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Abstract  23 

Purpose  Biochar and silicate-enriched steel-slag, as agricultural and industrial waste materials, are 24 

used to improve soil physicochemical properties and soil fertility; however, there are few studies on 25 

the effects of their combined application to paddy fields on the formation of root Fe plaque.  26 

Materials and methods  We tested the effects of four application rates (0, 300, 600 and 900 kg ha-27 

1) of biochar-based silicate fertilizer (BSF) to early and late rice on root Fe plaque formation. 28 

Results and discussion  Application of BSF increased soil total carbon and total nitrogen 29 

concentrations in late rice, and total phosphorus concentrations were increased by 47.03% at the 30 

jointing stage and 27.73% at the mature growth stage of early rice following application of BSF at 31 

600 kg ha-1, respectively. The three application treatments all significantly increased the abundance 32 

of soil IRB in late rice, and application of 600 kg of BSF ha-1 increased IRB abundance by 52.16% 33 

and 66.59% at the jointing and mature growth stage, respectively. Both IRB abundance and IP 34 

concentration were positively correlated with Fe(II) and negatively correlated with Fe(III) in late rice. 35 

There were positive correlation between soil Fe(II) concentrations and water content, and negative 36 

correlation with Fe(III).  37 

Conclusions  Our study demonstrated that moderate inputs of BSF (600 kg ha-1) increased soil Fe 38 

reduction and subsequently promoted the formation of more soluble Fe2+ and iron plaque formation 39 

through soil fluidity and Fe2+ movement to roots. We suggest that the application of BSF to dry-wet 40 

rice paddies may contribute to reduction in agricultural pollution, improvement in soil conditions, and 41 

the production of sustainable healthy food crops. 42 
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1. Introduction 45 

In China, management and control of point source pollution associated with rapid economic 46 

development have been effective; however, limitation of non-point source (diffuse) pollution has been 47 

less successful and is of particular concern in agricultural systems (Wang et al. 2021; Yao 2020). For 48 

example, the overuse of agrochemical fertilizer and inappropriate ratios of nitrogen (N) to phosphorus 49 

(P) lead to eutrophication and acidification of soils that cause soil hardening and declines in crop 50 

productivity, and threaten the ecology of non-crop plants and aquatic systems, such as rivers 51 

(Soltangheisi et al. 2018). Thus, combined improvements in fertilizer utilization rates by crop plants 52 

and reductions in fertilizer application rates will lead to declines in non-point source pollution of 53 

agroecosystems due to lower levels of leached N and P to soils and water courses.  54 

Globally, China is key producer of rice, with 27% of its arable land under paddy cultivation 55 

(China Statistical Yearbook 2018), in which alternate dry-wet soil management creates phased 56 

anaerobic and aerobic conditions and associated redox reaction cycles (Kögel-Knabner et al. 2010; 57 

Lovley et al. 2004). In anaerobic sediments of flooded paddy fields, iron-reducing bacteria (IRB) use 58 

ferric ion, Fe(III), as a respiratory chain terminal electron acceptor, with organic matter or H2 as an 59 

electron donor, to generate ferrous ion, Fe(II), in this important soil biogeochemical process (Amos 60 

et al. 2007; Lovley and Chapelle 1995; Sung et al. 2006). Studies have shown that the application of 61 

biochar to soils provides suitable environmental conditions for the survival of IRB (Lehmann et al. 62 
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2003; Topoliantz et al. 2005) and the concomitant increase in soil organic carbon (C) content serves 63 

as an "electron shuttle body" that accelerates the extracellular electron transport function between 64 

IRB and iron oxides and promotes Fe(III) reduction, leading to increases in soil accumulations of 65 

Fe(II) (Weber et al. 2006). While studies of biochar tend to focus on its impacts on microorganisms 66 

and iron reduction, less is known about its role in the formation of a red-brown film (iron plaque, IP) 67 

at the surface of plant roots from the deposition of crystalline and amorphous iron oxides or 68 

hydroxides under waterlogged conditions. In flooded paddy fields, for example, iron (Fe) plaque 69 

affects the absorption and accumulation of beneficial and polluting elements, thereby impacting the 70 

nutritional value and safety of rice as a major food staple (Liu et al. 2009). Fe plaque is believed to 71 

form on roots when large amounts of Fe(II) present in the growth medium are locally oxidized to 72 

Fe(III), through the release of excess oxygen to the rhizosphere by roots, and while it is known that 73 

biochar promotes the reduction of Fe(III) and increases accumulations of the highly soluble Fe(II) in 74 

the rhizosphere, effects of its addition to paddy soils on the formation of Fe plaque on rice plant roots 75 

remain unclear.  76 

The treatment and reuse of industrial and agricultural waste is increasingly important in the 77 

context of sustainable development. Biochar is created from agricultural and forestry waste material 78 

and tends to be alkaline, so its application to agricultural production systems impacts levels of soil 79 

pH (Glaser et al. 2002; Laird et al. 2010a), while its high levels of porosity and specific surface area 80 

enhance the adsorption capacity of water and nutrient elements (Liang et al. 2006) and improve soil 81 

fertility, nutrient uptake, and crop yields (Bu and Xue 2014; Glaser et al. 2002; Liang et al. 2006; 82 

Van et al. 2010). However, the low density of biochar increases its soil mobility, particularly under 83 



 5 

wet conditions, so biochar-based silicate fertilizer (BSF), which is a granular compound comprising 84 

biochar and silicate enriched steel slag, has been developed to reduce losses of biochar amendment 85 

from agricultural soils. Although application of BSF is known to reduce emission fluxes of 86 

greenhouse gases, due to effects on microbe community structure and associated Fe redox processes 87 

(Lin et al. 2021; Wang et al. 2017; Wang et al. 2019), understanding of impacts on Fe metabolism 88 

and the formation of Fe plaque in paddy soils is limited, but may be important for the reduction of 89 

agricultural pollution and improvement in rice safety. 90 

Here, we studied the effects of contrasting rates of BSF application to rice paddies on soil 91 

nutrient content, Fe metabolism, IRB, plant root Fe plaque formation, and the internal relationships 92 

between soil Fe metabolism, bacteria, and iron plaque formation to test the hypotheses that BSF 1) 93 

absorbs nutrient elements and reduces N and P losses; 2) improves IRB growth and reproduction; 3) 94 

indirectly promotes Fe plaque formation on the surface of rice roots; and, 4) drives the relationship 95 

between soil Fe metabolism, IRB and Fe plaque formation. 96 

2. Materials and methods 97 

2.1. Study site 98 

The study site was a 7-ha paddy field at the Wufeng Comprehensive Experimental Base of the Rice 99 

Research Institute (26.1°N, 119.3°E), Fujian, China, where the climate is subtropical monsoon (Wang 100 

et al. 2014); during the study period, mean air temperature was c. 19.6 ºC and mean annual 101 

precipitation was c. 1,393 mm. The paddy field was managed following local agronomic practice, 102 

based on a rotation of early rice-late rice-vegetable; the traditional irrigation method of waterlogging 103 
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was adopted during the early growth stages of rice, and after the tillering stage, the field was 104 

waterlogged, drained, and re-irrigated (Ma et al. 2012). The experimental paddy field was manually 105 

leveled prior to crop planting, to ensure soil uniformity. 106 

2.2. Experimental design and treatments 107 

The field experiment comprised three replicates of three rates of BSF (300, 600 and 900 kg ha-1), plus 108 

an untreated control, applied to 10-m2 plots that were arranged in a randomized complete block; the 109 

plots were separated using PVC boards (30 × 30 × 30 cm). Cultivation of early rice (Hesheng 10) and 110 

late rice (Jiafuzhan) was from 18 April to 6 July, 2018 and 1 August to 8 November, 2018, 111 

respectively, and standard fertilizers (compound fertilizer: N:P2O5:K2O=16:16:16%; urea: 46% N) 112 

were applied 1 day before transplantation (42 kg N ha-1, 40 kg P2O5 ha-1, and 40 kg K2O ha-1), about 113 

1 week after transplantation, at the tillering stage (35 kg N ha-1, 20 kg P2O5 ha-1, and 20 kg K2O ha-114 

1), and about 8 weeks after transplantation, at the panicle stage (18 kg N ha-1, 10 kg P2O5 ha-1, and 10 115 

kg K2O ha-1). The main elements of BSF (pH 8.93 ± 0.03; Taigang Harsco Technology Co., Ltd.) 116 

comprised C (5.54%), N (0.52%), P (0.48%), K (0.53%), Ca (16%), Mg (2.81%), Fe (0.78%), S 117 

(0.21%) and Si (14%). 118 

2.3. Soil and plant sampling and analysis  119 

We collected soil and plant samples at the jointing and mature growth stages of the early (2 June and 120 

6 July, 2018, respectively) and late rice (19 September and 8 November, 2018, respectively). Three 121 

replicate samples of soil (0-15 cm) were collected, using a small soil sampler, and combined to form 122 

a single composite sample per plot; after stones and plant roots had been removed, the sampled soils 123 

were placed in an ice box and taken to the laboratory for analysis. Meanwhile, rice with roughly the 124 
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same growth and height was selected in the area where the soil was sampled. The plants were carefully 125 

removed from the soils and placed in bags separately. 126 

The soil samples were divided into two, where soil microorganisms were analyzed from fresh 127 

soil and soil physicochemical properties were analyzed from air dried, ground, and screened soil. The 128 

rice plant samples were rinsed with tap water to remove soil from root material; then, the roots were 129 

rinsed twice with deionized water and subsequently immersed in deionized water, prior to analysis 130 

within 24 h.  131 

2.3.1. Soil physicochemical properties 132 

Soil total carbon (TC) and total nitrogen (TN) concentrations were determined using an elemental 133 

analyzer (Elementar Vario Max, Elementar Scientific Instruments, Hanau, Germany), and soil total 134 

phosphorus (TP) concentration was determined using perchloric acid digestion and ammonium-135 

molybdate colorimetry in a continuous flow analyzer (SKALAR SAN++, Netherlands). 136 

Stoichiometric ratios (C:N, C:P, and N:P) in soil were calculated as mass ratio. Total Fe (TFe) 137 

concentration of non-rhizosphere soil was determined by digesting the fresh soils with 1 M HCl 138 

solution; ferrous ions were extracted using 1,10-phenanthroline and the concentration of the extracted 139 

solution was determined using UV spectrophotometry (He and Qu 2008; Wang et al. 2016), while 140 

ferric ion concentration was calculated by subtracting ferrous ion concentrations from total Fe 141 

concentrations. Soil pH was measured using a pH/temperature meter (IQ Scientific Instruments, 142 

Carlsbad, USA) with a soil to water ratio of 1:5 (w/v), electrical conductivity (EC) was measured 143 

using a 2265FS EC meter (Spectrum Technologies Inc., Paxinos, USA), and water content (WC) was 144 
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measured as the difference in mass of soil before and after drying at 105 °C to a constant weight; soil 145 

bulk density (BD) was measured using the ring knife method (Lu 2000). 146 

2.3.2. Iron-reducing bacteria  147 

Abundance and community composition of IRB were measured from 5 g of fresh soil that was 148 

weighed into a triangular flask containing 45 mL of sterile ultra-pure water. The soil suspension 149 

(concentration of 10-1) was oscillated for 10 min and then diluted at intervals of 10-2-10-7; next, 1 mL 150 

of the last five dilutions was inoculated into a test tube containing IRB culture solution, and each 151 

dilution was repeated three times; blank tube of non-inoculated sample was used as a control. The 152 

dilutions (inoculated and non-inoculated) were incubated in the test tubes at 30 ℃ for 10 d, when the 153 

culture solution was observed for a change in color from yellow-green to light green or colorless, 154 

indicating presence of IRB (Lin et al. 2021). A quantity index value for IRB abundance, which was 155 

based on the number of IRB-positive test tubes at the various dilutions, was used to determine the 156 

approximation value of the number of IRB. The approximation value was multiplied by the dilution 157 

factor to derive the most probable number (MPN) of IRB (Lin 2010). 158 

Genomic IRB DNA was extracted from soil samples using the cetyltrimethylammonium 159 

bromide method, and purity and concentration of DNA were detected using agarose gel 160 

electrophoresis. Then, the extracted DNA was diluted with sterile water to 1 ng μL-1 and used as 161 

template for PCR amplification using specific primers for the 16S V3-V4 region, (341F: CCT AYG 162 

GGR BGC ASC AG; and 806R: GGA CTA CNN GGG TAT CTA AT), and high-fidelity enzymes. 163 

Amplified PCR products were purified using a PCR clean-up kit (Thermo Scientific, Shanghai, 164 

China) and stored at -20 °C prior to analysis. 165 
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Effects of treatment on IRB species abundance and community composition were based on 166 

clustering analysis (97% consistency) of operational taxonomic units (OTUs) in UPARSE, using the 167 

QIIME (V. 1.9.1) and Mothur (V. 1.36.1) to filter original DNA sequences and remove chimera to 168 

obtain optimized sequences (Caporaso et al. 2010). Representative sequences were those with the 169 

highest OTU occurrence frequency, and species annotation analysis on OTUs (threshold set at 0.8-1) 170 

was conducted using the Mothur method and SILVA132’s SSUrRNA database (Edgar 2013). 171 

2.3.3. Iron plaque  172 

Iron plaque concentration on the surface of rice plant roots was analyzed using the dithionite-citrate-173 

bicarbonate method (Gao et al. 2007; Hu et al. 2020; Wan et al. 2020). Fresh rice plant roots were 174 

immersed in a solution of 40 mL of 0.3 mol L-1 sodium citrate (Na3C6H5O7·2H2O) and 5 mL of 1 mol 175 

L-1 sodium bicarbonate (NaHCO3, pH=9) for 10 min, to which 1 g of sodium dithionite (Na2S2O4) 176 

was added and shaken at 280 r min-1 and 25 ºC 3 h; then, the extraction solution was filtered through 177 

a 0.22-µm microporous filter membrane into a 100-mL volumetric flask. After extraction, the rice 178 

roots were washed three times using ultra-pure water that was collected in a volumetric flask and 179 

increased to 100-mL using additional ultra-pure water; the washed roots were dried at 75 ºC to a 180 

constant weight and weighed. Concentration of Fe in the extraction solution was determined using 181 

UV spectrophotometer and the amount of iron plaque on the root surface was expressed as mg g-1 of 182 

dry root. 183 

2.4. Statistical analysis 184 

Main effects of treatment were tested using one-way analysis of variance (ANOVA) at p<0.05 and 185 

between treatment means were compared using least significant differences (LSD0.05), unless stated 186 
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otherwise. Pearson correlation analysis was used to test the association between soil physicochemical 187 

properties (e.g. pH, EC, WC, BD, TC, TN, TP, C:N, C:P, and N:P) and iron concentration (e.g. TFe, 188 

Fe(II), Fe(III), IRB, and IP) in early and late rice under different BSF treatments. Statistical analyses 189 

were conducted in SPSS version 23.0 (IBM, Armonk, NY, USA) (Xue 2013). We used principal 190 

components analysis (PCA) in the ade4 and ggplot2 packages of R software version 2.15.3 (R Core 191 

Team 2018; Chen 2014) to visualize treatment differences in microbe community structure, based on 192 

OTUs.  193 

3. Results 194 

3.1. Effects of BSF on soil C, N, P concentrations  195 

There were within-growth stage effects of rate of BSF on soil TC, TN, and TP concentrations in early 196 

and late rice and within-treatment rate differences between growth stages within a season (Fig. 1). 197 

While there were no effects of BSF on soil TC at the jointing or mature stages of early rice or at the 198 

jointing stage in late rice, its addition led to greater soil TC concentrations at the mature growth stage 199 

of late rice, regardless of application rate (p<0.05). When BSF was applied at 300 and 600 kg ha-1 to 200 

early rice, soil TC content was greater at the mature growth stage than at the jointing stage (p<0.05). 201 

While there were no effects of BSF on soil TN concentrations at the jointing or mature growth 202 

stages of early rice, its addition led to greater levels of soil TN content at the jointing stage of late 203 

rice, regardless of application rate, and greater levels of soil TN concentration at the mature growth 204 

stage of late rice when applied at 300 and 900 kg ha-1 (p<0.05). Application of 300 kg ha-1 of BSF to 205 

early and late rice led to greater soil TN concentrations at the mature growth stage than at the jointing 206 
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stage, and application of BSF at 900 kg ha-1 to late rice led to greater soil TN concentration at the 207 

mature growth stage than at the jointing stage (p<0.05). 208 

There were variable, within-growth stage effects of rate of BSF on soil TP concentrations. In 209 

early rice, the soil TP concentration in the application of 600 kg ha-1 was greater than that in the 210 

untreated control during the jointing and mature growth stages. In late rice, levels of soil TP 211 

concentration at the jointing stage were greatest when BSF was applied at 900 kg ha-1 and lowest 212 

when BSF was applied at 300 and 600 kg ha-1 (p<0.05), while application of BSF at 600 and 900 kg 213 

ha-1 reduced levels of soil TP concentration at the mature growth stage (p<0.05). There were within-214 

treatment rate differences in effects of BSF between growth stages when it was applied at 900 kg ha-215 

1, where levels of soil TP were greater at the mature stage of early rice and jointing stage of late rice 216 

(p<0.05).  217 

3.2. Effects of BSF on soil C, N, P stoichiometry 218 

There was a strong positive correlation between soil concentration of TC, TN and TP (p<0.01; Fig. 219 

2), where the association between TN and TC (R2=0.662) was greater than between TC and TP 220 

(R2=0.493) and TN and TP (R2=0.191) and we found within-growth stage effects of rate of BSF on 221 

soil TC, TN and TP stoichiometry in early and late rice and within-treatment rate differences between 222 

growth stages within a season (Fig. 3). While there were no differences in soil C:N ratios in early rice, 223 

ratios were lowest at the mature growth stage in late rice, when BSF was applied at 900 kg ha-1 and 224 

ratios were greater at the jointing stage of late rice than at the mature stage in the untreated control 225 

and when BSF was applied at 300 and 900 kg ha-1 (p<0.05). There were no within-treatment rate 226 

differences in soil C:P or N:P ratios between growth stages within a season; however, in early rice 227 
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C:P and N:P ratios were lowest at the jointing stage in the 600 kg of BSF ha-1 treatment and highest 228 

at the mature growth stage in the 300 kg of BSF ha-1 treatment (p<0.05), and in late rice, ratios were 229 

highest at the jointing stage in the 300 kg of BSF ha-1 treatment and highest at the mature growth 230 

stage in the 600 kg of BSF ha-1 treatment (p<0.05). 231 

3.3. Effects of BSF on soil Fe concentrations 232 

There were within-growth stage effects of rate of BSF on soil total Fe, Fe(III) and Fe(II) 233 

concentrations in early and late rice and within-treatment rate differences between growth stages 234 

within a season (Fig. 4). While there were no effects of treatment on total Fe content at the jointing 235 

and mature growth stages in early rice, concentration in late rice was greater at the jointing stage 236 

when BSF was applied at 600 kg ha-1 and at the mature growth stage, regardless of application rate 237 

(p<0.05). Soil total Fe concentration in early and late rice was greater in the untreated control at the 238 

jointing stage than at the mature growth stage (p<0.05). 239 

Soil concentrations of Fe(III) at the jointing stage of early rice were greatest when BSF was 240 

applied at 900 kg ha-1 and lowest when BSF was applied at 600 kg ha-1, while in late rice, 241 

concentrations at the jointing growth stage were greatest when BSF was applied at 600 kg ha-1; 242 

concentrations at the mature growth stage of late rice were increased by the addition of BSF, and 243 

were greatest under 600 kg of BSF ha-1 (p<0.05). In early rice, soil Fe(III) concentration was lower 244 

at the mature growth stage in the absence of BSF and when it was applied at 900 kg ha-1, while in late 245 

rice concentration was consistently lower at the jointing stage, regardless of application of BSF 246 

(p<0.05).  247 
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Soil concentrations of Fe(II) in early rice were greater at the jointing stage when BSF was applied 248 

at 600 kg ha-1 (p<0.05); there were no effects of treatment at the mature growth stage of early rice or 249 

at either growth stage of late rice. In early rice, concentrations of Fe(II) were lower at the mature 250 

growth stage than at jointing stage when BSF was applied at 300 and 600 kg ha-1 (p<0.05), while in 251 

late rice, concentrations were consistently lower at the mature growth stage, regardless of application 252 

of BSF (p<0.05). 253 

3.4. Effects of BSF on root Fe plaque  254 

Content of Fe plaque on the surface of rice roots was affected by application of BSF and there were 255 

between growth stage differences in content within a treatment (Fig. 5). While there were no treatment 256 

effects on Fe plaque content at the jointing stages of early and late rice, content at the mature growth 257 

stage was greater when BSF was applied at 600 and 900 kg ha-1 to early rice and 600 kg ha-1 to late 258 

rice (p<0.05). Root Fe plaque content was lower at the mature growth stage than at jointing stage in 259 

the absence of BSF in early and late rice and when BSF was applied at 600 kg ha-1 to early rice and 260 

at 300 kg ha-1 to late rice (p<0.05). 261 

3.5. Effects of BSF on soil IRB  262 

There were treatment effects on the abundance of soil IRB at both growth stages of early and late rice 263 

and within-treatments in the two rice cropping seasons (Fig. 6). In early rice, soil IRB were more 264 

abundant at the jointing growth stage when BSF was applied at 300 and 600 kg ha-1 and least abundant 265 

in the 900 kg of BSF ha-1 treatment (p<0.05); soil IRB abundance was reduced by the 300 and 900 266 

kg of BSF ha-1 treatment at the mature growth stage (p<0.05). In late rice, no matter which application 267 

treatment was compared with the untreated control, the abundance of soil IRB was significantly 268 
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increased, and application of 600 kg of BSF ha-1 increased IRB abundance by 52.16% and 66.59% at 269 

the jointing and mature growth stage, respectively. In early and late rice, abundance of IRB within a 270 

treatment was consistently lower at the mature growth stage than at jointing (p<0.05).  271 

Analysis of treatment effects on soil IRB community structure at the jointing stage of early and 272 

late rice (Fig. 7a) showed that principal components (PCs) 1 and 2 accounted for 43.79% of the 273 

variation in community composition; communities under addition of 300 and 600 kg of BSF ha-1 to 274 

late and early rice, respectively, were similar to each other along PC2 and dissimilar from each other 275 

along PC1 and from the other communities along both PCs. Analysis of treatment effects on soil IRB 276 

community structure at the mature growth stage of early and late rice (Fig. 7b) showed that PCs 1 and 277 

2 accounted for 55.99% of the variation in community composition, where communities of the control 278 

in late rice and 300 kg of BSF ha-1 treatments in early and late rice clustered along the two PCs, as 279 

did those of the 600 and 900 kg of BSF ha-1 treatments. 280 

3.6. Association between soil physicochemical properties and iron metabolism 281 

Across the treatments, we found associations among and between levels of soil physicochemical 282 

properties, IRB, and root Fe plaque (Fig. 8). In early rice, there were positive correlations between 283 

soil Fe(II) concentrations and water content (WC), electrical conductivity (EC), pH (p<0.01), and 284 

negative correlations with bulk density (BD), TC, and TN (p<0.01). IRB abundances were positively 285 

correlated with Fe(II) , WC, EC, and pH (p<0.01) and negatively correlated with BD, TC, and TN 286 

(p<0.01); iron plaque (IP) concentrations were positively correlated with WC, pH, Fe(II), and IRB 287 

(p<0.01), and negatively correlated with TC and TN (p<0.05) (Fig. 8a). 288 
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In late rice (Fig. 8b), soil Fe(II) concentrations were positively correlated with WC and EC 289 

(p<0.01), and negatively correlated with BD (p<0.01). There were positive correlations between soil 290 

Fe(III) concentrations and BD, TN (p<0.01), and negative correlations with WC and TFe (p<0.05). 291 

Both IRB abundance and IP concentration were positively correlated with Fe(II) and negatively 292 

correlated with Fe(III) (p<0.01). 293 

4. Discussion 294 

4.1. Soil Fe reduction and IRB community structure  295 

The low density and porous structure of biochar creates suitable habitat conditions for Fe-reducing 296 

microorganisms that lead to increases in their abundance and activity (Lehmann et al. 2003; 297 

Topoliantz et al. 2005), leading to increased reduction of Fe(III) to Fe(II). Our results showed that 298 

changes in Fe(III) concentration in late rice contrasted with those for Fe(II), while IRB abundance 299 

was positively associated with soil Fe(II) content and negatively associated with soil Fe(III) content, 300 

likely due to flooded soil conditions at the jointing growth stage and when soil IRB abundance was 301 

higher than that at the mature growth stage. We found that application of BSF increased soil C 302 

concentrations and improved conditions for the reduction of Fe(III) by IRB to Fe(II), while at the 303 

mature growth stage of both early and late rice, when levels of soil WC and associated abundance 304 

and activity of anaerobic microorganisms decreased, activity of aerobic microbes promoted the 305 

oxidation of soil Fe(II) that led to an increase in soil Fe(III) concentrations.  306 

Our study showed differences in effects of BSF application rate between growth stage and rice 307 

season on paddy IRB community structure, and the effect of 600 kg of BSF ha-1 application amount 308 
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is the most significant. Changes in soil microbe community structure are triggered by several factors, 309 

including soil type, pH, temperature and humidity, and crop root exudates, tillage methods, and 310 

climate conditions (Pan et al. 2019). Soils at the study site tend to be acidic (Chen et al. 2014) and 311 

the addition of BSF, which contains weak alkaline substances, such as SiO2, CaO and MgO, increased 312 

levels of pH of the study soils. Our results showed that paddy soil pH and Fe(II) concentrations were 313 

positively associated, supporting the findings of Wu et al. (2014) and Jia (2017) who found that 314 

initially alkaline paddy soils tended to impede Fe(III) reduction, whereas initially acid soils tended to 315 

facilitate Fe(III) reduction (Wu et al. 2014), and changes in paddy soil pH that affected Fe(III) 316 

reduction processes also impacted soil microbe community structure (Jia 2017). Therefore, the 317 

appropriate application of BSF (600 kg ha-1) to paddy soils can provide suitable microhabitat 318 

conditions for IRB to a large extent, and improve the soil pH through the action of biochar. 319 

4.2. Formation of root Fe plaque 320 

The formation of root Fe plaque is the product of Fe(II) oxidation when iron oxide or hydroxide is 321 

produced during waterlogging of the dry-wet management cycles of paddy rice production (Liu et al. 322 

2014; Yang et al. 2018; Zandi et al. 2021). We found that the amount of root Fe plaque of early and 323 

late rice at the jointing stage tended to be greater than at the mature growth stage, due to contrasting 324 

flooded and drained conditions, respectively. Rice plants adapt to flooded conditions by forming 325 

aeration tissue to transport atmospheric oxygen to the root system through the leaves and stems and 326 

carry exocrine oxygen from the root system to the rhizosphere; this response forms a local oxidation 327 

environment at the root surface (Liu et al. 2009). Our results showed that the application of BSF (600 328 

and 900 kg ha-1) tended to increase soil Fe plaque content, because it increased availability of nutrients 329 
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for soil IRB that led to increased levels of soil Fe(III) reduction to Fe(II) by microorganisms; Fe(II) 330 

was then rapidly transported to rice roots, due to its high levels of solubility of Fe(II) and soil fluidity, 331 

where it was subsequently oxidized to Fe(III) and promoted the formation of root Fe plaque. Studies 332 

have found that the addition of biochar increases aerenchyma formation and porosity in calamus 333 

(Acorus calamus L.) roots (Huang et al. 2019), and according to this study, we suggest future research 334 

should test whether the application of BSF similarly improves the aerenchyma oxygen transport and 335 

root oxygen production in rice plants. 336 

Fe plaque may act as a "reservoir" for binding and retaining nutrients as well as a "barrier" to 337 

the absorption of elements (Zhang et al. 2020), because it has been shown to reduce the accumulation 338 

of heavy metal elements, such as Cd, Cr and As, in plants and protect plants from effects of heavy 339 

metal toxicity (Li et al. 2015; Li et al. 2019; Zhou et al. 2018). Zhang et al. (2020) found that 340 

intensification of Fe(II) concentrations increases the content of Fe plaque on Spartina alterniflora 341 

roots, while concurrently enhancing resistance to effects of artificial sewage; similarly, our study 342 

showed that the amount of root Fe plaque in early and late rice was positively associated with Fe(II) 343 

concentrations.  344 

Christensen et al. (1998) showed that large amounts of root Fe plaque adsorb soluble phosphate 345 

in solution to form the Fe-P compound, leading to 20 to 260-fold increases in P concentrations of root 346 

Fe plaque and 25 to 1100-fold decreases in P concentrations in water that alleviate levels of water 347 

eutrophication. Similarly, Liang et al. (2006) found that rice root Fe plaque strongly absorbed P and 348 

this capacity, which was positively associated with soil Fe(II) concentrations, improved overall rice 349 

plant P absorption. We found that P concentrations were lower in late rice than in early rice, possibly 350 
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due to P absorption by rice root Fe plaque and microorganisms, and although application of BSF 351 

increased soil nutrient availability, limiting nutrients, such as P, may have led to increased 352 

competition for, and absorption and consumption of soil P among and between microorganisms and 353 

plants in late rice. 354 

4.3. Variation in soil nutrients 355 

Essential nutrient elements for plant growth and development comprise C, N, and P (Ma and Wang 356 

2011) and biochar, which is rich in C, has high chemical and biological stability that may inhibit the 357 

mineralization of soil organic C and promote the formation of humus, leading to increased levels of 358 

soil organic matter (Chen et al. 2015; Laird et al. 2009; Zwieten et al. 2010). The application of BSF 359 

mixed granulation of biochar and steel slag led to increased soil TC concentrations in late rice, 360 

consistent with previous studies (Chen et al. 2015). Xu (2018) reported that high soil concentrations 361 

of C provide sufficient capacity for soil N fixation and absorption and improve soil C:N ratios that 362 

are more stable than C:P and N:P ratios, due to similar and near-synchronous C and N responses to 363 

changes in environmental factors (Li et al. 2015); these responses by C and N were reflected in our 364 

experiment, and supported by their positive association. We found that soil TN concentrations of late 365 

rice were higher in the BSF-treated soils and soil TP concentrations were increased by 47.03% at the 366 

jointing stage and 27.73% at the mature growth stage of early rice following application of BSF at 367 

600 kg ha-1, respectively, as a result of effects of BSF on soil N and P concentrations that include 368 

biochar absorbs soil nutrients and reduces losses of N and P (Ali et al. 2008; Gao et al. 2021), due to 369 

its porous structure and large specific surface area (Farrell et al. 2014; Olmo et al. 2016; Wu et al. 370 

2018). It is also possible that biochar and steel slag have strong adsorption capacity on soil N and P 371 
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through cation exchange (Wu et al. 2018), and slowly release part of nutrient elements for plant 372 

absorption and utilization under the interaction with the soil ecological environment (Laird et al. 373 

2010b). For example, Laird et al. (2010b) found that wood-based biochar applied to an indoor soil 374 

column at 20 g kg-1 reduced leaching losses of N and P by 11% and 69%, respectively, while Chen 375 

et al. (2019) showed that addition of biochar reduced soil TN and TP losses, thereby increasing soil 376 

fertility.  377 

The ratio of soil C:N:P indicates the availability of nutrients and reflects soil element cycling 378 

and balance, including under the influence of environmental factors, and the ratio of C:P reflects the 379 

retention effect of soil microorganisms on P. Research has shown that higher C:P ratios indicate lower 380 

soil P concentrations and a weak ability of microorganisms to retain P, and lower C:P ratios indicate 381 

relatively high soil P concentrations and strong ability of microorganisms to retain (Qiao 2020). 382 

Indeed, we found that C:P ratios in late rice were higher than in early rice, while soil P concentrations 383 

in late rice were lower than early rice, possibly due to contrasting soil microbial activity between the 384 

rice seasons (Neubauer et al. 2005; Xu et al. 2019). In this study, early rice was cultivated in spring 385 

and summer, when temperatures increase, along with production of rice metabolites and root 386 

exudates; the addition of BSF, which improves environmental conditions for microorganisms, likely 387 

enhanced the P retention ability of microorganisms. In contrast, late rice was cultivated in autumn 388 

and winter, when there was a decrease in temperature and production of rice metabolites and root 389 

exudates; during this time, the rate of Fe reduction and microbial activity reduced, so the P retention 390 

ability of microorganisms similarly reduced. 391 

4.4. Relationships between Fe plaque formation, Fe(III) reduction, and IRB  392 
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Iron in soils tends to exist as an oxide and the re-accumulation of weathered parent material during 393 

soil formation processes is a key global contributor of iron oxide in soils (Wang et al. 2018). Iron 394 

oxide minerals formed during weathering of carbonate rocks are initially occupy micropores, in the 395 

form of colloids, or are adsorbed on the surface of clay minerals, in the form of amorphous iron oxide 396 

film. Under continuous weathering, iron oxide colloids interact with each other and with clay minerals 397 

on the coagulation and activation of iron oxide colloid and during transfer and re-precipitation to 398 

eventually form iron oxide. Due to the dry-wet management cycles of rice, paddy soils contain large 399 

amounts of Fe(III) oxide that provides suitable environment conditions for nutrient recycling and iron 400 

redox (Kögel-Knabner et al. 2010), and application of BSF provides further input of abundant 401 

nutrients and microhabitat conditions for microorganisms. When paddy soils are flooded and 402 

anaerobic, IRB use organic matter or H2 as electron donors and Fe(III) as an electron acceptor to 403 

reduce Fe(III) to Fe(II) through the electron transfer process (Chen et al. 2016); concurrent re-404 

oxidation of Fe(II) to Fe(III) provides conditions for the formation of root Fe plaque (Deng et al. 405 

2019); indeed, we found that the amount of Fe plaque was positively associated with soil Fe(II) 406 

concentrations and IRB abundance. Rice plants increased the amount of aerenchyma in response to 407 

flooding conditions and obtained oxygen through root and microorganism oxidation products (Li et 408 

al. 2019; Liu et al. 2015); when excess oxygen was secreted into the rhizosphere, iron-oxidizing 409 

bacteria oxidize Fe(II) to Fe(III), forming oxides or hydroxides that then accumulate on the surface 410 

of rice roots as Fe plaque (Yu et al. 2016).  411 

5. Conclusion 412 
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Our study demonstrated that application of BSF (600 and 900 kg ha-1) to paddy soils absorbed nutrient 413 

elements and reduced losses of N and P in early and late rice. 414 

The three application treatments all significantly increased the abundance of soil IRB in late rice, and 415 

application of 600 kg of BSF ha-1 increased IRB abundance by 52.16% and 66.59% at the jointing 416 

and mature growth stage, respectively.  417 

We found that both IRB abundance and IP concentration were positively correlated with Fe(II) and 418 

negatively correlated with Fe(III) in late rice. In summary, the application of BSF promoted Fe(III) 419 

reduction by IRB that led to increased accumulation of Fe(II) and its transport to rice roots, and 420 

subsequent precipitation of Fe(III) in the rhizosphere and formation of root Fe plaque.  421 

Overall, we suggest that moderate inputs of BSF (600 kg ha-1) to dry-wet rice paddies may contribute 422 

to reduction in agricultural non-point source pollution, improvement in soil conditions, and the 423 

production of sustainable healthy food crops. 424 
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Figure captions 612 

Fig. 1. Effects of rate of BSF on soil C, N, and P content. All values are mean ± SE (n = 3). Different 613 

lowercase letters indicate within-growth stage treatment differences and different uppercase letters 614 

indicate within-treatment rate differences between growth stages within a season (p<0.05). 615 

Fig. 2. Linear regression analysis of soil C, N, and P across all treatments. 616 

Fig. 3. Effects of rate of BSF on soil C, N, and P stoichiometry. All values are mean ± SE (n = 3). 617 

Different lowercase letters indicate within-growth stage treatment differences and different uppercase 618 

letters indicate within-treatment rate differences between growth stages within a season (p<0.05). 619 

Fig. 4. Effects of rate of BSF on soil total Fe, ferric Fe, and ferrous Fe concentrations. All values are 620 

mean ± SE (n = 3). Different lowercase letters indicate within-growth stage treatment differences and 621 

different uppercase letters indicate within-treatment rate differences between growth stages within a 622 

season (p<0.05). 623 
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Fig. 5. Effects of rate of BSF on rice root iron plaque content. All values are mean ± SE (n = 3). 624 

Different lowercase letters indicate within-growth stage treatment differences and different uppercase 625 

letters indicate within-treatment rate differences between growth stages within a season (p<0.05). 626 

Fig. 6. Effects of rate of BSF on soil iron-reducing bacteria abundance. All values are mean ± SE (n 627 

= 3). Different lowercase letters indicate within-growth stage treatment differences and different 628 

uppercase letters indicate within-treatment rate differences between growth stages within a season 629 

(p<0.05). 630 

Fig. 7. PCA analysis of effects of rate of BSF on soil iron-reducing bacteria community composition 631 

at jointing (a) and mature (b) growth stages of early (solid symbols) and late (open symbols) rice. 632 

Square: untreated control; circle: 300 kg of BSF ha-1; triangle: 600 kg of BSF ha-1; and, diamond: 900 633 

kg of BSF ha-1. 634 

Fig. 8. Pearson correlation analysis of association between soil physicochemical properties, nutrients, 635 

iron metabolism, and iron plaque in early (a) and late (b) rice. Statistical significance is indicated by 636 

asterisks: *p<0.05, **p<0.01 levels. Abbreviations in the figure: WC, water content; BD, bulk density; 637 

EC, electrical conductivity; TC, total carbon; TN, total nitrogen; TP, total phosphorus; TFe, total Fe; 638 

IRB, iron-reducing bacteria; IP, iron plaque. 639 

Fig. 9. Schematic of iron metabolism and iron plaque formation responses to application of BSF to 640 

paddy soils. 641 
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