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ARTICLE INFO ABSTRACT
Keywords: Biochar is a promising strategy for improving crop yield and mitigating greenhouse gas emissions.
Acid modified biochar However, the impacts of acid modified biochar on CH4 emissions and yield in rice fields are not
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Soil degradation

Climate change mitigation
Rice production

comprehensively understood, especially under alternate wetting and drying irrigation (Iawp).
Here, we conducted a 3-yr (2019-2021) field experiment with two irrigation regimes (Icg:
continuous flooding irrigation, Iawp) and three biochar treatments (By: no biochar; Bag: 20 t ha!
rice straw biochar; and Bypa: 20 t ha™! acid modified rice straw biochar). Results showed Iawp
reduced CH4 emissions by 63-80 % and water consumption by 10-12 % but threatened the rice
soil fertility. Bog and Bgoa increased soil cation exchange capacity by 13-36 %, soil organic carbon
by 24-44 % and C/N by 17-36 % over the three years. However, compared to By, By tended to
increase CH4 emissions and factor (CH4gp), reduced grain yield by 6 % in 2019, but By sup-
pressed CHy4 emissions by 19 % while maintaining a stable grain yield. Byy and Byoa enhanced
yield by 5 % and 8 %, 11 % and 12 % and decreased CH4 emissions by 22 % and 38 %, 38 % and
40 % in 2020 and 2021, respectively. Booa alleviated its initial negative impact on CH4 emissions
and yield in 2019 due to acid modified biochar enhancing more acidic and oxygenated functional
groups. IawpBzoa decreased CHy4 emissions by 75-89 % and greenhouse gas emission intensity
(GHGI) by 75-90 % compared to IcgBp over the three years. Consequently, Baoa coupled with
Iawp achieves sustainable use of water resources, improves soil degradation and mitigates climate
change.

1. Introduction

Rice is a major cereal crop, feeding over 50 % of the world’s population. However, rice fields account for about 48 % of greenhouse
gas (GHG) emissions from croplands. CH4 emissions from paddy field contribute to more 75 % of its total GHG emissions due to the
anaerobic environment with long-term waterlogged conditions. China, as one of the major rice-producing countries, has prominent
positions in total anthropogenic CH,4 emissions, accounting for 22-38 % of the global emissions (Nikolaisen et al., 2023; Qian et al.,
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2023; Wang et al., 2019). This is a huge challenge for China’s goal of “a carbon peak by 2030 and carbon neutrality by 2060” (Liu et al.,
2024). On the other hand, rice in China contributes to 21.4 % of the global production to meet food needs, but its production also
consumes large amounts of water, accounting for 70 % of China’s agricultural water consumption. This is undoubtedly another serious
challenge for China, which is facing increasing water shortages (Liu et al., 2021; Han et al., 2023a; Li et al., 2024). With the dual
challenges of climate change and water scarcity, exploring potential measures for reducing water use and CHy4 emission in rice fields,
while maintaining rice yields, is essential to achieve GHG emissions reduction and sustainable development of China’s agriculture.

Alternate wetting and drying irrigation (Iawp) is a vital strategy for improving water use efficiency (WUE) and mitigating CHy4
emissions in rice fields, which has been widely applied in China (Chen et al., 2022; Chu et al., 2018). Studies indicated that Iawp
decreased water consumption by 12 %-14 % and increased WUE by 10 %-24 % compared to continuous flooding (Han et al., 2023a; Li
et al., 2022; Carrijo et al., 2017). As rice soils become unsaturated, aerobic conditions prevail under Iawp, resulting in a high O soil
environment that promoted CH,4 oxidation and inhibited CH4 emissions (Han et al., 2023b). However, Livsey et al. (2019) reported that
Iawp improved soil aeration, which led to a loss of soil organic carbon (SOC), with a 5.2 % reduction in SOC concentration compared to
Icr. SOC plays a vital role in enhancing soil fertility, which in turn affects rice yield. Consequently, the loss of SOC may result in rice
reduction (Berhane et al., 2020). Chen et al. (2022) also discovered that Iawp increased N2O emissions due to high redox potential and
nitrate nitrogen concentration, leading to an 8-15 % increase in gaseous nitrogen losses. In short, while Iawp reduces water con-
sumption and CH4 emissions, the resulting decline in soil fertility, reduction in crop yield and loss of nitrogen cannot be ignored.

Both zeolite amendment and biochar incorporation into agricultural soil were widely used as potential strategies to achieve crop
yields enhancement and GHG emissions reduction while improving soil fertility (Livsey et al., 2019; Zhao et al., 2024). Rice straw, as
the second most abundant straw resources in China, accounting for 25 % of the straw output of main crops, and a large number of rice
straw are directly burned, resulting in resource waste and environmental pollution (Ai et al., 2015; Sharma et al., 2020). The shift from
rice straw into biochar is one of the most widely used measures for efficient utilization of straw resources, which directly and indirectly
avoid carbon emissions from straw burning or straw rotting and sequestrate those carbon in soil directly instead. With its high specific
surface area and cation exchange capacity (CEC), biochar improves soil fertility, soil sequestration and reduces emissions, achieving
the green and low-carbon goal of “taking from the field and using it to the field”. Consequently, biochar has become a major research
focus for many scientists in recent years (Nan et al., 2022; Han et al., 2023a). Sriphirom et al. (2020) found that biochar increased soil
SOC by 21.2 % over two rice growing seasons, indicating that biochar has a strong carbon sequestration capacity. He et al. (2020)
demonstrated that long-term successive biochar incorporation in rice-wheat rotation had a considerable potential to reduce N,O
emissions, especially during the rice season. However, Yang et al. (2020) observed that biochar increased CH,4 emissions in the 1% year
but reduced in the 2™ year, probably due to biochar progressive degradation and aging, which considerably altered the abundance of
methanogens and methanogenic bacteria through increased pH value. Major et al. (2010) found that biochar (20 t ha™') had no effect
on maize yield in the first year but increased in subsequent years because of that biochar had more significant effects on soil nutrients
(P and K) as time goes. Furthermore, Zhang et al. (2023) demonstrated that the properties of biochar itself created a loose and porous
environment for the rice roots, which was conducive to retaining water and nutrient retention, facilitating root growth and enhancing
methane oxidation, thereby reducing CH4 emissions. In summary, an increasing number of studies have found that initial biochar
incorporation, the lime effect and the nutrient effect caused by an increase in pH have no positive influence on CH4 and grain yield, or
even a negative influence, reducing production and increasing emissions. Whereas, with aging of biochar, its influence on soil
properties and microbial activity changes, resulting in different impacts (Duan et al., 2018; Nan et al., 2022; Wu et al., 2022).
Therefore, it is necessary to solve the negative effects of the initial pH increase of biochar to fully realize its potential as a carbon sink,
emission reduction and stable production to achieve green sustainable development, especially under Iawp.

The production process of acid modified biochar is simple and typically involves the acidification of fresh biochar with HCI, HNOs,
H,S04 and H3PO4 (Rehman et al., 2020). This has become one of the most effective measures to address the initial negative effects of
biochar. Engineered biochar with acid modification exhibited obvious loose structure and abundant pore structure, included more
oxygen-containing functional groups and acidic functional groups (Yu et al., 2023). These changes directly alter the properties of the
soil environment and microbial activity, playing a key role in increasing crop growth and mitigating greenhouse gas emissions (Gong
etal., 2024; Chen et al., 2022). On the one hand, acid modified biochar exhibited larger specific surface area and higher water-holding
capacity, which reduced nutrient loss and improved aboveground dry matter and crop yields (Li et al., 2025; Yu et al., 2023; Sahin
etal., 2017). On the other hand, acid modified biochar significantly reduced pH value, promoted microbial electron transfer, increased
the content of oxygen-containing functional groups with redox activity, and performed better redox capacity, thus inhibiting the
activity of methanogens and reducing CHy4 emissions of rice soil in the laboratory ( Nan et al., 2021). However, both acid type and
concentration were two of the critical determinant factors affecting the mechanism of functional groups’ oxidation of biochar during
the related acidification processes. H3POy, as a lower corrosivity among those acidic agents, can introduce some P-containing func-
tional groups (e. g., C3-P-O, P-OOH, and P-O-P) to biochar but decrease oxygen-containing functional groups (Sajjadi et al., 2019). The
number of carboxyl and acidic functional groups (C—=0) on the rice straw biochar modified by HNO3/H2SO4 increased significantly
compared with that treated by HCl acidification (He et al., 2022; Chen et al., 2024; Kasera et al., 2022). However, after the dissociation
of HNO3, a very active intermediate nitrate (NO3) will form -NO; on the surface of biochar, resulting in limited nitrification on its
surface. But HySO4 can enhance the formation of nitrate ions and improve its adsorption capacity (Godwin et al., 2019). Studies have
proved that HCI, HNO3 and HSO4 treated biochar, among which HoSO4 treated biochar has the best acidification effect, and with the
increase of acid concentration (0.1-1 M), the number of acidic functional groups (lactic acid functional groups) increases from 9 % to
15 % (Boguta et al., 2019). However, the concentration of HySO4 is too high, which caused a detrimental impact on the micropore
surface area of biochar (Sajjadi et al., 2019). Therefore, the best acid modified effect of biochar can be optimized by the appropriate
acid concentration. At present, acid modified biochar has mostly been used to remove pollutants in water and heavy metals in soil, and
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the experiments have mostly been carried out in laboratories or potted plants (Ashworth et al., 2023; Gong et al., 2024). However,
studying its impacts on rice field remains largely unexplored, especially under Iawp. A deeper exploration of acid modified biochar
incorporation in AWD paddy fields and the impacts of fresh and acidified biochar on soil properties, rice yield and CH4 emissions are
essential to reveal whether acid modified biochar’s can alleviate the negative effects of the initial lime effect of biochar and realize low
carbon production.

Therefore, we applied both straw biochar and acid modified biochar to AWD paddy fields to assess its impacts on CH4 emissions,
soil properties, water use efficiency and grain yield. This study was conducted with the following objectives: (i) evaluate alternations in
the structure and morphological characteristics of biochar after its acid modification; (ii) monitor and assess the contrasting differences
in soil environment, CH4 emission, grain yield in paddy field under different biochar treatment under AWD; (iii) reveal potential
possibility regarding the acid modification of biochar whether to alleviate biochar-induced initial CH4 emissions and yield decrease,
realizing low carbon production under alternate wetting and drying rice paddy. This research is important in effectively mitigating
GHG emissions and achieving low carbon and promoting rice sustainable development.

2. Materials and methods
2.1. Experimental site and materials

The field experiment was conducted at the National Demonstration Base of Shenyang Agricultural University, located in Shenyang,
Liaoning Province (latitude N 41°52’, longitude E 122°67") from 2019 to 2021. Daily precipitation and air temperature during the
three rice growing seasons were shown in Fig. S1. Local Japonica rice cultivar (Dalinuo 1) was used in 2019 and 2020, but due to the
force majeure of the epidemic, the rice cultivar was changed to Shennong 09001 in 2021. Detailed information on rice cultivation was
described in Table S1. The experimental site features silt loam topsoil from river alluvium. Fresh biochar was produced by pyrolyzing
rice straw at 500 °C for 2 hours. To produce acid modified biochar, fresh biochar was hydrolyzed by soaking in 0.5 N HSO4 (1:20 ratio)
for 24 h and acidified, then washed repeatedly with water until its pH was in the range of 6.5-7.5 and finally dried at 60 °C for 48 h.
The physical and chemical properties of the pre-experiment topsoil, biochar and acid modified biochar were given in Table S2.

2.2. Experimental design and management practices

A split-plot design with two irrigation regimes, three biochar treatments and three replications were used in this field experiment.
Irrigation regimes (I) as main plots, including continuous flooding (Icp) and alternative wetting and drying (Iawp). Sub plots were
subjected to three biochar treatments (B) (no biochar, By, 20 t ha~! fresh biochar, Bygand 20 t ha~! acid modified biochar, Baoa). This
results in a total of six treatments (IcgBo, IcrB20, IcrB20a, IawpBo, IawpB20 and IawpB2oa) (Fig. S2). The main plots were subdivided by
100 cm wide soil ridges, with each subplot separated by a 40 cm deep polyvinyl chloride barrier embedded 30 c¢m into the soil to limit
horizontal nutrient flow. Each plot was 3 m in width and 6 m in length. Water supply lines and meters were installed in each plot to
manage soil moisture.

Under both I¢r and Iawp, a standing water depth of 10-30 mm was maintained for the first 7-10 days after transplanting to aid
seedling recovery. Subsequently, Icr plots were kept at a water depth of 10-70 mm until about 15 days before harvest. Under Iawp, the
plots were re-flooded to 70 mm, reducing soil water potential to —10 kPa at a 15 cm soil depth. These Ipnwp cycles persisted until
roughly 15 days before harvest.

An automatic ultrasonic water level meter (AODC-SY001-APD2, Fujian, China) recorded water levels hourly. Soil water potential at
a depth of 15 cm in each Iywp plot was measured twice daily (8:00 am and 2:00 pm) using a soil moisture tension meter (HX-S-10,
Institute of Soil Science, Nanjing, China). Fertilizer application was consistent with local agricultural practices, with specifics detailed
in Table S1. The experiment was replicated in the following two years without biochar. Weed, pesticide, and pest management
practices followed local rice cultivation guidelines.

2.3. CHy sampling collection

CHj, fluxes were measured using the opaque static chamber method (Zhao et al., 2024). Each chamber constructed from PVC with a
0.7 (1) x 0.5 (w) x 0.6 (h) m standard chamber and 0.7 (1) x 0.5 (w) x 1.1 (h) m extension chamber. To ensure gases mixing and stable
temperature, a digital thermometer and a fan were installed on top of the chamber. CH4 gas samples were typically collected roughly
once a week (9:00-11:00 am). An additional sample was taken after each fertilizer application, dry and wet cycle and rainfall event.
Gases were extracted from the chamber into a 150 mL vacuum aluminum bag by using a 100 mL syringe at 0, 15, and 30 min. CH4
concentrations were determined with a gas chromatograph (Agilent 7890B, Agilent Technologies, USA) equipped with Flame Ioni-
zation Detector (FID).

2.4. Soil and plants analysis

After transplanting, three topsoil samples were taken once a week from each plot using an auger and thoroughly mixed to form a
fresh soil sample to measure soil NHf-N and NO3-N concentrations using the AA3 (Seal Analytical, Auto-analyzer 3, Germany). Air-
dried soil samples were analyzed for soil organic carbon (SOC) and soil cation exchange capacity (CEC). Potassium dichromate-
sulphuric acid digestion method was used to measure SOC (Shen and Yu., 2021). CEC was determined using a DIGIPREP TKN
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System (K-360, BUCHI Labortechnik AG 9230 Flawil, Switzerland). Soil redox potential (Eh), temperature and pH were measured in
situ with an automatic redox potential tester (CN61M/FJA3, Nanjing, China) at the same sampling intervals as CH4 samplings. Soil
particle size distribution was analyzed with a laser particle size analyzer (MAETERSIZER 3000, Britain) (Wang et al., 2023).

After harvesting, each soil sample (0.2 m x 0.2 m x 0.2 m) containing rice roots was carefully excavated, a 100-mesh nylon belt was
placed under the root of the plant and the roots were carefully separated from the soil by washing with tap water. Images were
analyzed using WINRHIZO software (WinRHIZO Pro LA2400, Regent Instruments Inc., Quebec, Canada). Root diameter and root
length density were determined using a flatbed scanner (EU-88, SEIKO EPSON CROP, Japan) (Chen et al., 2019). Oven drying was used
to determine root and above-ground dry weights.

2.5. Biochar characterization

Fourier Transform Infrared Spectrometer (FTIR) (Spectrum 3, Perkin Elmer, USA) was used to understand the surface functional
groups of Byg and Bypa (Han et al., 2023a). CEC was measured using a DIGIPREP TKN System (K-360, BUCHI Labortechnik AG 9230
Flawil, Switzerland). C/N was determined by elemental analyzer (PerkinElmer 2400, Waltham, MA, USA). The morphological feature
of the biochar was characterized by a scanning electron microscope (FE-SEM, APREO 2 C, THERMELFELD, USA). Raman spectra were
captured by using a Raman Microscope (DXR, THERMO, USA).

2.6. Calculation of the data

CH4 fluxes were calculated as follows:

dc 273 p

“dt 273+T po M

F=p-h

where F is the CH, flux (mg m~2 h™1); p is the gas density of CH4 (0.714 kg m~%); h is the chamber height; T is the average air

temperature in the chamber (°C); dC/dt is the linear change in CHy4 gases concentration over time (mg L™ h™1). p is air pressure inside
the chamber, and py is the standard atmospheric pressure.
Cumulative CH4 emissions were calculated as follows:

n
Fi+F, _2
=» ———-d-24-10 2)
=2
where f is the cumulative CHy (kg ha™!) emission; F; andF,_; are the gas fluxes of two consecutive samples; d is the interval in
days between two consecutive samples, and n is the sum of gases samples.

The CH4 emission factor is the average daily CH4 emission rate during the rice growth season. It was calculated as follows (Sun

et al., 2020):

_f
EFc =% 3

where EFc is the CH4 emission factor (kg CHy ha! d’l), fis the total seasonal CH4 emission (kg CH4 ha’l), and D is the rice growth
season (day).
Global warming potential of CH4 (GWPcy,) was calculated using the following equation (Forster et al., 2021):

GWPcy, = 27.2 x CH, (€))

where CHy represents the cumulative CH4 emissions (kg ha™!). The value 27.2 indicates that the GWPcy, has a global warming
potential 27.2 times greater than carbon dioxide (CO3) per unit mass over a 100-year period.
The Greenhouse Gas Intensity (GHGI¢y,) was calculated as follows:

GHGlgy, = 5)

 GWPgy,
Y

where GWP¢y, is global warming potential of CH,4 emissions, Y represents yield (t ha™1).

Water use efficiency (WUE) was calculated as follows:
Y

WUE = — (6)

I;

where Y is the rice yield (t ha™1), I is the total amount of irrigation water during the rice growth season.

Root length density (RLD) was calculated using the following equation (Ding et al., 2021):
L

RLD = A )

where L is the root length (cm), V; is the volume of soil samples with rice roots (em™3).
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2.7. Statistical analysis

Analysis of variance for all data were analyzed using R software (release 4.3.1) in a split-plot design. The irrigation regime and the
incorporation of biochar were considered as fixed effects and the replications as random effects. Before performing ANOVA, data that
did not fit normally were log transformed. Multiple comparisons were performed using the Tukey’s HSD test at the P < 0.05 level. All
significant differences are at the P < 0.05 level, unless otherwise stated (Liu et al., 2019). Path analysis was conducted to assess the
contribution of related factors to CH4 emissions using IBM SPSS (Version 21, USA). All figures were plotted with OriginPro 2024.

3. Results
3.1. Biochar characterization

Cation exchange capacity (CEC), pH value and C/N under Byy and Bypp were shown in Fig. S3. Bgga reduced CEC by 15.4 %
compared to By (30.52 cmol kg’1 vs 36.07 cmol kg’l), but both had a higher CEC compared to the biochar-free control (soil) (16.85
cmol kg’l) before transplanting. Byga had a relative higher C/N, which increased C/N by 7.2 % over By (48.32). After washing with
0.5 N HSO4, Byoa reduced pH value from 10.14 to 7.01 (Fig. S3; Table. S2).

The SEM images of Byg and Bypp were revealed in Fig. S4a-b. Byy showed a sieve-like structure, with a rough and less particulate
matter. Compared with By (Fig. S4a), Booa exhibited abundant pore structures and some irregularly shaped particles on the surface.
Pore wall destruction and smoother surface of biochar can be seen after acid modification (Fig. S4b).

FTIR spectroscopy indicated that Byo and Boga consistently showed three obvious characteristic peaks, including phenolic hydroxyl
group represented by -OH (2500-4000 cm 1), carboxyl group expressed as C=0 and C=C (1200-1900 cm 1), and aromatics and
alkanes represented by C-O (1050-1150 cm’l) (Fig. S4c). However, Byoa was higher in -OH (3440 em™ 1) and C=0 (1630 cm’l)
absorption peaks and oxygenated functional groups relative to Byg. The increase in these functional groups resulted in higher
adsorption and ion exchange capacity and lower soil pH.

Raman (Fig. S4d) spectroscopy was conducted on the By and Byga to study the characterization of the defects. Two distinct peaks at
1350 cm™! and 1590 cm ™! are corresponding to the D and the G bands, respectively. Usually, I, represented the D band for sp?
disordered carbon, positioned from 1320 to 1365 cm™!. Ig represented the G band for sp? graphitic carbon, positioned from 1520 to
1600 cm ™. Ip/Ig can reflect the degree of biochar defects. The Ip/Ig of Byg and Bypa are 0.75 and 0.82, respectively (Fig. S4d).

Table 1
Means and ANOVAs for soil NH4-N, and NO3-N, pH, Eh, temperature, and SOC during the 2019, 2020, and 2021 rice growing season.
Season Treatments Soil NH4-N (mg kg’l) Soil NO3-N (mg kg’l) Soil pH Soil Eh (mV) Soil temperature (°C) SOC (g kg’l)

2019  Igp 28.74 + 3.14a 0.51 + 0.04b 6.52 + 0.10a 136.92 + 6.22b 23.54 + 0.41a 13.17 £ 2.48 a
Iawp 31.21 + 3.30a 0.61 + 0.07a 6.53 + 0.13a 234.41 + 14.06a 23.56 + 0.32a 13.85 + 2.08a
Bo 28.56 + 3.19b 0.54 + 0.07b 6.44 + 0.04b 182.25 + 52.10a 23.47 + 0.30b 10.88 + 0.73c
Bao 28.27 + 3.09b 0.54 + 0.06b 6.67 + 0.04a 183.88 + 55.50a 23.81 + 0.35a 14.02 + 1.24b
Baoa 33.10 £ 1.14a 0.61 + 0.09a 6.46 + 0.03b 190.76 + 55.58a 23.36 + 0.29b 15.62 + 1.09a
ANOVAs
I ns * ns ns ns
B %% * % ns % * %
IxB ns ns ns ns ns ns

2020 Icr 20.66 + 2.39a 0.45 + 0.03b 6.36 + 0.03b 122.96 + 12.47b 22.32 + 0.49a 15.92 + 2.84a
Tawp 23.90 + 1.79a 0.55 + 0.03a 6.42 + 0.05a 234.76 + 9.48a 22.71 + 0.39a 16.98 + 2.00a
Bo 20.57 + 2.85b 0.50 + 0.07a 6.40 + 0.06a 179.73 + 65.13a 22.36 + 0.35a 13.54 + 1.21b
Bao 23.09 + 2.65a 0.50 + 0.06a 6.41 + 0.05a 173.29 £+ 61.99a 22.69 £+ 0.62a 17.36 + 1.54a
Baoa 23.18 +1.82a 0.51 + 0.05a 6.37 + 0.04a 183.56 + 59.11a 22.50 + 0.44a 18.46 + 0.68a
ANOVAs
I ns x * * ns ns
B * ns ns ns ns
IxB ns ns ns ns ns ns

2021 Icr 30.13 &+ 1.96a 1.40 + 0.12b 6.26 + 0.05b 113.91 + 8.50b 22.26 + 0.19a 17.44 +1.91a
Iawp 29.16 + 4.37a 1.55 + 0.08a 6.42 + 0.03a 233.79 +£ 10.93a 22.46 + 0.15a 17.96 + 2.23a
Bo 26.14 + 3.41b 1.37 £ 0.14b 6.33 £ 0.11a 170.69 + 62.98a 22.33 + 0.26a 15.14 + 0.85b
Bao 31.12+1.13a 1.53 + 0.05a 6.34 + 0.09a 171.71 + 66.14a 22.43 +0.11a 18.78 + 0.59a
Baoa 31.68 + 1.52a 1.53+0.11a 6.36 + 0.10a 179.15 + 69.64a 22.32 + 0.19a 19.18 £+ 1.04a
ANOVAs
I ns * * o ns ns
B * % * % ns ns ns * %
IxB ns ns ns ns ns ns

ANOVAs values were proportion of variance explained by each main effect and interaction. Means + SD followed by different letters were notably
different at P < 0.05. I: irrigation regime, B: biochar incorporation. “* *”, “* ” and “ns” mean significance at P < 0.01, P < 0.05 and no significance.
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3.2. Soil Eh, temperature, pH, SOC and inorganic nitrogen

Seasonal soil Eh was remarkably influenced by irrigation across the three years. Iawp increased soil Eh by 71 %, 91 % and 105 % in
2019, 2020 and 2021, respectively (Table 1). Soil temperature was significantly influenced by biochar in 2019. By led to an increase in
soil temperature (0.34°C) (Table 1). Soil pH was remarkably influenced by biochar in 2019, and by irrigation regime in 2020 and 2021.
Bgo led to an increase in soil pH (0.23 units) in 2019, but not in the following two years, while Byoa had a consistent soil pH with By over
the three years. Soil pH under [ywp increased by 0.06 units in 2020 and 0.16 units in 2021 (Table 1). Soil organic carbon (SOC) was
affected by biochar in the three years. Both Byy and Bygp increased SOC compared to By, while an increase of Byga was higher. By and
Byoa increased SOC by 29 % and 44 %, 28 % and 36 %, 24 % and 27 % in 2019, 2020 and 2021, respectively (Table 1).

Seasonal soil NHJ -N was remarkably influenced by biochar over three years. Compared to Bg, By increased it by 12 % in 2020 and
19 % in 2021, while Bgga increased soil NH4-N by 16 %, 13 % and 21 % in 2019, 2020 and 2021, respectively. Soil NO3-N was
significantly influenced by irrigation regime and biochar (except in 2020) in the three years. Soil NO3-N under Iawp increased by 20 %
in 2019, 21 % in 2020 and 11 % in 2021. By increased it by 13 % in 2019 and 12 % in 2021 (Table 1).

3.3. Post-harvest soil CEC and C/N

Both post-harvest soil CEC and C/N were remarkably affected by biochar over three years. Bog and Baoa had higher soil CEC over By,
while Bygp increased it more, with 20 % in 2019, 13 % in 2020 and 36 % in 2021 (Fig. 1a-c). Compared to B, By significant increased
soil C/N by 17 % in 2020 and by 20 % in 2021. However, By increased it for three consecutive years, with 36 %, 28 % and 27 %,
respectively (Fig. 1d-f).

3.4. Above-ground DMA and root morphological traits

Above-ground DMA was significantly influenced by biochar over the three years and by the IxB interaction in 2020 and 2021. Byoa
increased DMA by 16 % in 2019, 23 % in 2020 and 15 % in 2021 (Table S4). Among all the treatments, [zwpB2ga Was 14 %, 28 % and
12 % higher than I¢gBg in 2019, 2020, and 2021, respectively (Fig. 2a). Root dry weight (RDW), diameter (RD) and length density
(RLD) were all only significantly influenced by biochar in the three years (Fig. 2b-d). By had an insignificant increase trend on RDW
compared to By, but increased it by 28 % in 2020 and 20 % in 2021. While Byga increased RDW by 30 % in 2019, 49 % in 2020 and
37 % in 2021. Byg and Bypp increased RD by 6 % and 18 % in 2019, 15 % and 21 % in 2020 and 14 % and 18 % in 2021, with Bgoa
significantly increasing RD by 11 % relative to By in 2019. By had an insignificant decrease trend on RLD compared to By, but Baga
increased it by 29 % in 2019. By and By, increased RLD by 25 % and 35 % in 2020 and 27 % and 32 % in 2021 (Fig. 2b-d; Table S6).
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Fig. 1. Influence of irrigation regimes and biochar on post-harvest soil cation exchange capacity (CEC) and C/N in 2019 (a, d), 2020 (b, e) and 2021
(c, D).
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Fig. 2. Impact of irrigation regime and biochar on above-ground DMA (a), root dry weight (RDW) (b), diameter (RD) (c) and length density (RLD)
(d) at harvest under six different treatments from 2019 to 2021. I: irrigation regime, B: biochar. * *: P < 0.01; * : P < 0.05; ns: no significant.

3.5. CHy4 emissions

CH4 fluxes, ranging from 0.03 to 35.17 in 2019, from —0.05-34.69 in 2020, and from —0.16-25.47 mgm 2 h™! in 2021,
respectively. It consistently displayed a typical temporal pattern with two notable peaks across all six treatments, with the highest peak
occurring 2-7 days after panicle fertilization across the three years. Regardless of biochar application, CH4 fluxes under Iawp
(-0.05-11.40 mg m~2 h~!) were significantly lower than those under Icy (-0.16-35.17 mg m~2 h™1) in the three years (Fig. 3). CHy
emissions occurred primarily from 14 days after tillage to 20 days after panicle fertilization, representing 53-64 % of total emissions.
Iawp decreased emissions by 46-98 % during this period.

Cumulative CH4 emissions and CH4 emissions factors (CH4gr) were remarkably affected by irrigation regime, biochar incorpora-
tion, and their interaction (except in 2019) across the three years (Fig. 4a; Table 2). Iawp decreased both CH4 emissions and CH4gr by
65 % in 2019, 77 % in 2020 and 80 % in 2021. B,y was comparable to By and tended to increase, but Bypa reduced both cumulative CHy4
emissions and CH4gr by 21 % in 2019, and By and By reduced both cumulative CH4 emissions and CHy4gr by 22% and 38 % in 2020
and 38% and 40 % in 2021 (Table S3; Table 2). The IxB interaction was significant in 2020 and 2021 due to Byy and By reducing
cumulative CH4 emissions and CH4gr by 22% and 39 % and 44% and 40 % under Icp, while there was no significant difference under
Iawp- IawpB2oa exhibited the lowest cumulative CH4 emissions and CH4gy across the three years, with reductions of 75 % in 2019, 85 %
in 2020 and 89 % in 2021 compared to IcpBg (Fig. 4a; Table 2).

3.6. Grain yield and water productivity

Grain yield was unaffected by the irrigation regime or the IxB interaction but was remarkably influenced by biochar across all three
years (Fig. 4b). Compared to B, By decreased yield by 6 %, while Bygs was comparable in 2019, but Byg and Bypa improved yield by
5% and 8 % in 2020 and 11 % and 12 % in 2021(Table S4).

There was a significant influence of irrigation regime on water use in the three years (Fig. 5a). Irrigation water use varied from 27.3
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Fig. 3. Influence of irrigation regimes and biochar on CH,4 emission fluxes under six different treatments in 2019 (a, b), 2020 (c, d), and 2021 (e, f).

to 33.6 10° m® ha™!, Iawp reduced water use by 12 % in 2019, 11 % in 2020 and 10 % in 2021. Irrigation regime and biochar
significantly impacted WUE across the three years (Fig. 5b). [awp significantly increased WUE by 13 % in 2019, 19 % in 2020 and 10 %
in 2021, respectively. Byg only improved WUE by 5 % in 2020 and 15 % in 2021, however, Byoa remarkably increased WUE by 5 % in
2019, 8 % in 2020 and 15 % in 2021 (Table S7).
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Table 2

Means and ANOVAs for CH,4 emission factors (CH4gg) from 2019 to 2021 during rice growing season.

Treatments CH,4 emission factors (kg CHy hm 2 d™1)

2019 2020 2021
Icr 2.87 + 0.25a 1.77 + 0.41a 1.17 + 0.36a
Iawp 1.00 + 0.20b 0.41 + 0.09b 0.24 + 0.05b
Bo 2.05 + 1.03a 1.37 + 0.95a 0.95 + 0.75a
Bso 2.10 + 1.07a 1.07 + 0.75b 0.59 + 0.35b
Booa 1.66 + 0.99b 0.84 + 0.57b 0.57 + 0.44b
IcrBo 2.98 + 0.16a 2.22 + 0.20a 1.62 + 0.20a
IcrBao 3.07 £ 0.03a 1.74 + 0.20b 0.91 £+ 0.01b
IcrBooa 2.56 + 0.10b 1.36 + 0.12b 0.97 £0.11b
IawpBo 1.12 + 0.08c 0.51 £ 0.10c 0.27 £+ 0.01c
IawpB2o 1.12 + 0.14c¢ 0.39 + 0.02c 0.26 + 0.03c
IawbpB20a 0.76 £ 0.01d 0.33 + 0.01c 0.17 + 0.01c
ANOVAs
I . % -
B * % %* % %k
IxB ns *

Means followed by different letters within the same column were notably different at P < 0.05. “* *”, “* ”” and “ns” mean signifi-
cance at P < 0.01, P < 0.05 and no significance. I: irrigation regime, B: biochar incorporation.
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Fig. 5. Influence of irrigation regimes and biochar incorporation on water use (a) and WUE (b) from 2019 to 2021. I: irrigation regime, B: biochar.
By represents no biochar, Bog and Byga represent fresh biochar and acid modified biochar at 20 t ha~! rate. “* *”, “* ” and “ns” mean significance at

P < 0.01, P < 0.05 and no significance.
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3.7. Greenhouse gas emission intensity (GHGI)

GHGI was remarkably influenced by irrigation regime, biochar incorporation, and their interaction (except in 2019) over the three
years (Fig. 4c). GHGI under Iawp decreased by 65 %, 77 % and 79 % in 2019, 2020 and 2021, respectively. Compared to Bg, Bzg
decreased GHGI by 27 % in 2020 and 44 % in 2021, but Bypa reduced GHGI over the three years, being with 22 %, 43 % and 45 % in
2019, 2020 and 2021, respectively. (Table S4). The IxB interaction was significant in 2020 and 2021 because of Byp and Bgoa reducing
cumulative CH4 emissions by 28% and 44 % and 49% and 45 % under Icg, while there was no significant difference under Iawp.
IawpB2oa exhibited the lowest GHGI over the three years, which was 75 %, 87 % and 90 % lower than IggBg in 2019, 2020, and 2021,
respectively (Fig. 4c).

3.8. Path analysis between CH4 emissions, GHGI and related factors

Path analysis results showed CH4 emissions were remarkably and positively influenced by soil temperature (path coefficient, 0.39)
and yield (0.24), and negatively affected by soil Eh (-0.66), NO3 (-0.49), SOC (-0.61), RD (-0.37), RLD (-0.28) (Fig. 6a). Among these
factors, Eh and SOC were the most important factors affecting on CH4 emissions, with the direct path coefficient of 0.72 and 0.50,
respectively (Fig. 6b; Table 3). Chord diagram showed the extent to which soil factors (Eh, SOC and NO3) and plant factors (RLD and
RD) significantly influence CH4 and GHGI emissions. As CHy4 is the main contributor to GHGI, all factors have the same rule of
contribution to both CH4 and GHGI emissions, and the degree of influence was as follows: soil Eh > SOC > RLD > RD > NOj3 > Yield
(Fig. 6b).

4. Discussion
4.1. Impact of biochar and AWD irrigation on CH4 emissions

CH,4 emissions from soil include CHy4 production, oxidation and transport processes (Lee et al., 2023). CH4 production and oxidation
are very closely related to soil moisture. This study observed that CH4 emission fluxes were generally lower under Iawp
(-0.05-11.40 mg m2hh compared to Icp (-0.16-35.17 mg m2h™Y (Fig. 3). Iawp decreased both CH4 emissions and CHygr by
65-80 % over the three years (Table 2). From the perspective of influencing soil physical properties, there are three main reasons for
this finding: 1) Iawp improves soil aeration, promotes soil aerobic conditions, reduces methanogenic activity and inhibits methane
production (Loaiza et al., 2024); 2) Iawp can significantly increase soil Eh (Table 1), making the formation of an anaerobic environment
difficult and stimulating methane oxidation. Meanwhile, Iawp increases sulphate concentration and stimulates sulphate-reducing
bacterial colonies to inhibit methane production (Souza et al., 2021); 3) Iawp produces more inorganic nitrogen, providing a better
nitrogen source for methanotrophs to act as a substrate for root oxidation, thereby reducing methane production. In our study, Iawp
soils can generate more NO3-N (Table 1) to serve as a substrate for CH,4 oxidation in the rhizosphere, thereby reducing CH4 emissions.
Path analysis further indicated that soil Eh was negatively correlated with CH4 emissions and had the largest effect, with a direct path
coefficient (0.72) (Fig. 6b; Table 3). However, our study demonstrated that Inwp did not significantly affect rice root growth,

(a) (b)

| -0.43%*

AU

0.25

Fig. 6. Path analysis between CH4 emissions and significantly related factors, including Eh, NO3, Tem, SOC, RD, RLD and Yield (a). Red line
represents correlation coefficient to CH4 emissions. Blue line represents correlation coefficient among the related factors. “+ ” and “-” mean positive
and negative correlations. “* *” and “* ” mean significance at P < 0.01 and P < 0.05. Chord diagram (b) indicates the magnitude of the effect
between related factors on methane (red arrows) and GHGI (blue arrows), with thicker arrows indicating a greater effect and thinner arrows
indicating a lesser effect.
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Table 3
Path analysis between related factors and CH4 emissions.

Related factors Correlation coefficient with Y Direct path coefficient Indirect path coefficient

X;-Y Xo-Y X3 Y X4Y Xs-Y Xe-Y XY Xg-Y Xo-Y XY XY XY XpaY
X ~0.66 0.72 0.16 0.05 0.29 0.17 0.08 024 —0.13 —0.04 —0.07 —0.14 0.04  -0.01
Xy 0.06 0.08 0.02 0.01 0.02 0.04 0 0.04 0.02 001  —0.03 —0.01 0.04 0.06
X3 ~0.49 0.09 0.01 0.01 —-0.04  —0.04 0.04  —0.01 0.03 0.02 0.01 0.03 0 0.01
X4 0.22 0.26 0.1 0.08  —0.1 019  —0.07 014 —0.06 —0.02 —0.11 —0.14 —0.01 0.04
Xs 0.39 0.1 0.02 0.05  —0.04 0.07 —0.04 0.04 —0.02 —0.02 —0.06 —0.05 0 0.04
X6 ~0.61 0.5 0.05 0 025 —0.14  —0.22 0.01 0.26 0.31 0.33 0.34 0.26  —0.01
X, 0.02 0.04 0.01 0.02 0 0.02 0.02 0 0.01 0 —0.01  -0.01 0.02 0.02
Xg —0.12 0.04 —0.01 0.01 0.01  —0.01  —0.01 0.02 0.01 0.02 0.01 0.02 0.02 0.01
Xo -0.15 0.13 -0.01 0.01 0.02  —0.01  —0.03 0.08 0.01 0.05 0.07 0.06 0.06 0.03
X10 ~0.37 0.12 —0.01  —0.04 0.01  —0.05 —0.07 0.08  —0.03 0.03 0.06 0.08 0.05  —0.04
X11 —0.28 0.12 —0.02  —0.01 0.04 —0.07  —0.06 0.08  —0.02 0.05 0.06 0.08 0.05 0.01
Xi2 -0.1 0.14 0.01 0.06 0 0 0.01 0.07 0.06 0.08 0.07 0.05 0.06 0.07
X3 0.24 0.06 0 0.05 0.01 0.01 0.03 0 0.03 0.02 0.01  —0.02 0 0.03

Y represent CH, emissions, X1, Xa, X3, X4, X5, X¢, X7, Xg, Xo, X10, X11, X12, X13 represent Eh, NH}, NO3, pH, Tem, SOC, CEC, C/N, RDW, RD, RLD and DMA and Yield, respectively.
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potentially due to constrained root space from high local sowing density (Arai et al., 2021). In addition, Iawp can cause organic carbon
loss, decrease soil fertility and lead to reduced crop yields (Fertitta-Roberts et al., 2019; Livsey et al., 2019). However, it was worth
noting that Iawp has no significant effect on SOC in this study. First, the experimental site in Liaohe Plain has a higher water con-
ductivity characteristic typical of fluvial alluvial sediments, indicating that Iywp reduces water infiltration and consequently the loss of
organic and soluble carbon. Secondly, the effect of irrigation regimes on SOC in the short term is not as significant as in the long term.
Therefore, it is still worth exploring effective strategies to increase soil carbon and improve soil fertility while ensuring water savings
and emission reductions.

Biochar can alter soil physical and chemical properties, thereby directly or indirectly influencing CH4 production and oxidation
(Zhao et al., 2024). Current research on the impacts of biochar on CH4 emissions remains inconsistent, with studies reporting decreases
(Dai et al., 2024), increases (Chen et al., 2020) or no effect (Liu et al., 2016) in rice fields. These inconsistencies can be attributed to
differences in soil types, biochar types and application rates. In this study, we found that By, increased CH4 emissions in the first year,
whereas Byga significantly inhibited both CH4 and CH4gp emissions by 21 % (Table S3; Table 2). This result was due to soil pH
increased by 0.23 units and stimulated the activity of methanogenic bacteria, thus promoting CH,4 emissions (Ribas et al., 2019). In
addition, soil temperature also plays an important role in affecting the activity of methanogens (Dai et al., 2024). Soil temperature
improved (0.34°C) due to biochar incorporation in the first year, and CH4 emission was positively correlated with soil temperature
(Fig. 6), and the increase in temperature stimulated methane production. However, acid modified biochar had no effect in soil tem-
perature and enhanced acid functional group and oxygen-containing functional groups, such as -COOH and -OH (Table 1; Fig. S4c),
which enhanced the hydrophilicity and inhibited the tendency of biochar to elevate pH (3 % lower than Byg) and temperature (0.45°C
lower than By), thereby inhibiting the activity of methanogenesis and reducing CH4 emissions (Gong et al., 2024). Therefore, acid
modified alleviated biochar-induced initial methane emissions and yield decrease.

In the following two years, we found that both Byg (22 %-38 %) and Bzga (38 %-40 %) effectively reduced CH4 emissions, and that
acidified biochar had a greater reduction potential (Table S3; Table 2). Firstly, the incorporation of biochar will inevitably affect the
level of soil organic carbon, including unstable and inert carbon, and then the reaction substrate produced by methane (Han et al.,
2020). Booa had a lower carbon content when compared with By (Table S2), which may be caused by the large amount of water
washing during the preparation process, reducing the unstable carbon. Both Byy and Byga increased SOC, but Bgoa had a greater
improvement (27 %~44 %) (Table 1). We speculate that Bypa can decompose or convert unstable organic C into stable SOC to suppress
the availability of the substrate for CH4 production and enhance soil fertility by decreasing microbially available substrates (Gong
et al., 2024; Wu et al., 2019). Path analysis also showed that SOC was negatively correlated with CH4 emissions and was the second
most important factor affecting CH4 emissions (Fig. 6a, b), with a direct path coefficient (0.50) (Fig. 6b; Table 3). Secondly, root
growth is also an important factor in regulating CH4 emissions (Chen et al., 2019). Biochar provided a loose and porous growth
environment for roots, which was conducive to water and nutrient retention and improved root growth (Zhang et al., 2023), signif-
icantly increasing RDW, RD and RLD (Fig. 2b-d). The negative correlation between CH,4 emissions, RD and RLD (Fig. 6a). The improved
root morphology provided favorable conditions for microorganisms and increased the abundance and activity of methanoxobacteria.
CH4 oxidation enhanced and reduced CH,4 emission factors. Whereas, it is worth noting that acidified biochar has a higher emission
reduction potential than fresh biochar, which may be due to its greater stability and higher C/N (Table S2; Fig. S4), increased specific
surface area and pore size after acidifying water washing, which increases soil aeration and provides a more favorable habitat for
methanotrophic bacteria (Gong et al., 2024; Lin et al., 2022; Wen et al., 2021), thereby increasing the number and activity of
methanogens and contributing to CH4 oxidation. Sriphirom et al. (2020) recommended that biochar combined with Iawp mitigated
CH4 emissions, but our findings further revealed that IawpB2ga Was the best measure for decreasing methane emissions and enhancing
SOC and rice yield (Fig. 4; Table 2), realizing low-carbon production under alternate wetting and drying rice paddy.

4.2. Impact of biochar and AWD irrigation on water productivity

As a mainly agricultural country, China is increasingly facing the problem of water scarcity, especially agricultural water. To ensure
grain yield and alleviate water scarcity, irrigation regimes in paddy fields have been targeted in recent years (Wang et al., 2020; Xu
et al., 2015). Iawp has been applied to high consumption crops such as paddy and has proven to be an effective measure to conserve
water, maintain production and improve WUE (Pan et al., 2017; Wang et al., 2020). Iawp reduced water consumption by 10-12 % and
improved WUE by 10-19 % over the three years (Table S7). However, Carrijo et al. (2017) demonstrated that Iawp reduced water
consumption by 25.7 % and enhanced WUE by 24.2 %, with a higher water-saving capacity than our study. This was primarily due to
the high rates of water percolation (17.6-31.1 10° m? ha’l) and water consumption observed at our experimental site, which was
formed by the alluvium of the Liaohe River watershed. Furthermore, water percolation accounted for 79-87 % of the total water input
in the silty loam, resulting in a large amount of water waste (Han et al., 2023a). Thus, it is of great importance to seek a new method to
combine with AWD irrigation to improve WUE and rice productivity in this area.

Biochar has been shown to induce the need for irrigation water demands and improve WUE in rice fields (Han et al., 2023a;
Lehmann et al., 2015). Aller et al. (2017) discovered that WUE was affected by soil types and biochar age. Fresh and aged biochar
reduced WUE in clay soils, but not in silty soils through soil column experiment. However, this study observed that Byy and Bgga
increased WUE in the rice fields on the silty clay soil. First, biochar improved soil structure and increased the proportion of fine soil
particles, thereby elevating soil water retention (Table S5). Second, biochar enhanced soil water-holding capacity due to its high
surface area, porosity and ability to increase soil C stocks (Table 1), resulting in lower water consumption and higher WUE (Kang et al.,
2022; Han et al., 2023a). Moreover, it was possibly due to the improved water-holding capacity and leaf photosynthesis (Zhou et al.,
2018). Notably, Byy improved WUE only in 2020 and 2021, but not in 2019 (Fig. 5b; Table S7), which can be attributed to a lower yield
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in 2019. However, Byga increased rice yield for three consecutive years. Acid modified biochar improved hydrophilicity due to an
increase in surface carboxyl groups and other functional groups (Fig. S4c) and was more likely to form hydrogen bonds with highly
negative surface oxygen. Concurrently, its adsorption ability increased (Bushra and Remya, 2024), resulting in a 5-15 % increase in
WUE within three years (Fig. 5b; Table S7). This suggests that acid modified biochar has a greater water saving potential. Acid
modified biochar combined with Iawp achieved the highest WUE over three years (Fig. 5b), demonstrating its effectiveness in
enhancing WUE and reducing water consumption, particularly in AWD rice fields.

4.3. Impact of biochar and AWD irrigation on yield and GHGI

Irrigation regimes had no significant impact on rice yield, but Iawp saved 10-12 % of water consumption (Fig. 5b), indicating that
Iawp can effectively reduce water consumption without a reduction in yield. On the one hand, the sandy loam soil quality in this
experiment could be drained quickly, and the short drainage time was conducive to maintaining the soil available water and providing
roots with sufficient water, thus preventing drought-induced yield reductions. (Carrijo et al., 2018). On the other hand, it is possible
that Iawp increased soil permeability, provided O, for root growth, and promoted mineralization of soil organic matter, which ensured
rice yield (Oo et al., 2018). Iawp mitigated GHGI by 65-79 % over the three years, which was caused by the reduction of CH4 emissions
and CHygr under Ipnwp (Table 2; Table S4). But the reduction in GHGI emissions in our study was greater than the 38.4 % reported by
Ariani et al. (2022), probably due to this study did not consider the increase in N2O emissions under Iywp. Although GHGI emissions in
paddy fields mainly depend on CH4 emissions, N»O emissions cannot be ignored (Loaiza et al., 2024). AWD reduces CH4 emissions by
97 %, while N2O emissions increase five times (Lagomarsino et al., 2016). In summary, our study suggests that rice production can be
optimized through Ipwp to ensure stable rice yield and decrease water consumption while mitigating GHGI.

The response of grain yield to biochar varies with soil characteristics, biochar type, and its application time. (Gong et al., 2024; Liu
et al., 2021). Raw biochar had an insignificant effect on soybean yield (Gong et al., 2024). Whereas, Zhou et al. (2018) observed a
5.49 % increase in yields with biochar, primarily due to improvements in soil nutrient availability and physical properties. The extent
of yield enhancement and the persistence of these beneficial effects are significantly influenced by soil fertility and biochar properties.
(Kang et al., 2022; Liu et al., 2019). Major et al. (2010) observed that 20 t-ha~! biochar had no remarkable impact on maize yield in the
initial year, while it consistently improved in subsequent years, this result was consistent with our finding. We found that both By and
Booa enhanced yield by 5 % and 8 % in 2020, 11 % and 12 % in 2021, and Bygs showed better positive impacts, especially in the first
year, By decreased yield but Bogs maintained stable yield (Table S4). The initial yield decline was attributable to an elevated soil pH
(4 % higher) from biochar, causing a liming effect. However, FE-SEM images revealed that the surface of Byoa was smoother than Byg
(Fig. S4a-b), indicating that it can effectively remove excess impurities and ash and inhibit the initial lime effect (Wang et al., 2024).
Subsequent yield improvements resulted from the stabilization of soil pH and enhanced nutrient availability, including elevated levels
of inorganic nitrogen and SOC from biochar incorporation (Table 1), which boosted soil fertility. However, Byga enhanced carboxyl
groups (-COOH), one of the main acidic groups (Figure S4), which effectively lowered the pH and inhibited the initial liming effect of
biochar. Additionally, post-harvest C/N significantly improved with biochar incorporation (Fig. 1d-f), especially under Byga,
enhancing soil fertility and rice yield (Xie et al., 2021). We further found that the greater yield response to acid modified biochar was
attributed its greater increase in potassium available at the soil surface, an enhancement of C=0 sorption peak, thereby increasing soil
CEC. Generally, C=0 is usually positively correlated with CEC (Liu et al., 2022). CEC is also an important factor in measuring the level
of soil fertility. In this study, Bgga significantly increased post-harvest CEC in three growing seasons (Fig. 1a-c), demonstrating that
Booa effectively improved soil fertility and contributed to rice production, which was consistent with Gong et al. (2024). In addition,
the higher specific surface area and SOC of Byoa and the higher abundance of functional genes involved in carbon decomposition and
carbon sequestration are conducive to the improvement in nutrient effectiveness and acceleration in soil cycling, which are also
responsible for the increase in rice yield (Gong et al., 2024; Joseph et al., 2021). In addition, SEM showed that there were many
irregular particles on the surface of Bapa, which increased surface porosity and made it have more active adsorption sites. Raman
spectra also showed that ID/IG reflected biochar defects, Bygs was higher than By (Fig. S4d), indicating that Bygs contained more
defects and provided the most active site, which was conducive to nutrient retention and crop yield improvement (Gong et al., 2024; Li
et al., 2025).

GHGI emission is closely related to production and CH4 emission. Our findings indicated that By reduced GHGI in 2020 and 2021,
but in the first year the reduction effect was not significant and there was even a risk of increasing emissions. However, Byga reduced
GHGI for three consecutive years, effectively reducing GHG emissions from rice fields (Table S4). Firstly, acid modified biochar
increased rice yields for three consecutive years, while Byy reduced yields in the first year due to the lime effect. Secondly, it was also
mainly influenced by CH4 emission, as Bypa enhanced acidic functional groups (Fig. S4c), which offset the adverse effects resulting
from the pH increase. Thus, Byoa exhibited superior inhibition of CH4 emission during the first year, thereby reducing the GHGI. We
further found that [awpB2oa emitted the lowest GHGI, 75-90 % lower than IcgBg over the three years. Overall, combining acid modified
biochar with Ipwp is the best treatment in GHG emission reduction yield enhancement in paddy fields.

5. Practical applications and prospects

Converting rice straw into biochar and its application to the soil not only solves the problem of straw waste and reduces carbon
emissions but also realizes “taking from the field and applying to the field”, which is conducive to promoting the green, low-carbon and
sustainable development of the rice field. However, variations in biochar preparation technology, types, and durations, as well as

differences in regional conditions, climates, and soil types, can lead to diverse outcomes regarding the impact of biochar on GHG
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emissions and rice growth (Shaukat et al., 2019). This study conducted a 3-yr in situ field experiment in cold areas of northern China,
and found that biochar reduced CH4 emissions, promoted soil fertility and rice growth. Acid modified biochar showed a better po-
tential performance, alleviating biochar-induced initial CH4 emissions and yield decrease, especially under Iawp. In Northeast China,
the main rice production base, where water shortage is increasingly serious, Iawp can effectively reduce the irrigation water con-
sumption, and the application of acid modified biochar to Ipwp paddy fields has great potential for emission reduction and yield in-
crease, as well as has a good application prospect. Therefore, in the future, it is of great significance to consider promoting research in
other regions of China and major rice-producing countries to achieve low-carbon production and United Nations Sustainable
Development Goals (UN SDGs), mitigate the global greenhouse effect, and increase rice production to solve the food security problem
caused by the increasing world population.

6. Conclusions

By reduced CH4 emissions and increased grain yield in the 2" and 314 year after its initial application, but decreased grain yield
and tended to increase CH4 emissions in the 1% year. Byoa addressed these issues, which consistently inhibited CH4 emissions and did
not alter grain yield throughout the three years. The positive effect under Bypa was primarily attributed to enhanced acidic and
oxygenated functional group effectively lowered its pH and suppressed the liming effect. Among six treatments, IawpB2oa had the
highest yield and the lowest CH4 emissions and GHGI in the three years. Overall, engineered biochar with acid modification alleviates
biochar-induced initial methane emissions and yield decrease, realizing low-carbon production under AWD rice paddy. It is of great
significance for realizing low carbon emissions and promoting rice sustainable development. Given the high cost of biochar, further
investigation of its effects on net ecosystem economic benefits in Iawp paddy is warranted.
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