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Abstract 

Biochar influences CH4 emissions, methane-associated microbial communities, and rice yields. 

However, the effects of biochar application over different durations remain unclear. This study 

investigated the impact of biochar application on CH4 emissions, methane-associated microbial 

communities, and rice yield across different years. Five treatments were assessed based on the year 

of biochar application (NB: applied in April 2023; FB: applied in April 2016) along with three 

biochar application rates (CK: 0 t‧ha−1; NB15, FB15: 15 t‧ha−1; NB45, FB45: 45 t‧ha−1). Biochar 

application improved the physical and chemical properties of the soil, with NB45 exhibiting the 

most pronounced effect. Compared with CK, CH4 emissions increased under NB conditions but 

decreased under FB conditions. Additionally, emissions were higher at lower biochar application 

rates than at higher rates across all years. These trends were associated with shifts in the abundance 

of methanogenic and methane-oxidising bacteria in the soil. Biochar reduced the pmoA/mcrA ratio 

in paddy soil, with FB45 showing the greatest reduction. The composition of methanogenic and 

methane-oxidising bacterial species differed significantly between NB and FB soils, with 

Chloroflexota exhibiting the highest relative abundance in both bacterial groups. Biochar 

application enhanced CH4 metabolism in methanogenic and methane-oxidising bacteria, with the 

strongest effect observed under the NB treatment. Moreover, biochar application significantly 

improved rice yield, increasing by 9.27%, 12.58%, 13.50%, and 14.68% under the NB15, NB45, 

FB15, and FB45 treatments, respectively. Overall, biochar effectively reduced CH4 emissions, 

modulated the structure and function of methane-associated microbial communities, and enhanced 

rice yield. 
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1. Introduction 

Global warming, driven by greenhouse gas (GHG) emissions, is a major factor contributing to 

the decline in food production due to extreme weather events (Shahid et al., 2023). The cumulative 

emissions of carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), the primary GHGs, 

increased by approximately 5.6%, 4.2%, and 2.7%, respectively, between 2011 and 2020 (Shrestha 

et al., 2023). GHG emissions from paddy fields account for 40.9% of total agricultural GHG 

emissions (Wu et al., 2022). CH4 is the second most significant GHG, contributing to approximately 

one-third of current anthropogenic warming. Although its atmospheric concentration is < 0.5% that 

of CO2, CH4 is a far more potent GHG, with a global warming potential 27 times greater than CO2 

over a 100-year period and 80 times greater over 20 years (Xin et al., 2023). CH4 from rice 

cultivation constitutes more than 20% of agricultural CH4 emissions (Perry et al., 2024). As a critical 

component of GHGs, CH4 has profound effects on global climate and environmental changes. 

Consequently, reducing CH4 emissions from rice cultivation has become a key research priority. 

Mitigating CH4 emissions from agricultural land is essential for addressing climate change and 

achieving carbon neutrality targets (Tian et al., 2024). CH4 emissions are directly regulated by 

methanogens and methanotrophs (Chen et al., 2023). All known methanogens belong to the phylum 

Euryarchaeota (Archaea), which is divided into seven orders: Methanosarcinales, Methanocellales, 

Methanobacteriales, Methanococcales, Methanomicrobiales, Methanomassiliicoccales, and 

Methanopyrales (Luo et al., 2022). At the genus level, Methanothrix, Methanobacterium, 

Methanosarcina, and Methanocella are the predominant methanogens in paddy fields (Jiang et al., 

2022). Methanogens play a crucial role in CH4 production, as organic matter in paddy soil is 

anaerobically degraded by various bacteria into CH4 precursors, which are then converted to CH4, 

by methanogenic bacteria (Gao et al., 2022). Conversely, a class of microorganisms known as 

methane-oxidising bacteria (methanotrophs) can oxidise CH4 to carbon monoxide (CO), 

significantly reducing CH4 emissions from paddy fields (Schorn et al., 2024). Methanotrophs utilise 

CH4 as their sole carbon and energy source, converting it into methanol (Patel et al., 2020). The 

dominant methanotrophs at the genus level are Methylocystis, Methylococcus, Methylocaldum, and 

Methylosarcina (Yu et al., 2023). These microorganisms play a vital role in CH4 mitigation in soil 

ecosystems (Heděnec et al., 2024). 

Biochar is a carbon-rich, stabilised by-product produced through the pyrolysis of biomass (e.g., 

agricultural and forestry residues) under anaerobic conditions. It is characterised by a rich, porous 
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structure and stable physicochemical properties (Li et al., 2024). Biochar has the ability to improve 

the physical and chemical properties of soil (Khan et al., 2024). The application of biochar as an 

organic amendment has been recognised as a potential agronomic measure with the dual ecological 

benefits of increased crop yields and reduced greenhouse gas emissions (Zhao et al., 2024; Dai et 

al., 2024). Recent research has demonstrated that the application of corn stover biochar reduced CH4 

emissions by 39.74% in large-scale field trials (Zhao et al., 2023). This reduction is attributed to 

biochar’s ability to modulate microbial communities, enhance the abundance of methane-oxidising 

bacteria, and regulate the ratio of methanogenic to methane-oxidising bacteria (Qi et al., 2021; Qin 

et al., 2016). While much research has focused on the short-term effects of biochar application on 

CH4 emissions and microbial community structure, it is equally important to assess its long-term 

impacts. The physicochemical properties of biochar evolve over time due to various abiotic (e.g., 

temperature fluctuations, rainfall, and light exposure) and biotic (plants, soil fauna, and 

microorganisms) factors (Long et al., 2024; Quilliam et al., 2013). Over time, the microbial 

community in the soil becomes more enriched, potentially leading to enhanced CH4 mitigation 

(Zhou et al., 2023; Bo et al., 2023). Previous studies have reported an 11% reduction in CH4 

emissions from rice paddies several years after biochar application (Feng et al., 2022). However, 

contradictory findings have also been reported. Some studies suggest that the liming effect of 

biochar, which initially promotes methane oxidation by creating a favourable environment for 

methanotrophs, diminishes over time, thereby weakening its ability to enhance methane oxidation 

(Nan et al., 2021). Additionally, other studies have found no significant many years after the addition 

of biochar on CH4 emissions, in contrast to its initial impact (Spokas, 2013). To better understand 

whether biochar has the potential for long-term CH4 emission reduction and microbial community 

modulation, further investigation is required. It is necessary to evaluate both the immediate effects 

of biochar application and many years after the addition of biochar on CH4 emissions and methane-

associated microbial communities. 

This study is based on the hypothesis that different biochar application durations and amounts 

regulate methanogen and methanotroph gene abundance in paddy fields, thereby reducing CH4 

emissions, improving soil physicochemical properties, and increasing rice yields. To test this 

hypothesis, Illumina HiSeq sequencing technology was employed to analyse the composition and 

function of methanogens and methanotrophs in paddy soil. The significance of biochar application 

duration in CH4 mitigation was explored from a soil micro-ecosystem perspective, providing a 

scientific basis for biochar’s role in soil fertility improvement, GHG mitigation, and rice yield 

enhancement. 

2. Materials and methods 

2.1. Test site and materials 

This experiment was conducted at the Shenyang Agricultural University Rice Research 

Institute (123°34'38.82'E, 41°49'34.15'N) and was based on a long-term biochar positioning trial 

initiated in 2016. The area has a temperate continental monsoon climate, the soil is brown loam with 

medium fertility, and the terrain is flat. Sampling was conducted in 2023. Prior to biochar application, 
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the soil organic matter (SOM) content was 15.35 g·kg−1, the total nitrogen (TN) content was 0.96 

g·kg−1, the available nitrogen content was 63.70 mg·kg−1, the available phosphorus content was 

17.90 mg·kg−1, the available potassium content was 70.30 mg·kg−1, bulk density was 1.32 g·cm−3, 

and the pH was 6.3. In the experiment, we used corn straw biochar, which was independently 

produced by the Liaoning Provincial Biochar Engineering Technology Research Centre and was 

prepared at 400 ℃. The basic physical and chemical properties were TN content 6.40 g·kg⁻1, total 

carbon (TC) content 274.4 g·kg−1, alkali-hydrolysed nitrogen content 110 mg·kg−1, available 

phosphorus content 780 mg·kg−1, available potassium content 20.9 g·kg−1, electrical conductivity 

(EC) 17.9 m·S·cm−1, and pH 9.90. The tested fertilisers were urea (46%, N), superphosphate (12%, 

P2O5), and potassium chloride (60%, K2O). 

The test rice variety was Beigeng 1501, which was provided by the Rice Research Institute of 

Shenyang Agricultural University. This variety has thick stems, developed roots, a compact plant 

type, and spindle-shaped and erect panicles, which are convenient characteristics for GHG 

monitoring. 

2.2. Experimental design 

The experiment was conducted in a completely randomised block design with biochar applied 

to paddy fields in April 2016 (FB) and April 2023 (NB) in the experimental treatments. Biochar was 

applied at 0 t‧ha-1, 15 t‧ha−1, and 45 t‧ha−1, respectively. The treatments were: (i) FB15, 15 t‧ha−1 

biochar applied in April 2016, (ii) FB45, 45 t‧ha−1 biochar applied in April 2016, (iii) NB15, 15 

t‧ha−1 biochar applied in April 2023, and (iv) NB45, 45 t‧ha−1 biochar applied in April 2023, (v) CK, 

no biochar applied as a control treatment, totalling five treatments with three replications. Chemical 

fertiliser was applied using a simple and efficient application mode. For the nitrogen fertiliser base-

tillering fertiliser, panicle fertiliser was applied in a 6:4 mode, and the amount was 210 kg·ha−1. For 

potassium fertiliser application as a base fertiliser, panicle fertiliser was applied in a 5:5 mode, and 

phosphorus fertiliser was applied once as a base fertiliser. The amount of phosphorus and potassium 

fertiliser was 180 kg·ha−1. The plot area was 3.0 × 3.3 m, with a total of 15 plots. A black hard plastic 

baffle was used in each plot as a wall to a subsurface depth of 25 cm to prevent the string of water 

and fertiliser. Other management measures were conducted in accordance with conventional high-

yield cultivation. 

2.3. Sample collection and analysis 

For gas collection, we adopted the static dark box method, whereby the box was completely 

wrapped in heat-insulated aluminium foil to continuously monitor GHGs in the paddy field. The 

length, width, and height of the dark box were 0.5 m, 0.3 m, and 0.7 m, respectively. When the rice 

plant height exceeded that of the dark box, a two-way open dark box with a height of 0.3 m was 

added on the lower side. To make the gas in the box uniform, a 12-V fan driven by a battery was 
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installed inside the top of the dark box. A dark box base with a groove was placed in each plot (the 

height was consistent with the ground) to inject water into the groove to seal the box before gas 

collection. GHG collection was carried out on the fifth day after rice transplanting. Greenhouse gas 

samples were collected between 08:00 and 11:00 a.m. throughout the entire rice growth period under 

rainless conditions. Sampling was conducted every 7 days, with an additional collection 3 days after 

fertilisation. During gas collection, a 50-mL syringe was used to pump back and forth at 0, 10, 20, 

and 30 min; gas was extracted and stored in an aluminium foil vacuum gas collection bag (0.1 L), 

and the temperature in the box was measured. Gas samples were transported to the laboratory to 

determine CH4 concentrations using a GHG analyser (Agilent 7890B18001268S) equipped with a 

hydrogen ionisation detector.  

The calculation formula of the CH4 emission flux is as follows (Li et al., 2015a): 

F = ρ × V/A × dc/dt × 273/(273 + T) 

where F is the CH4 emission flux (mg·m−2·h−1 or µg·m−2·h−1); ρ is the CH4-C density in the standard 

state (0.54 g/L); v is the effective volume (m3) in the sampling box; A is the soil surface area (m2) 

covered by the sampling box; dc/dt is the CH4 emission rate (µL·L−1·h−1]); t is the average 

temperature (°C) in the static chamber during sampling. 

The formula for calculating the total cumulative CH4 emissions is as follows (Wang et al., 

2024): 

T = ∑
𝐹𝑖+1+𝐹𝑖

2
 × Di+1 - Di × 24 

where T is the total CH4 emission (kg·ha⁻1), Fi and Fi+1 are the average CH4 emission fluxes 

(mg·m⁻2·h⁻1) at the ith and i+1 times of sampling, respectively, and Di+1 and Di are the ith and i+1 

sampling times (d), respectively. Total CH4 emissions were calculated as the average of four 

repeated observations weighted by the time interval. 

At the rice heading stage, the five-point sampling method was used to collect soil samples from 

each plot. Under flooded conditions, soil from the 0‒20 cm layer was extracted using a soil auger 

and thoroughly mixed to ensure homogeneity. Samples were collected in sterile plastic bags, 

immediately transported to the laboratory in dry ice, and stored in a –80 °C ultra-low temperature 

refrigerator for subsequent DNA extraction. 

2.4. Fluorescence quantitative qPCR 

Quantitative polymerase chain reaction (qPCR) was performed using a real-time fluorescent 

qPCR instrument (Applied Biosystems, USA). The quantitative PCR reagent used was ChamQ 

SYBR Color qPCR Master Mix (2X), which was provided by Nanjing Novozymes Biotechnology 

Co., Ltd. 

The key methanogen and methanotroph genes mcrA and pmoA were quantitatively analysed. 

The specific primers mcrA-F (5′-GGTGGTGTMGGATTCACACARTAYGCWACAGC-3′) and 
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mcrA-R (5′-TTCATTGCRTAGTTWGGRTAGTT-3′) were used to amplify the mcrA gene of 

methanogens. The specific primers A189F (5′-GGNGACTGGGACTTCTGG-3′) and mb661R (5′-

CCGGMGCAACGTCYTTACC-3′) were used to amplify the pmoA gene of methanotrophs. Each 

sample was tested thrice in parallel, and the average value was calculated. 

2.5. Metagenomic analysis 

2.5.1. Sample DNA extraction 

Samples were transported to Shanghai Meiji Biomedical Technology Co., Ltd. for DNA 

extraction and Illumina sequencing. First, DNA was extracted using an MJ-Feces soil DNA kit, and 

the DNA purity and concentration were detected using a NanoDrop2000 and TBS-380. DNA 

integrity was detected by 1% agarose gel electrophoresis. DNA was disrupted into a fragment of 

approximately 350 bp by Covaris M220, which was used to construct a PE library. 

 

2.5.2. Library construction and Illumina sequencing 

A NEXTFLEX  Rapid DNA-Seq Kit was used to construct the library. First, the adaptor self-

ligation fragments were removed by magnetic bead screening. Secondly, PCR amplification was 

used to enrich the library template. Finally, the PCR products were recovered by magnetic beads to 

obtain the final library. Metagenomic sequencing was performed using the Illumina NovaSeq 

sequencing platform (Shanghai Meiji Biomedical Technology Co., Ltd.). First, one end of the library 

molecule was complementary to the primer base. After one round of amplification, the template 

information was fixed on the chip. The other end of the fixed molecule was randomly 

complementary to another nearby primer and was also fixed to form a bridge. Secondly, PCR 

amplification was carried out to produce DNA clusters. After the DNA amplicon was linearised into 

a single strand, the modified DNA polymerase and dNTP with four fluorescent markers were added, 

and only one base was synthesised in each cycle. The reaction plate surface was scanned by a laser, 

and the types of nucleotides polymerised by the first round of reaction of each template sequence 

were read. The fluorescent group and termination group were chemically cleaved to restore the 3′-

end reactivity, allowing polymerisation of the next nucleotide to continue. Finally, the sequence of 

the template DNA fragment was determined by analysing the fluorescence signal data collected in 

each cycle. 

 

2.5.3. Analysis 

Fastp software (Chen et al., 2018) was used to remove reads with a length of < 50 bp, an 

average base mass value of < 20, and N-containing bases, and to retain high-quality pair-end and 

single-end reads. The assembly software MEGAHIT (Li et al., 2015), based on the principle of 

concise de Bruijn graphs, was used to assemble the optimised sequences, and contigs ≥ 300 bp were 

selected as the final assembly results. Prodigal (Hyatt et al., 2010)/MetaGene (Noguchi et al., 2006) 
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was used to predict the open reading frame of contigs in the splicing results. Genes with nucleic 

acid length ≥ 100 bp were selected and translated into amino acid sequences. 

CD-HIT (Fu et al., 2012) was used to cluster the predicted gene sequences of all samples 

(parameters: 90% identity, 90% coverage) to construct a non-redundant gene set. Using 

SOAPaligner (Li et al., 2008) software, high-quality reads of each sample were compared with non-

redundant gene sets (95% identity), and abundance information of genes in the corresponding 

samples was counted. Diamond (Buchfink et al., 2015) was used to compare the amino acid 

sequences of non-redundant gene sets with NR, KEGG, and COG databases (the BLASTP 

comparison parameter setting expectation e-value is 1e−5), to obtain species and functional 

annotation information regarding genes and functional and species abundance based on gene set 

abundance. 

2.6. Data processing 

Microsoft Excel 2022 was used for data collation, a one-way analysis of variance was 

performed using IBM SPSS Statistics 27.0.1, and the GHG emission flux was plotted using Origin 

2022. Metagenomic sequencing data were visualised using the Meiji cloud platform, and mapping 

was performed using the R language. 

3. Results and analysis 

3.1. Soil properties 

Biochar changed the physicochemical soil properties during the study period (Table 1). The 

SOM level varied between treatments throughout the rice tillering stage; NB45 exhibited the highest 

SOM content, which was significantly different from that of CK. However, no significant difference 

was seen between the SOM content in CK and that in FB15 and NB15. Compared to CK, the TC 

content of FB15, NB15, and NB45 increased by 20.08%, 32.89%, and 71.11%, respectively (P < 

0.05), and the TN content increased by 16.48%, 24.18%, and 37.36% (P < 0.05), respectively. The 

TC and TN contents of FB45 exceeded those of CK, though the difference was not statistically 

significant. The application of biochar resulted in an increase in soil pH. In comparison to CK, the 

relationship between the increase in soil pH across treatments diminished in the following order: 

NB45 (17.08%) > FB45 (3.50%) > FB15 (2.48%) > NB15 (2.04%). The SOM contents of NB15 

and NB45 were significantly different from CK at the heading stage (Table 1), being 1.35 and 1.64 

times higher than CK, respectively. The TC content of each treatment differed significantly 

compared to CK, with a decreasing order: NB45 (58.68%) > FB45 (34.90%) > NB15 (30.09%) > 

FB15 (11.94%). The TN content exhibited a decreasing trend: NB45 (26.60%) > NB15 (14.90%) > 

FB45 (10.64%) > FB15 (2.13%), with no significant difference between FB15 and CK. Compared 

with CK, the pH of FB45, NB15, and NB45 increased significantly by 11.52%, 4.60%, and 3.99%, 
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respectively. The pH of FB15 was higher than that of CK but the difference was not significant. At 

the rice maturity stage, the SOM content of NB45 remained the highest (78.40 g·kg−1). The SOM 

content in all treatments differed significantly from that of CK, exhibiting a decrease in the order of 

NB45 > NB15 > FB45 > FB15. The TC and TN contents of CK were the lowest and exhibited 

significant differences compared to other treatments. The content order was NB45 > NB15 > FB45 > 

FB15. The pH of NB45, NB15, and FB45 increased significantly by 18.31%, 9.67%, and 6.04%, 

respectively, compared to CK. 

Table 1 

Effect of years of biochar application on soil physicochemical properties of rice at three periods of growth 

Period Treatment SOM (g·kg−1) TC (g·kg−1) TN ( g·kg−1) pH 

Tillering stage CK 55.75 ± 3.76c 9.76 ± 0.68d 0.91 ± 0.01c 6.85 ± 0.05d 

FB15 57.46 ± 2.58bc 11.72 ± 0.08c 1.06 ± 0.07b 7.02 ± 0.03bc 

FB45 43.92 ± 6.01c 10.69 ± 0.03d 0.95 ± 0.01c 7.09 ± 0.02b 

NB15 58.14 ± 2.42bc 12.97 ± 0.38b 1.13 ± 0.00b 6.99 ± 0.05c 

NB45 71.46 ± 15.07a 16.70 ± 0.26a 1.25 ± 0.00a 8.02 ± 0.03a 

Ear sprouting 

period 

CK 42.56 ± 1.88c 9.97 ± 0.16d 0.94 ± 0.01d 6.77 ± 0.02c 

FB15 45.29 ± 3.78bc 11.16 ± 0.46c 0.96 ± 0.02d 6.83 ± 0.02c 

FB45 52.80 ± 1.20abc 13.45 ± 0.16b 1.04 ± 0.00c 7.04 ± 0.04b 

NB15 57.35 ± 5.12ab 12.97 ± 0.19b 1.08 ± 0.01b 7.08 ± 0.02b 

NB45 63.95 ± 14.68a 15.82 ± 0.42a 1.19 ± 0.01a 7.55 ± 0.05a 

Maturity CK 50.98 ± 2.27d 11.48 ± 0.05d 1.06 ± 0.01d 5.79 ± 0.02d 

FB15 59.40 ± 1.02c 13.97 ± 0.26c 1.17 ± 0.04c 5.84 ± 0.03d 

FB45 61.10 ± 2.39c 14.68 ± 0.84c 1.28 ± 0.05b 6.14 ± 0.03c 

NB15 70.66 ± 5.82b 16.55 ± 0.01b 1.31 ± 0.03b 6.35 ± 0.03b 

NB45 78.40 ± 3.65a 22.14 ± 1.13a 1.51 ± 0.03a 6.85 ± 0.03a 

Note: Data are mean values ± standard deviation. Different lowercase letters in the same column indicate a significant 

difference (P < 0.05). CK: no biochar application; FB15 and FB45: eighth year of biochar treatment with application 

rates of 15 and 45 t·ha−1, respectively; NB15 and NB45: first year of biochar treatment with application rates of 15 

and 45 t·ha−1, respectively. 

3.2. CH4 emissions from paddy fields 

As shown in Fig. 1a, the CH4 emission fluxes from paddy soils under different scenarios of 

biochar application durations followed a similar trend. Monitoring of CH4 emissions commenced 5 

days after transplanting, with the first peaks observed in NB15 and NB45 following the initial 

fertiliser application. The highest flux was recorded in NB45, reaching 116.76 mg‧m−2‧h−1, after 

which emissions exhibited a declining trend. Following the second fertiliser application, NB15 

exhibited the highest peak of the entire growth cycle, reaching 107.60 mg‧m−2‧h−1. After the third 
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fertiliser application, all treatments displayed an emission peak, with the emission fluxes following 

a distinct pattern: NB15 (102.27 mg‧m−2‧h−1) > NB45 (75.53 mg‧m−2‧h−1) > CK (50.11 mg‧m−2‧h−1) > 

FB15 (27.73 mg‧m−2‧h−1) > FB45 (15.93 mg‧m−2‧h−1). Subsequently, all treatments exhibited a 

gradual decline in CH4 emissions. The emission fluxes of CK, FB15, and FB45 followed a similar 

trend throughout the reproductive stage, initially increasing slowly before gradually decreasing. In 

contrast, NB15 and NB45 exhibited two distinct emission peaks during the growth cycle. From 

approximately 35 days after transplanting, the emission fluxes of NB45 were consistently lower 

than those of NB15. The overall emission trend throughout the experiment was as follows: NB15 > 

NB45 > CK > FB15 > FB45. 

Compared with CK, cumulative CH4 emissions increased significantly in NB15 and NB45 

(NB15 > NB45). In contrast, CH4 emissions in FB15 and FB45 were significantly lower than in CK 

(FB15 > FB45). 

 

Fig. 1. (a) CH4 flux and (b) cumulative CH4 emissions under different biochar application durations. Error bars 

represent the standard error (n = 3), and different lowercase letters indicate significant differences between treatments 

(P < 0.05). CK: no biochar application; FB15 and FB45: eighth year of biochar treatment with application rates of 

15 and 45 t·ha−1, respectively; NB15 and NB45: first year of biochar treatment with application rates of 15 and 45 

t·ha−1, respectively. 

3.3. Production analysis 

Rice yields under biochar treatments were significantly higher than those in CK (Table 2). 

There was no significant difference in 1000-grain weight or effective panicle number between 

treatments with different biochar application durations and CK. When comparing the number of 

grains per panicle across biochar application durations, a decreasing trend was observed: NB15 > 

FB15 and FB45 > NB45, with all biochar treatments showing higher values than CK. A similar 

pattern was observed for the seed setting rate, which also followed the trend NB15 > FB15 and 

FB45 > NB45, with all biochar treatments exceeding CK. Compared with CK, the theoretical yields 

of FB15, NB15, FB45, and NB45 increased significantly by 13.50%, 9.27%, 14.68%, and 12.58%, 
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respectively. At the same application duration, theoretical yield followed the trend FB45 > FB15 

and NB45 > NB15, indicating an increasing trend with higher biochar application rates. 

 

 

 

 

Table 2 

Effect of biochar application duration and amount on rice yields and yield components 

Treatment 
1000-grain 

weight (g) 

Effective panicles 

(m2) 

Grain number per 

panicle  

Seed setting rate 

(%) 

Theoretical 

yield (t‧ha-1) 

CK 24.30 ± 0.40a 250.00 ± 25.00a 168.44 ± 1.18b 87.40 ± 0.08ab 9.06 ± 0.07b 

FB15 24.77 ± 0.47a 283.33 ± 14.43a 158.97 ± 0.99c 92.28 ± 1.67a 10.28 ± 0.31a 

FB45 24.72 ± 0.22a 266.67 ± 14.33a 176.06 ± 2.35a 91.92 ± 1.68a 10.39 ± 0.37a 

NB15 24.59 ± 0.86a 258.33 ± 28.86a 177.82 ± 2.45a 86.50 ± 2.24b 9.90 ± 0.01a 

NB45 24.48 ± 0.15a 258.33 ± 14.43a 171.34 ± 0.10b 89.11 ± 4.31ab 10.20 ± 0.10a 

Note: Data are mean values ± standard deviation. Different lowercase letters in the same column indicate a significant 

difference between treatments (P < 0.05). CK: no biochar application; FB15 and FB45: eighth year of biochar 

treatment with application rates of 15 and 45 t·ha−1, respectively; NB15 and NB45: first year of biochar treatment 

with application rates of 15 and 45 t·ha−1, respectively. 

3.4. Real-time fluorescent quantitative qPCR 

Copy numbers of pmoA and mcrA genes in soil treated with biochar at the rice heading stage 

were higher than those in CK (Fig. 2). The results showed that biochar application in the eighth year 

continued to increase the pmoA gene abundance in paddy soil. The copy number of the FB45 gene 

was higher than that of FB15 and CK; however, the difference was not obvious. Biochar application 

in the first year had a greater impact on pmoA gene abundance. Gene copy numbers of NB15 and 

NB45 were significantly higher by 114.95% and 88.62%, respectively, and those of FB15 and FB45 

were 24.37% and 58.19% higher, respectively, compared to those of CK. Gene abundance decreased 

in the following order: NB15 > NB45 > FB45 > FB15 > CK. The copy number of the mcrA gene in 

the soil of NB15 and NB45 treatments was significantly higher than that of other treatments; there 

was no significant difference between NB15 and NB45. The mcrA gene abundance was the lowest 

in CK, and FB15 and FB45 gene abundance was 2.23 and 2.70 times higher than that of CK, 

respectively. The pmoA/mcrA ratio decreased in the following order: CK > FB45 > FB15 > NB45 > 

NB15; it was significantly higher in CK than in biochar treatments. The pmoA/mcrA ratio was 

similar between FB15 and FB45 and between NB15 and NB45. 
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Fig. 2. Copy numbers of the pmoA and mcrA genes and pmoA/mcrA ratios of soils under biochar treatments at the 

rice heading stage. Different capital and lowercase letters indicate a significant difference (P < 0.05) between 

treatments in the logarithm of pmoA and mcrA gene copy numbers. CK: no biochar application; FB15 and FB45: 

eighth year of biochar treatment with application rates of 15 and 45 t·ha−1, respectively; NB15 and NB45: first year 

of biochar treatment with application rates of 15 and 45 t·ha−1, respectively. 

3.5. Metagenomic sequencing analysis of methanogens and methanotrophs 

3.5.1. Analysis of methanogen and methanotroph communities 

The community composition abundance at the genus level of methanogens (Fig. 3a) was 

determined, and the dominant flora Chloroflexota (Fig. 3b), Deltaproteobacteria (Fig. 3c), 

Anaerolineales (Fig. 3d), and Methanosarcina (Fig. 3e) were compared. Chloroflexota abundance 

accounted for the largest proportion in all treatments, and its richness was the highest in FB15 

(22.85%). Compared with CK, NB15 and NB45 were significantly lower, and the difference was 

extremely significant (P < 0.001). There was no significant difference among FB15, FB45, and CK. 

Under FB and NB conditions, there was no significant difference between different biochar 

application rates. Deltaproteobacteria abundance was only lower than that of Chloroflexota, and 

the proportion was similar in each treatment, accounting for 8.85% in CK, 8.80% in FB15, 8.10% 

in FB45, 7.87% in NB15, and 9.23% in NB45. The difference between NB15 and NB45 was 

significant (P < 0.05). Anaerolineales abundance in each treatment was relatively low; compared 
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with CK (4.88%), FB15 (5.79%), and FB45 (6.26%), the richness of NB15 (4.52%) and NB45 

(3.86%) was significantly lower. The richness of FB15 and FB45 was higher than that of CK, and 

that of FB45 was significantly higher than that of CK. Under FB and NB conditions, there was no 

significant difference between different biochar application rates. Methanosarcina abundance 

differed significantly between treatments (Fig. 3a). The NB15 (4.52%) and NB45 (2.94%) 

abundances were significantly higher than those of other treatments, and there was a significant 

difference between NB15 and NB45 (P < 0.05). These treatments were compared with CK (0.94%), 

FB15 (1.32%), and FB45 (1.47%), showing significant differences. However, there was no 

significant difference among CK, FB15, and FB45. 

The community composition abundance at the genus level of methanotrophs (Fig. 3f) was 

determined, and the dominant flora Chloroflexota (Fig. 3g), Deltaproteobacteria (Fig. 3h), 

Acidobacteriota (Fig. 3i), and Anaerolineales (Fig. 3j) were compared in multiple groups. The 

largest proportion of abundance in all treatments was that of Chloroflexota. Compared with CK 

(16.83), FB15 (17.69%), and FB45 (16.21%), the abundance of NB15 (12.93%) and NB45 (13.30%) 

was significantly lower, showing significant differences. In contrast, the abundance of FB15 and 

FB45 was similar to that of CK. Under FB and NB conditions, there was no significant difference 

between different biochar application rates. Deltaproteobacteria abundance in each treatment was 

similar, ranging from 9.96% to 11.15%. Acidobacteriota richness was highest in CK (7.62%) and 

lowest in NB45 (4.82%). There were significant differences in Acidobacteriota richness between 

CK and other treatments. A comparison of FB15 and FB45 with NB15 and NB45, respectively, 

showed significant differences; however, there was no significant difference between different 

biochar application rates under FB and NB conditions. Anaerolineales abundance was compared in 

different treatments. There was still no significant difference between different biochar application 

rates under FB and NB conditions. NB15, NB45, and FB45 showed significant differences 

compared with CK. 
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Fig. 3. Microbial community composition at the genus level of methanogenic (a) and methane-oxidising (f) bacteria. 

Comparison of intergroup differences in Chloroflexota/Deltaproteobacteria/Anaerolineales/Methanosarcina 

between methanogenic (b, c, d, e) and methane-oxidising (g, h, I, j) bacteria. CK: no biochar application; FB15 and 

FB45: eighth year of biochar treatment with application rates of 15 and 45 t·ha−1, respectively; NB15 and NB45: 

first year of biochar treatment with application rates of 15 and 45 t·ha−1, respectively. 

 

3.5.2. Functional analysis of methanogens and methanotrophs 

The KEGG database was used to classify the top 50 methanogens and perform functional and 

cluster analyses. A total of 11 functional pathways were detected (Fig. 4a). The metabolic functions 

of all treated methanogens were mainly concentrated in carbon metabolism, Microbial metabolism 

in diverse environments, Metabolic pathways, and Methane metabolism. The metabolic functions of 

all treated methanotrophs (Fig. 4b) mainly focused on Glyoxylate and dicarboxylate metabolism, 

Carbon metabolism, Microbial metabolism in diverse environments, Metabolic pathways, and 

Methane metabolism. According to the cluster analysis, the hierarchical relationship between 
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methanogens and methanotrophs was consistent. In the first level, the metabolic functions of 

methanogens and methanotrophs in NB15 and NB45 were highly similar, and those of CK and FB15 

were similar. In the second level, FB45 had higher similarity with CK and FB15. In the third level, 

NB15 and NB45 had lower similarity with metabolic functions in other treatments. 

 

Fig. 4. Metabolic function and cluster analysis of (a) methanogens and (b) methanotrophs. CK: no biochar 

application; FB15 and FB45: eighth year of biochar treatment with application rates of 15 and 45 t·ha−1, respectively; 

NB15 and NB45: first year of biochar treatment with application rates of 15 and 45 t·ha−1, respectively. 

 

3.5.3. Function comparison and difference analysis of methanogens and methanotrophs 

PCoA analysis and ANOSIM analysis were performed on methanogens and methanotrophs in 

all treatments (Fig. 5). Functional differences of methanogens in all treatments were significantly 

greater between groups than within groups (ANOSIM: R = 0.767407, P = 0.001) (Fig. 5b). PCoA 

analysis results (Fig. 5a) showed that the functional similarity of methanogens could be divided into 

three groups according to the aggregation degree. The functional effects of NB15 and NB45 and of 

FB45 and CK were relatively close. Compared with CK, FB15, and FB45, the functional similarity 

of NB15 and NB45 was significantly different, and the similarity of FB15 was lower than that of 

other treatments. Functional differences of methanotrophs in all treatments were significantly 

greater between groups than within groups (ANOSIM: R = 0.810370, P = 0.001) (Fig. 5d), as 

determined by PCoA (Fig. 5c). The functional similarity of methanotrophs could be divided into 

three groups according to the aggregation degree. The results showed that functional similarity was 

high between NB15 and NB45 and between FB15 and CK. NB15 and NB45 were compared with 

the other three groups, and the similarity was different. The functional similarity of methanotrophs 

Jo
ur

na
l P

re
-p

ro
of



in FB45 differed significantly from that in other treatments. 

 

Fig. 5. Comparative analysis of PCoA function of (a) methanogens and (c) methanotrophs. ANOSIM analysis of (b) 

methanogens and (d) methanotrophs. CK: no biochar application; FB15 and FB45: eighth year of biochar treatment 

with application rates of 15 and 45 t·ha−1, respectively; NB15 and NB45: first year of biochar treatment with 

application rates of 15 and 45 t·ha−1, respectively. 

 

3.5.4. Differential analysis of CH4 metabolic function between methanogens and methanotrophs 

The CH4 metabolic pathways involved in the metabolic functions of methanogens and 

methanotrophs were analysed to determine individual group differences. Under different treatments, 

methanogens involved in CH4 metabolism exhibited significant differences (Fig. 6a). Significant 

differences were observed between FB45 and NB45 and between CK and FB15 (P < 0.05). 

Additionally, there was a significant difference between CK and NB45 (P < 0.01), while the 

difference between NB15 and CK was highly significant (P < 0.001). Similarly, CH4-oxidising 

bacteria involved in CH4 metabolism also showed statistically significant differences across 

treatments (Fig. 6b). The difference between FB15 and CK was significant (P < 0.05). The CH4 

metabolic function in NB15 and NB45 treatments differed significantly from that in CK (P < 0.001). 
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The CH4 metabolic function of FB15, NB15, and NB45 differed significantly from that of FB45 (P 

< 0.001). 

 

Fig. 6. Intergroup comparisons of methane metabolism functions of methanogenic (a) and methane oxidising (b) 

bacteria. CK: no biochar application; FB15 and FB45: eighth year of biochar treatment with application rates of 15 

and 45 t·ha–1, respectively; NB15 and NB45: first year of biochar treatment with application rates of 15 and 45 t·ha–

1, respectively. 

 

3.6. Analysis of the correlation between environmental factors affecting methanogens and 
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methanotrophs 

Redundancy analysis (RDA) of the methanogen community and environmental factors (Fig. 

7a) showed that the cumulative contribution of the first two ordination axes reached 75.62%, and 

there was a positive correlation among all environmental factors. Among them, TN had the greatest 

effect on species community composition (P = 0.002, r2 = 0.64408), followed by pH (P = 0.005, r2 

= 0.54813). All environmental factors were positively correlated with NB15 and NB45 and had 

similar effects on the other three groups. RDA analysis of methanotrophs (Fig. 7b) showed that the 

cumulative contribution rate reached 74.48%, and there was a positive correlation between all 

environmental factors. Among them, TN had the greatest effect on species community composition 

(P = 0.001, r2 = 0.69651), followed by pH (P = 0.004, r2 = 0.60413). There was a positive correlation 

between all environmental factors and NB15 and NB45, and the degree of the effect on the other 

three groups was similar. 

The correlation between environmental factors and methanogenic function was determined by 

Mental test analysis (Fig. 7c). The methanogenic function of FB45 had a significantly positive 

correlation with TN (P < 0.001) and a positive correlation with SOM (P ≥ 0.05). NB45 was 

positively correlated with pH (P ≥ 0.05). CK was positively correlated with SOM and pH (P ≥ 0.05). 

NB15 was positively correlated with TC, C/N, and TN (P ≥ 0.05). FB15 was positively correlated 

with TC, SOM, TN, and C/N (P ≥ 0.05). The Mental test analysis of methanotroph function and 

environmental factors (Fig. 7d) showed that the methanotroph function of FB45 was positively 

correlated with TN (P < 0.001), TC, and C/N (0.001 < P < 0.05); FB15 was positively correlated 

with TN, TC, SOM, and C/N (P ≥ 0.05); CK was positively correlated with pH and SOM (P ≥ 0.05); 

NB15 was negatively correlated with all environmental factors (P ≥ 0.05); and NB45 was positively 

correlated with SOM (P ≥ 0.05). 
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Fig. 7. RDA analysis of environmental factors and community composition of (a) methanogens and (b) 

methanotrophs across biochar treatments. Functional RDA analysis of (c) methanogens and (d) methanotrophs 

between environmental factors and treatments. CK: no biochar application; FB15 and FB45: eighth year of biochar 

treatment with application rates of 15 and 45 t·ha−1, respectively; NB15 and NB45: first year of biochar treatment 

with application rates of 15 and 45 t·ha−1, respectively. 

4. Discussion 

4.1. Effects of biochar application duration on paddy soil properties 

Biochar application positively affects improvements in soil physical and chemical properties 

in paddy fields (Wang et al., 2024). In the present study, the SOM content changed significantly in 

the three periods of the rice growing season. Biochar application significantly increased the SOM 

content in the soil, which was consistent with the results of biochar application in double-cropping 

rice paddy soil (Li et al., 2023). Regarding the effect of different biochar application durations on 

SOM, the results of this study suggest that the first year of biochar application had a greater effect 

on SOM, and that the effect changed with the amount of biochar applied, in agreement with previous 

research (Liu et al., 2024). The findings of this study showed that when the application period 
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reached 8 years, biochar continued to increase SOM, which was related to the amount of biochar 

applied. It has been shown that biochar application can increase soil TN and TC, whereas soil TN 

and TC content increase with an increase of biochar application (Jin et al., 2024; Luo et al., 2017; 

Singla et al., 2014), a finding that is consistent with the results of this study. The high porosity, high 

internal surface area, and large number of micropores of biochar may potentially improve soil 

physicochemical properties (Ali et al., 2021); however, there is a lack of research on the effect of 

biochar application duration. Apostolović et al., (2024) reported significant reductions in soil TC 

levels under long-term impacts compared to short-term impacts of biochar. The present study 

showed that the TN and TC contents in paddy soil continued to increase in the eighth year of biochar 

application. It may be related to the different biochar types and biochar action times we observed, 

which need to be further investigated in depth. pH is an important soil property (Cao et al., 2022). 

A study on soil pH following field biochar aging showed that biochar application increases soil pH, 

with fresh biochar causing a more pronounced pH elevation than aged biochar (Wang et al., 2021). 

When considering biochar application rate as the only variable, it was observed that higher biochar 

application rates led to an increase in soil pH (Wang et al., 2024), a finding consistent with the 

results of the present study. This may be due to the release of a large number of cations from the 

alkaline bases in biochar to the soil, which increases the proton consumption process, thereby 

increasing the soil pH and reducing soil acidity. The higher the amount of biochar applied (within 

the optimal range), the higher the soil pH (Khan et al., 2024). There are also studies that suggest 

that biochar has no long-term effect on pH (Quilliam et al., 2013), which may be due to differences 

in the amount of biochar applied and settling of biochar. However, there is a lack of in-depth research 

under an increased biochar application duration. This study showed that the ability to increase soil 

pH after 8 years of biochar application was weaker than that of biochar applied in the first year. 

4.2. Effects of biochar application duration on CH4 emissions and rice yield 

Previous studies have reported contradictory results regarding the effect of biochar on CH4 

emissions; some studies suggest that biochar application can reduce CH4 emissions (Dai et al., 2024; 

Gao et al., 2024), while other studies present an opposing perspective (Qi et al., 2023; Liu et al., 

2021). In the present study, CH4 emissions from paddy fields were monitored during the whole 

growth period after rice transplanting. The results showed that CH4 emissions increased 

significantly in the first year of biochar application but were alleviated in the eighth year of biochar 

application, thereby confirming the dual impact of biochar application on CH4 emissions. In a 

previous study, CH4 emissions were monitored for 2 years after biochar application, and the 

conclusion was similar to that of the present study (Feng et al., 2020). Similarly, the cumulative CH4 

emissions increased in the first year of application. In the case of the same number of application 

years, CH4 emissions under a high biochar content were lower than those under a low biochar 

content, which is consistent with previous research (Wang et al., 2021). This may be because biochar 
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application increased SOM content, enhanced the oxidation capacity of paddy soil, and increased 

the activity of methane-oxidising bacteria, thereby reducing CH4 production (Qin et al., 2016; Feng 

et al., 2011). In this study, the effect of biochar on CH4 emissions was studied under long-term 

positioning conditions, with a focus on the temporal dynamics of biochar efficiency. The findings 

provide a scientific basis for understanding the impact of biochar ageing on GHG emissions. 

Biochar application can increase yield and efficiency, with a positive correlation between crop 

productivity and biochar application rate (Rong et al., 2023; Li et al., 2015b). This effect may be 

attributed to biochar’s ability to improve soil physicochemical properties, thereby promoting crop 

growth and yield (Zhang et al., 2010). In the present study, rice yield significantly increased after 

biochar application and showed an upward trend with an increase in the amount of biochar applied; 

however, the optimum biochar application amount was not determined. With an increase in the 

number of application years, the yield-increasing effect of biochar decreased slightly, which differed 

slightly from the effect of biochar on rice-wheat rotation. In a previous study, the yield of biochar 

application in the first year was slightly lower than that in the third year (Wu et al., 2018). Current 

research on the trend of biochar yield increase lacks data support, and the results of the present study 

provide a reference regarding the effect of biochar application on rice yield. 

4.3. Effects of biochar application duration on CH4 metabolism in paddy fields 

The results of this study showed that the last step of CH4 production is regulated by the mcrA 

gene of methanogens, and that the pmoA gene is the first key enzyme encoded by methanotrophs to 

utilise CH4. These two genes are commonly selected for qPCR fluorescence quantitative analysis. 

Previous studies have shown that the pmoA/mcrA ratio can be increased after biochar application 

(Xu et al., 2016), which is contrary to the conclusion of the present study. Studies have shown that 

after biochar application, the copy numbers of pmoA and mcrA genes at the rice booting stage were 

lower under high-biochar application rates compared to low-biochar application rates (Peng et al., 

2022), which is consistent with the conclusion regarding biochar application in the first year in the 

present study. However, in the present study, the quantitative patterns of pmoA and mcrA genes in 

the eighth year of biochar application were inconsistent. This suggests that the influence of biochar 

on these genes may diminish over time with prolonged application. 

Previous studies have shown that biochar can enhance the activity and biomass of soil 

microorganisms (Gao et al., 2022; Peng et al., 2022; Qin et al., 2016; Singla et al., 2014). In the 

present study, the community composition of methanogens and methanotrophs was similar under 

the same biochar application duration (Fig. 3). The results showed that, among environmental 

factors, a low pH was not conducive to the growth of microorganisms, and SOM and TN in soil 

provided nutrients for microorganisms to metabolise (Lv et al., 2022; Wang et al., 2018). In this 

experiment, there were significant differences in pH, SOM, and TN contents among different 

treatments, which may be the main factors causing the variable community structures of 
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methanogens and methanotrophs. In this study, species analysis based on the KEGG database 

identified Chloroflexota as the most abundant bacterial group. These findings differ from previously 

reported research conclusions. Previous research has shown that the dominant methanogens in 

paddy fields are archaea (Methanosarcina, Horonobensis, Methanocellaceae, and Methanothrix) 

(Zhang et al., 2024; Jiang et al., 2022; Wu et al., 2022; Zhou et al., 2020). However, microorganisms 

involved in CH4 metabolism in soil are not restricted to the archaeal domain. At present, few studies 

have analysed the functional dynamics of methanogens and methanotrophs following biochar 

application in paddy fields. In the present study, all microorganisms involved in CH4 metabolism 

and oxidation were analysed, revealing that the dominant taxa were primarily bacterial rather than 

archaeal. A comparative analysis of CH4 metabolism across treatments showed that functional 

similarity was closely associated with biochar application duration, with treatments applied in the 

same year exhibiting greater functional resemblance. The CH4 metabolic function of methanogens 

was less different; however, there were significant differences in the CH4 metabolism function of 

methanotrophs. There was no significant difference in CH4 metabolicsm function among treatments 

receiving biochar in the same year. However, CH4 metabolic function in the first year was stronger 

than in the eighth year, indicating a gradual decline in CH4 metabolism with prolonged biochar 

application. 

5. Conclusion 

The results of this experiment showed that the application of biochar improved the soil 

properties of paddy fields after 8 years. CH4 emissions increased in the first year of biochar 

application and decreased in the eighth year of application, with lower emissions observed at higher 

biochar application rates across both time points. The species composition of methanogenic and 

methane-oxidising bacteria communities in paddy soil changed in the first year of biochar 

application. However, by the eighth year, the species composition of both communities showed a 

tendency to revert towards CK conditions. Biochar application enhanced the methane metabolism 

of methanogenic and methane-oxidising bacteria in rice paddies in both year 1 and year 8 and 

weakened over time. Additionally, biochar application increased rice yield in both year 1 and year 

8. These results indicate that biochar application can improve soil fertility, reduce CH4 emissions, 

change the community structure of methanogenic and methane-oxidising bacteria, and increase rice 

yield in the long term. While the effectiveness of biochar gradually declines over time, the impact 

remains significant for at least 8 years after application. 
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Highlights 

 

1. Corn straw biochar application improved the physical and chemical properties of the 

soil in both the first year (NB) and the eighth year (FB). 

2. NB15, NB45, FB15, and FB45 increased rice yield by 9.27%, 12.58%, 13.50%, and 

14.68%, respectively. 

3. NB increased CH4 emissions, FB decreased CH4 emissions, and CH4 emissions were 

higher at low biochar application than at high biochar application at different 

application years. 

4. NB and FB soils differed significantly in methanogenic and methane-oxidising 

bacterial species, with Chloroflexota exhibiting the highest relative abundance in both 

bacterial groups, and NB and FB reduced the pmoA/mcrA ratio in soils. 

5. NB and FB enhance CH4 metabolism by methanogenic and methane-oxidising 

bacteria in soil. 
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