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Abstract 

Methane is the second most important greenhouse gas after carbon dioxide, and 8–11% is emitted from paddy fields. 
Methanogenic microbial processes in water‑saturated soils can be alleviated through the oxygenation of soils, which 
may hamper methane production and emissions in paddies. Here, by mimicking  O2 release from rice roots, we report 
the use of man‑made (i.e., silicone tube‑based) aerenchymatous tissues (MAT) to continuously release  O2 to abate 
methane emission from paddies. High  O2‑releasing rates (such as 5 kg  O2/ha/d) can be easily achieved by adjusting 
MAT density (e.g., 0.2  m2 tube/m2 soil) and its inner air pressure (e.g., 25 kPa). Following deployment, MAT significantly 
increased soil redox potential (from ‑150 mV to ‑88.6 mV) and induced active iron redox cycling. This decreased the 
availability of organic substrates of methanogens and therefore dramatically reduced their abundance (‑25.1% active 
mcrA gene). We quantified the decrease in methane emission both in mesocosms and paddy field trials and found in 
both setups that ~ 50% of methane emission was reduced. Moreover, we showed that the performance of MAT can be 
further improved by simply increasing the air pressure in MAT (e.g., ‑74.2% methane emission at 200 kPa air pressure). 
This work provides a powerful and sustainable method for mitigating methane emission from rice paddies.

Highlights 

➢ A novel method mimicking rice root  O2 release is able to significantly reduce methane emission from rice paddies.

➢  Eh in paddies can be considerably promoted by the efficient  O2 release from man‑made aerenchymatous tissues.

➢ The  Eh lift significantly reduces  CH4 emission from paddies by reducing methanogens’ activities and substrates.
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Graphical Abstract

1 Introduction
Global warming is a high-level issue facing humankind 
(Tollefson 2022). Cutting human-caused greenhouse gas 
emission is believed one of the most effective solutions 
to mitigate global warming (Coalition, U.N.E.P.a.C.a.C.A. 
2021). Methane  (CH4) is one of the biggest contribu-
tors to global warming and responsible for about 30% of 
the temperature increase (Kikstra et  al. 2022). To limit 
global warming to 1.5 °C by 2030, a promising way is to 
reduce  CH4 emission from its major sources, since  CH4 
is 80 times more potent than carbon dioxide as a global 
warmer over a 20-year time horizon (Nisbet et al. 2009; 
Pachauri and Meyer 2014). Paddy fields are a major  CH4 
source and contribute 8–11% of annual anthropogenic 
 CH4 emissions (Ciais et  al. 2014; Saunois et  al. 2020). 
According to Climate & Clean Air Coalition (CCAC), 
cutting  CH4 emission from rice paddies is one of the 
most cost-effective measures to mitigate global warming 
(Coalition, U.N.E.P.a.C.a.C.A. 2021). As most paddies are 
distributed in developing countries, a viable method to 
reduce  CH4 emissions must be cost-effective and efficient 
in paddy fields.

Flooding of paddies tends to deplete active electron 
acceptors and build up methanogenic conditions (Chen 
et  al. 2019). To mitigate  CH4 production, alternate wet-
ting and drying is proposed to supply the strong electron 
acceptor  O2 to paddies (Tyagi et  al. 2010; Runkle et  al. 
2018). However, this approach also facilitates the growth 
of weeds (Pandey et al. 2020) and creates a new challenge 
regarding weeds control in paddies. It was also attempted 

to supply other electron acceptors to paddy soils. For 
example, iron(III) (Fe(III)) oxides (Van Bodegom et  al. 
2004; Li et al. 2022) or sulfate salts (Denier van der Gon 
et  al. 2001; Saenjan et  al. 2015) are frequently added to 
suppress  CH4 production and emission. However, the 
added electron acceptors can be quickly consumed by 
heterotrophic reducers (Li et  al. 2022). Although the 
re-application of electron acceptors could prolong their 
effect on  CH4 emission, it may cause considerable addi-
tional costs.

In addition, wetland plants evolve to combat electron 
acceptor deficiency in flooded soils. Wetland plants, such 
as rice (Chen et  al. 2005), adopt the ability to actively 
transport  O2 from leaves to roots through aerenchymatous 
tissues (Revsbech et al. 1999). Despite respiration and  O2 
consumption by rice root cells, the excessive  O2 is released 
into soils and represents additional electron acceptors for 
microorganisms in the soil. However, the  O2 release via the 
roots leads to Fe(II) oxidation at the rice root surface that 
then favors Fe(III) oxide cohesion and thus the formation 
of a compact Fe oxide layer called Fe plaque (Chen et al. 
2005). When Fe plaque forms, it serves as a barrier for the 
continuous  O2 release (Møller and Sand-Jensen 2008). As 
a result,  O2 release from rice roots is limited to control 
 CH4 production, especially at the early growth stage when 
the roots are small and not well developed.

Similar to aerenchymatous tissues, some common 
materials are water-proof and  O2-permeable. Our pre-
vious studies demonstrated that most plastic tubes can 
allow  O2 to penetrate and induce Fe(II) oxidation and 
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Fe(III) oxide coating on the tube walls contacting the 
saturated soil (Yuan et  al. 2021c), which is quite simi-
lar to Fe plaque formation on rice roots. Similarly to 
Fe plaque, the Fe oxide coating could greatly inhibit 
the further  O2 diffusion from the tube to reduced 
soils. Except plastics, silicone tubing was also noticed 
to allow gas to penetrate (Maier and Schack-Kirchner 
2014), but silicone tube surface does not favor Fe oxide 
cohesion and thus will not form a barrier for  O2 release. 
Therefore, silicone may serve as an ideal tube material 
to construct man-made aerenchymatous tissues (MAT) 
to reduce  CH4 emission from wetland soils.

This study aimed i) to investigate whether and to 
what extent silicone tube-made MAT can modify satu-
rated soil redox and ii) to examine the efficiency of the 
MAT approach to reduce  CH4 emission in rice paddies. 
We investigated the influence of MAT on saturated soil 
chemistry, and factors that can easily modulate the  O2 
emission rate from MAT. MAT can significantly reduce 
the  CH4 emission by modifying the methanogenic con-
dition in saturated soils. Several abiotic or biotic pro-
cesses could be induced by MAT: i) increase soil  Eh, 
which inhibits the activities of  CH4 producers; ii) stim-
ulate Fe(II) oxidation and enhance the adsorption of 
organic matters by Fe(III) (oxyhydr)oxides, which reduce 
the availability of organic substrates for  CH4 producers; 
iii) promote the activity of dissimilatory Fe(III)-reduc-
ers, which would compete organic substrates with  CH4 
producers. Here we present the results of using MAT 
to reduce  CH4 emission both in mesocosms and paddy 
fields.

2  Materials and methods
2.1  Experimental preparation
The paddy soil used in this study was collected from 
a paddy field at Shangyu, Zhejiang Province, China 
(29.997°N, 120.788°E). The top layer soil (0–20  cm) was 
sampled and transported to the lab instantly. The soil 
was air-dried and stored under room temperature before 
further use. Sub-soil samples (~ 500 g) were taken from 
the sampled soil, and then grounded and sieved through 
a sieve (1.0 mm diameter). The sieved soil was used for 
soil physical–chemical analyses. To mimic the field con-
dition, the sampled soil without sieving was directly uti-
lized in microcosm and mesocosm incubations. The soil 
belongs to a loam type soil (40.1% sand, 49.3% silt, and 
7.65% clay), with total organic carbon and total Fe con-
centration of 9.75 g  kg−1 and 20.8 g  kg−1, respectively.

Rice (O. sativa L.) hybrid, Yongyou-15, was sterilized 
and germinated following the method described in a pre-
vious report (Chen et al. 2012). The seedlings were grown 

to the four-leaf stage, and then transplanted into flooded 
soils both in the mesocosm and the paddy field.

2.2  The influence of MAT on soil chemistry
In lab, 1.0  kg paddy soil was put into each pot (diam
eter*height = 10  cm*15  cm); the soil depth was about 
10 cm, and a 3 cm overlying water was maintained dur-
ing the microcosm incubation (Fig.  S1). A silicone tube 
(inner diameter*outer diameter = 3.0 mm*5.0 mm), pur-
chased from Alibaba Taobao (Hangzhou, China), served 
as the aerenchymatous tissues of MAT, which was set at 
8  cm soil depth. A 3.5 W portable air pump, provided 
by Mulongju Co., Ltd (China), was employed to pump 
air through MAT (Fig.  S2). During the 30-d incuba-
tion, ~ 4.0 mL soil porewater around MAT was sampled 
by a Rhizon sampler (2.5  mm × 5  cm, MOM, Rhizon, 
Netherlands), in every 1–10 d; such a sampling volume 
could represent 0–2  cm soil zones around MAT (See-
berg-Elverfeldt et al. 2005). Soil porewater pH and redox 
potential  (Eh) were instantly measured by a PHB-4 port-
able pH/OPR meter (Leici, Shanghai, China), then the 
sample was acidified with 6  M HCl to prevent Fe min-
eral precipitation (Yuan et  al. 2021b). The porewater Fe 
speciation was determined by the 1, 10-phenanthroline 
method (λ = 510 nm) (Tamura et al. 1974).

Dissolved organic matter (DOM) in porewater was 
quantified by a TOC analyzer (Shimadzu TOC-VCPH, 
Japan). The DOM composition was characterized by a 
3D-EEM fluorescence spectrometry (F7000, Hitachi, 
Japan), following the procedure described by our previ-
ous report (Gustave et  al. 2019). The DOM composi-
tion was further detected by FTICR (Bruker Daltonics 
Inc, Billerica, MA, USA). The van Krevelen space in this 
study was divided into six discrete regions, modified 
from the diagram proposed previously (Hockaday 
et  al. 2009; Ohno et  al. 2010): lipids (H:C = 1.5–2.0, 
OC = 0–0.3); proteins (H:C = 1.5–2.2, OC = 0.3–0.67); 
lignins (H:C = 0.70–1.5, OC = 0.10–0.67); carbohydrates 
(H:C = 1.5–2.4, OC = 0.67–1.2); unsaturated hydrocar-
bons (H:C = 0.70–1.5, OC = 0–0.10); condensed aromatic 
hydrocarbons (H:C = 0.20–0.70, OC = 0–0.67).

2.3  O2 permeability in MAT
MAT density serves as an important parameter to con-
trol  O2 release, yet a continuous increase of the density 
is not economically affordable and feasible in the field. 
Our preliminary test showed that  air pressure in MAT 
had a big potential to regulate its  O2 permeability. Here 
we tested whether varying air pressures in MAT could 
serve as an efficient and feasible alternative to control 
 O2 release from MAT. The  O2 permeability, under 0, 
2, 5, 10, 20, and 50  kPa air pressures (25  °C), was thus 
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measured according to ISO-17455 (ISO-17455  2005). 
The correlation between the  O2 release with air pressure 
was assessed. Moreover,  O2 release rates by MAT under 
different MAT densities (0–0.5  m2 tube/m2 soil) and air 
pressures (0–200 kPa) were simulated accordingly during 
a rice production period (i.e., 120 d).

The  O2 permeability, under 25 kPa air pressure (25 °C), 
was further verified in saturated soils. After a  30 d soil 
incubation, distance profiles (0–6  cm) of  Eh across the 
soil–water interface and MAT-soil interface were meas-
ured by an  Eh microelectrode sensor (Unisense Ref-RM 
and RD-N, 1.1  mm resolution; Science Park, Aarhus, 
Denmark).

2.4  Influence range of MAT
Moreover, under air pressure of 25 kPa, the distance pro-
files (0–4.4 cm) of soluble Fe in every 2 mm interval were 
measured by IPI samplers, following our previous report 
(Yuan et al. 2019). In addition, the depth profiles of Fe in 
the solid phase were also measured, through manual slic-
ing in every 0.5–1.0 cm interval. 0.5 g of sliced wet soil 
was immediately weighed and extracted by 6  mL 1  M 
HCl for 24 h. The extract was filtered through a 0.22 μm 
cellulose membrane. Iron speciation and organic carbon 
in the extract were measured by the 1, 10-phenanthroline 
method and TOC analyzer, respectively.

2.5  CH4 emission measurement
In the mesocosm, three pots (length*width*height = 15.5 
cm*15.5 cm*17.3 cm) with or without MAT deployment 
were prepared, and 4.5  kg paddy soil was put into each 
pot. MAT was deployed at 8 cm soil depth in the middle 
of each pot, and a 3 cm overlying water depth was main-
tained during the incubation. Two seedlings were trans-
planted into each pot, and grown at room temperature 
and at a glass greenhouse under natural light conditions 
for 30 d (elongation stage of rice). After the incubation, 
the overlying water in each pot was carefully removed 
by a 50  mL plastic syringe. Every pot was placed into a 
custom-made PVC chamber (inner dimensions: 80  cm 
height, 25 cm diameter) with a rubber septum at the top 
and incubated to 48  h. About 50  mL headspace sam-
ples from each pot were withdrawn with a 50 mL plastic 
syringe, and stored in a 50 mL gas sampling bag.

In the field, two 5  m × 6  m plots were prepared, and 
the hill space of 0.25 m × 0.15 m was utilized. One plot 
was set as the control, and another plot was settled with 
MAT. MAT was deployed at ~ 8 cm soil depth in the mid-
dle of every rice row. Two seedlings were transplanted 
into each hill, and ~ 5 cm overlying water was maintained 
during the growth. Three gas samples were taken every 
week (8:00 to 10:00 am) from three locations in the field 
of each treatment by custom-made PVC chambers (inner 

dimensions: 80  cm height, 25  cm diameter), during the 
active  CH4 emission period in rice paddies (i.e., vegeta-
tive growth period of rice) (Ma et  al. 2008; Wang et  al. 
2022). About 50 mL headspace samples from each PVC 
chamber were withdrawn with a 50  mL plastic syringe, 
and stored in a 50 mL gas sampling bag.

The gas sample was immediately transported to the lab, 
and then withdrawn by a 500 µL syringe and injected into 
an Agilent 6890N gas chromatograph (Agilent Technolo-
gies, Santa Clara, CA), equipped with a DB-624 capillary 
column (30 m*0.32 mm, 1.8 μm) and a flame ionization 
detector.

2.6  Microbial analysis
Total RNA was extracted from soils around MAT 
(0–5  cm) in every 1  cm using the PowerSoil RNA Iso-
lation Kit (MO BIO Laboratories, Inc. Carlsbad, USA) 
following the manufacturer’s protocols. cDNA was pre-
pared by reverse transcription of the extracted RNA 
using the PrimeScript RT reagent kit with gDNA Eraser 
(TAKARA, China).

The generated cDNA was subjected to barcode ampli-
fication of the V3-V4 hypervariable region of the 16S 
rRNA gene at Hangzhou KaiTai Biotechnology Co., Ltd. 
(Hangzhou, China). The sequencing process is detained 
in the supporting information. Two genes, including 
mcrA (α-subunit of methyl-coenzyme M reductase, 
the key enzyme for  CH4 production) and Geo (ferric Fe 
reduction gene), were quantified by real-time qPCR. The 
oligonucleotide primers used for the noted genes are 
detailed in Table S1. The 16S rRNA gene sequence data 
have been deposited in the NCBI database with accession 
number PRJNA891874.

2.7  Statistical analysis
Results are displayed as mean ± standard errors (n = 3), 
unless stated elsewise. Graphs were plotted by R4.1.0 or 
Origin 2019 software (Origin Lab, Northampton, USA). 
The statistical difference was analyzed by SPSS22.0 soft-
ware (IBM SPSS, Armonk, NY, USA), using the unpaired 
two-tailed Student’s t-test with the significance level of 
0.05 (variables include pH,  Eh, DOM, Fe speciation).

3  Results
3.1  Soil chemistry changes
Man-made aerenchymatous tissues (MAT) can efficiently 
release air when blowing air through the tissue, and the 
released air bubbles in water can be observed by the 
naked eye after a 5 min air blowing (SI, video1). We fur-
ther investigated whether MAT could significantly mod-
ify saturated soil chemistry. Our results strongly support 
that MAT can dramatically influence soil chemistry like 
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Fig. 1 Change of saturated soil pH (A), redox potential  (Eh, vs. Ag/AgCl reference electrode; B), porewater iron (Fe; C), dissolved organic matter 
(DOM; D‑F) with man‑made aerenchymatous tissues (MAT) during the microcosm incubation. The error bars are standard errors (n = 3). Porewater 
was extracted from 0–2 cm soil zones around MAT by Rhizon samplers. Panels E and F refer to EEM fluorescence spectra of DOM and FTICR 
mass‑spectrum of DOM, respectively
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porewater  Eh, dissolved Fe concentration, and dissolved 
organic matter (DOM) concentration (Fig. 1).

MAT significantly increased  Eh and also influenced 
other processes sensitive to  Eh shifts in saturated soils. 
During a 30 d incubation, MAT had no significant influ-
ence on soil pH (p = 0.103; Fig. 1A, Table S2). The soil pH 
was maintained around neutral conditions (6.89 ± 0.122), 
regardless of deploying MAT or not. In contrast, MAT 
dramatically increased soil  Eh (p < 0.001; Fig.  1B). Com-
pared to the strongly reducing condition (as low as 
-150 mV vs. Ag/AgCl reference electrode) in the control, 
MAT turned the soil redox state from strongly to mildly 
reducing conditions (-88.6 ± 23.7 mV). At the same time, 
MAT dramatically decreased porewater Fe concentra-
tion (p < 0. 001; -66.3%, Fig. 1C). This indicates that Fe(II) 
oxidation in the soil is strongly enhanced by MAT. In 
addition, MAT also significantly decreased DOM con-
centration (p < 0.001; as low as -39.1%, Fig. 1D), which is 
most likely due to the strong adsorption of DOM by the 
newly formed Fe(III) (oxyhydr)oxides in the soil. The flu-
orescence analysis additionally indicated that MAT not 
only decreased DOM but also influenced the DOM com-
position (Fig.  1E). The FTICR analysis further revealed 
that MAT promoted the oxidation state of the DOM 
(Fig.  S3), and preferentially removed unsaturated and 
condensed aromatic hydrocarbons (Fig. 1F).

3.2  O2 releasing control
Our results revealed a linear relationship between the 
released  O2 and the air pressure (Fig. 2A). This strongly 
supports the idea that increasing air pressure in MAT, 
together with a suitable density, can efficiently control  O2 

release from MAT. As shown in Fig. 2B, the targeted  O2 
releasing rate can be easily obtained by tuning the den-
sity and air pressure of MAT. For example, a considerable 
 O2 releasing rate (~ 600 kg  O2/(ha·season)) was achieved 
under the density and air pressure of 0.2  m2 tube/m2 soil 
and 25 kPa, respectively. The released  O2 can additionally 
host more than 1.1 ×  1028 electrons/(ha·season) stem-
ming from DOM oxidation in saturated soils, which is 
comparable to applying a large amount of other electron 
acceptors such as 1332 kg  Na2SO4/(ha·season) or 5998 kg 
 Fe2O3/(ha·season).

3.3  Soil chemical and microbial profiles
During MAT application, a commercial 3.5 W air 
pump can maintain an air pressure of 25 kPa in MAT. 
The influence range of MAT in saturated soil was first 
tested under the noted air pressure. Figure 3 shows that 
MAT can influence soil  Eh on a centimeter-wide scale 
in the soil.

MAT significantly increased soil  Eh (on a cm-scale) and 
also posed huge impacts on other processes sensitive to 
 Eh shifts in saturated soils. In the absence of MAT,  Eh 
rapidly decreased from + 447 to + 87 mV across the soil–
water interface from overlying water to subsurface soils 
(5.5 cm depth). By contrast,  Eh decreased relatively mild 
from + 448 to + 110 mV and then increased to + 189 mV 
when approaching MAT deployed at 5.5  cm soil depth 
(Fig.  3A). The relative change between MAT and the 
control more clearly showed that MAT dramatically 
increased soil  Eh (on a cm-scale), and might also facili-
tate  O2 diffusion from overlying water into top-layers of 
the soil (Fig. S4A). Additionally, in the absence of MAT, 

Fig. 2 Control of  O2 releasing from MAT. The x‑axis indicates the air pressure in MAT. A rice production season was set as 120 d. According to the 
linear regression obtained from panel A,  O2 release rates by MAT under different MAT densities (0–0.5  m2 tube/m2 soil) and air pressures (0–200 kPa) 
were calculated and mapped in panel B 
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porewater Fe was extremely high (100 ± 11.2  mg/L) in 
the subsurface soil at 5.5  cm depth. By contrast, pore-
water Fe was dramatically decreased within 4.4  cm dis-
tance around MAT (-55% to -90%, Fig. 3B). It should be 
noted that fresh Fe(III) (oxyhydr)oxides were formed in 
centimeter-vicinity of the soils around MAT, which was 
observed via a transparent observation window. This 
indicated that, with MAT, Fe(II) oxidation was strongly 
promoted in saturated soils. This was also supported 
by the Fe speciation analysis in the soil solid (Fig. 3C & 
Fig. S5A-B). As shown in Fig. 3C, Fe(III) was 3.50 times 
higher than that  in the control (p < 0.001), while the 

opposite was true for Fe(II) in the solid phase (-40.9%, 
p < 0.001). Moreover, the organic carbon in the solid 
phase showed a similar trend as Fe(III) (25%, p < 0.001; 
Fig. 3D & Fig. S5C), indicating DOM was strongly fixed 
by the newly formed Fe (oxyhydr)oxides.

Moreover, MAT had important implications on soil 
microbial community. As shown in Fig.  3E, MAT sig-
nificantly changed 969 operational taxonomic units 
(OTUs) in soils adjacent to its surface. The effect slightly 
decreased from the near to the far side of MAT (e.g., 
471 and 292 OUTs were significantly changed at ~ 3.0 
and ~ 5.0  cm distance from MAT; Fig.  S4B&C). For 

Fig. 3 Soil chemical and microbial changes around MAT under 25 kPa air pressure. A redox potential  (Eh; vs. standard hydrogen electrode) across 
soil–water interface and MAT‑soil interface (n = 4); B porewater Fe across MAT‑soil interface; C‑D Fe speciation and organic matter in the soil solid 
phase; E the difference in the operational taxonomic units (OTUs) between two groups; F active methyl‑coenzyme M reductase (mcrA) gene and 
Fe‑reducing gene (Geo) distribution across MAT‑soil interface and in the control. The dashed horizontal line in A means the soil–water interface, 
while the solid horizontal line indicates the soil depth where MAT was horizontally deployed. MAT‑1.0 cm in E means soil samples at ~ 1.0 cm from 
MAT surface
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example, we observed that MAT significantly promoted 
Proteobacteria but inhibited Hydrogenedentes (Fig.  S6). 
The former phylum contains the popular Fe(III)-reducer 
Geobacter, while the latter one is often associated with 
methanogenic environments (Nobu et  al. 2015). Mean-
while, compared to the control, we detected that the key 
gene of methanogenesis (i.e., mcrA) decreased from the 
far to the near side of MAT surface (-25.1%), indicating 

that MAT may negatively influence the abundance and 
activity of methanogens (Fig. 3F). At the same time, the 
Fe reduction gene (i.e., Geo) was significantly more abun-
dant at the far compared to that at  the near side of the 
MAT surface (33.5%). The decrease of active Fe(III)-
reducers in the soil zone adjacent to MAT was possibly 
due to those microorganisms inhibited by the relatively 
high  Eh at MAT surface.

Fig. 4 CH4 emission in the mesocosm and paddy field. A  CH4 emission rate normalized to each pot as a function of time in the mesocosm; B  CH4 
emission rate normalized to the soil surface area as a function of days after transplanting in the paddy field. MAT was set as 25 kPa air pressure and 
0.2  m2 tube/m2 soil density both in the mesocosm and paddy field. Silicone tubes of MAT were buried ~ 8 cm below the soil–water interface
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3.4  CH4 emission
CH4 emission rates from mesocosms and fields with 
MAT were measured (Fig.  4), under 25  kPa air pres-
sure and a MAT density of 0.2  m2 tube/m2 soil. Similar 
to the soil microcosm incubation, MAT significantly 
reduced porewater  Eh both in mesocosms (-57.7%) and 
field trials (-34.2%) (Fig.  S7). The  CH4 emission from 
the mesocosm with MAT was -54.3% lower than that 
in the control (0.211 vs. 0.463  mM/pot/h; Fig.  4A), at 
the elongation stage of rice. And, MAT also reduced 
45.4%  CH4 emission in the field (1.44 vs. 2.65 mM/m2/h, 
p = 0.043; Fig. 4B, Table S2). Yet, the  CH4 emission rate 
from the control and MAT treatment was relatively the 
same at 42 days of rice transplanting. This might be due 
to two causes: i)  CH4 emission in paddy soils decreased 
to a relatively low rate after ~ 40 days of rice transplant-
ing; ii) the relatively high variation of gas sampling and 
measurement.

4  Discussion
In this study, we proposed using MAT for mitigating 
 CH4 emissions from saturated soils. Within our experi-
mental scale, MAT can supply abundant  O2 to saturated 
soils from the atmosphere and increase the soil  Eh. This 
strongly inhibits  CH4 production while causing no nega-
tive influence on the soil quality. This process does not 
require the addition of chemicals and only consumes 
little energy that can be powered by solar panels when 
applied in the field. Thus, we propose that MAT may 
serve as a powerful and sustainable tool to abate  CH4 
emission from wetlands.

MAT-mediated ~ 50% of  CH4 emission reduction is one 
of the highest reported reduction efficiencies compared 

to studies where addition of oxidizing chemicals (e.g., 
 Fe2O3 (Van Bodegom et  al. 2004; Li et  al. 2022), sulfate 
salts (Denier van der Gon et al. 2001; Saenjan et al. 2015)) 
or application of alternate wetting and drying (Tyagi 
et  al. 2010; Runkle et  al. 2018) was performed. In con-
trast to the noted approaches, MAT is only applied once 
and is much more sustainable. This is because MAT can 
continuously input  O2 to the saturated soil, while other 
methods only input electron acceptors once during their 
short-term application (Saenjan et al. 2015; Li et al. 2022). 
Moreover, we found that the main factor that can effi-
ciently and conveniently modulate the  O2 release is the 
air pressure in MAT (Fig. 2). Adjusting this factor is much 
superior to that of MAT density, due to two reasons: i) 
the cost is much cheaper since no additional materials are 
needed to be consumed; ii) the operation is much more 
flexible since most of the MAT systems do not need to be 
changed despite the changing air pressure in MAT. It is 
reasonable to expect that the performance of MAT could 
be further enhanced by simply increasing the air pressure 
in MAT. For example, through elevating the air pressure 
to 200 kPa in MAT, the performance of MAT was further 
improved in the mesocosm. Compared to 25 kPa air pres-
sure (-54.3%) (Fig. 4A), much more  CH4 emission can be 
cut (-74.2%) under 200  kPa air pressure (Fig.  S8). Yet, it 
should be noted that continuously increasing air pressure 
may facilitate ebullition of  O2 and other gases in the soil, 
which may reduce the residence time of  O2 and negatively 
influence the performance of MAT. Hence, further stud-
ies are essentially required to optimize the setup of MAT 
in paddy fields (parameters may include air pressure, the 
extent and quantity of silicone tube deployment, etc.). 

Fig. 5 Potential abiotic/biotic processes induced by MAT. ① indicates  O2 released by MAT; ② means organic carbon is adsorbed and conserved by 
the newly‑formed Fe(III) (oxyhydr)oxides in saturated soils; ③ indicates organic carbon oxidation coupled to microbial Fe(III) reduction
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And, further work is also essentially required to validate 
its efficiency under different field conditions.

When deployed in saturated soils, MAT induced 
several abiotic or biotic processes and reduced  CH4 
production (Fig.  5). First, MAT increases soil  Eh by 
releasing  O2 to the soil (Fig. 1B), which would restrict 
the living niches of methanogens (Fig.  3F). Metha-
nogens favor strongly reducing conditions where soil 
oxidants are scarce (Neue 1993), and tend to become 
inactive when soil  Eh is increased by supplying eas-
ily used electron acceptors such as  O2 (Runkle et  al. 
2018), nitrate (Roy and Conrad 1999), sulfate (Sae-
njan et  al. 2015), or Fe(III) (oxyhydr)oxides (Li et  al. 
2022). Second, Fe(II) oxidation induced by MAT  O2 
release generates Fe(III) (oxyhydr)oxides, which pro-
vide additional adsorption sites for DOM in saturated 
soils (Conrad 2002; Song et  al. 2022; Wei et  al. 2022). 
This will directly reduce the availability of organic sub-
strates for methanogens. Due to this cause, previous 
studies tried to supply Fe(III) (oxyhydr)oxide minerals 
to reduce  CH4 production in saturated soils (Jäckel and 
Schnell 2000; Li et al. 2022). However, the supplied Fe 
minerals only have a short-term effect (e.g., <  = 6 d) (Li 
et al. 2022), since they can be quickly reduced and dis-
solved by anaerobic Fe(III)-reducers (Achtnich et  al. 
1995; Hori et al. 2010). By contrast, MAT can maintain 
a centimeter-wide pool of Fe(III) (oxyhydr)oxides in 
soils through continuously releasing  O2, which is most 
likely to steadily hold much DOM in the solid phase 
(Fig. 3D-E & S5). Third, the Fe (oxyhydr)oxides induced 
by MAT provide Fe(III) substrates as the electron 
acceptor for anaerobic Fe(III)-reducers, and hence can 
activate and stimulate dissimilatory Fe(III) reduction. 
Microbial Fe(III) reduction is superior to methanogen-
esis since the former process has a lower Gibbs energy 
than the latter (-41.5 vs. -22.0 kJ/mol) (He and Sanford 
2004; Dolfing 2014). Therefore, the induced micro-
bial Fe reduction would outcompete methanogens for 
organic substrates and further lower  CH4 production 
(Achtnich et al. 1995; Hori et al. 2010).

The MAT approach has its advantages and con-
straints (Table  S3). MAT is easy to use, and little 
maintenance is required. Upon deployment, MAT con-
tinuously releases  O2 to saturated soils, hence it has a 
long-term good performance. By contrast, although 
addition of oxidizing chemicals (e.g., sulfate,  Fe2O3, 
etc.) is easy to apply, each addition of the chemical only 
has a short-term performance (Saenjan et  al. 2015; Li 
et  al. 2022). To maintain a sufficient oxidizing capac-
ity in the long term (e.g., during the rice production 
period), multiple times’ addition is essentially required. 

Yet, this will greatly increase the cost and may cause 
negative effects if too many chemicals were added (e.g., 
acidify the soil, degrade the  soil quality or cause haz-
ards to living organisms in the soil) (Zeng et  al. 2017; 
Yuan et  al. 2021a). By comparison, MAT is 19.4 ~ 53.9 
times lower than the equivalent application of  Na2SO4 
or  Fe2O3 (see calculation in the SI). And, MAT causes 
no negative influence on the soil. It should be noted 
that aerobic decomposition and  CO2 emissions may 
be enhanced by MAT, which should be carefully con-
sidered before MAT implementation. Additionally, the 
MAT approach is flexible, and thus could easily be com-
bined with other  CH4-reducing methods to maximize 
the efficiency of reducing  CH4 emission. For example, 
lowering  CH4 emission could be further enhanced by 
coupling MAT with cable bacteria inoculation, which 
will additionally provide abundant sulfate to satu-
rated soils via enhancing electrogenic sulfide oxida-
tion (Scholz et  al. 2020). Therefore, MAT would serve 
as a powerful and cost-effective tool for humankind to 
achieve the goal of reducing human-caused  CH4 emis-
sions by 45% and thus limit the global temperature rise 
to 1.5  °C by 2030 (Coalition, U.N.E.P.a.C.a.C.A. 2021; 
Tollefson 2022).

The MAT approach is still in its infancy and there 
are three major concerns regarding its feasibility in 
field application. First, intensive labor is required when 
deploying MAT, which is estimated at ca. one day’s work 
per hectare of field. However, MAT deployment can 
easily be integrated into rice transplanting, and deploy-
ment of MAT and transplanting rice seedlings could be 
simultaneously completed by rice transplanter. Second, 
MAT may be damaged by sharp stones or deposited 
glasses in the field, which is a threat to its good per-
formance. To solve this issue, a natural textile could be 
covered on MAT surface before deployment, thus the 
potential damage can be avoided. Moreover, the dura-
bility of MAT warrants further study, and how to deal 
with the damaged and defective MAT also need further 
research. Third, the present portable air pump is unable 
to maintain a relatively high air pressure (e.g., > 100 kPa) 
in MAT, which may restrict the further improvement of 
MAT performance under certain field conditions (e.g., 
when the soil is very rich in organic matter which can 
potentially clog the pores of the tubing). We noticed 
that the portable tire pump, which can maintain high air 
pressure (up to 1000 kPa), is very universal. Hence it may 
be possible for using a portable tire pump to manage air 
pressure in MAT after certain modifications, then the 
performance of MAT could be well maintained under 
different field conditions.
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5  Conclusion
This study demonstrates MAT as an effective method 
to reduce  CH4 emission from rice paddies. MAT can 
significantly promote saturated soil  Eh by continu-
ously delivering  O2 to the soil from the atmosphere. To 
date, it has been difficult to control  Eh in flooded pad-
dies, but MAT may offer a solution. We identifies that 
MAT mitigates  CH4 emission through three processes: 
i) decreasing  CH4 generation by inhibiting methano-
gens’ activities; ii) stimulating Fe oxidation and enhanc-
ing the adsorption of DOM by Fe(III) (oxyhydr)oxides, 
which decreases the potential organic substrates for 
methanogens; iii) stimulating dissimilatory Fe(III) 
reduction process, which outcompetes organic sub-
strates with methanogens. This work provides a novel 
method for reducing  CH4 emission from rice paddies, 
although further work is required to validate its effi-
ciency under varying field conditions.
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