammonium may be342
fixed (Nieder et al., 2011). CEC can represent the soil’s ability to adsorb ammonium N.343
Therefore, the ratio of CEC to ASN represents the tradeoff between absorbing and supplying344
ammonium to diazotrophs. The BNF amount was positively correlated with the ratio of CEC345
to ASN instead of ASN or CEC separately. This result implies that a higher CEC may reduce346
the negative effect of ammonium N on BNF. Increasing soil CEC, such as using biochar347
(Domingues et al., 2020), might efficiently increase BNF under N fertilization conditions,348
especially in highly weathered and sandy soils.349

BNF amounts had a significant quadratic relationship with soil total N (Fig. 4b). This350
quadratic relationship might be attributed to the balance between diazotrophs growth and the351
preference for obtaining N from the soil instead of atmosphere with the increase of soil total352
N. The soil total N is positively correlated with the number of diazotrophs (Han et al., 2019).353
When soil total N is too low, there may be not enough diazotrophs to fix atmospheric N,354
resulting in a positive correlation between soil total N and BNF. In addition to BNF,355
diazotrophs can obtain N by secreting exoenzymes to decompose soil organic N into356
biologically available N (Norman and Friesen, 2017). The benefit of producing exoenzymes357
would be greater for diazotrophs in soils with higher total N concentrations. Therefore, when358
soil total N is too high, BNF might be limited by the preference of diazotrophs for obtaining359
N from the soil but not the atmosphere. The optimal soil total N concentration for BNF in360
paddy fields was 2.1 g kg-1 (Fig. 4b). Excessive soil total N decreased the BNF amount. In361
particular, when TN was higher than 3.2 gkg-1, BNF amounts were significantly limited (Fig.362
7c).363



BNF amount had a significant quadratic relationship with available Mo, and 0.5mgkg-1364
available Mo was the optimal concentration for BNF in paddy fields (Fig. 4d). Mo limitation365
have been widely reported across ecosystems (Barron et al., 2009; Rousk et al., 2017; Ma et366
al., 2019a). The deficient threshold of available Mo is 0.09 mg kg-1 in soils for paddy BNF367
(Fig. 7a), which is lower than 0.15 mgkg-1 in soils for legume BNF (Zou et al., 2008). This368
may be because the Mo demand of the asymbiotic BNF was lower than that of the symbiotic369
BNF. Mo application can increase BNF (Ma et al., 2019a), but when available Mo exceeds a370
certain value, there might be a toxic effect on diazotrophs (Fig. 4d). Compared to 1kg of Mo371
ha-1, the application of 10 kg of Mo ha-1 resulted in lower nodule weights per plant (Jabbar et372
al., 2014). The Mo application to seeds with Bradyrhizobium inoculation, reduced373
Bradyrhizobium survival, nodulation, and fixation efficiency (Albino et al., 2000). Mo374
application has been recommended as an approach to improve BNF in paddy soils (Ma et al.,375
2019a); however, the application rate of Mo needs to be strictly controlled within an376
appropriate range to avoid toxic effects on BNF.377

378
CONCLUSIONS379

380
Our study provides a systematic framework for how BNF amount responds to multiple381

edaphic factors in paddy soils. The paddy BNF amount was driven multiplicatively by AP,382
ASN, CEC, TN, and AMo. AP contributed 42%, ASN and CEC 28%, TN 17%, and AMo 13%383
to the BNF amount. BNF amount was significantly limited when AP was lower than 14384
mg kg-1, or AMo was lower than 0.09 mg kg-1, TN higher than 3.2 g kg-1. To balance rice385
production and environmental protection, China must reduce its reliance on synthetic N and386
increase the input of BNF (Ladha et al., 2022). This study provides valuable benchmarks that387
can be used to guide farmers in managing their soils to improve the potential contribution of388
paddy BNF to soil fertility.389
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