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Abstract: [Objective] This study was designed to investigate the long-term effects of straw returning on methane

a [F 5 R TR H TS (2022 YFD2300301) FllFE X B AREL S5 &0 H (42277227, 42177233) %)y Supported by the National
Key Research and Development Program of China (No. 2022YFD2300301) and the National Natural Science Foundation of China (Nos.
42277227 and 42177233)
T@ES Corresponding author, E-mail: hxu@issas.ac.cn
fEF s 2% (2000—), 2, PUNIZRIIA, Bi-Emrsee, B9 75 M 9 RE H E Btk . E-mail: liyuying23@mails.ucas.ac.cn
Wk HH: 2025-11-10; WEMESGR HA: 2026-04-20; W45 & HHH (www.cnki.net):

http://pedologica.issas.ac.cn



+ 8 R
Acta Pedologica Sinica
(CH4) emissions in rice paddies and their microbial driving mechanisms to provide a theoretical basis for optimizing

long-term straw returning management and synergistically achieving “carbon sequestration and emission reduction”.

[ Method ] Based on a continuous 13-year (2006-2018) field experiment with rice-wheat rotation, four straw
returning gradients were established: SO (control at 0 t-hm2), S1 (1.6 t-hm?), S2 (3.2 t-hm™), and S3 (4.8 t-hm?).
The changes in CH4 emissions during the rice season (2017-2018) and related soil environmental factors were
observed. [Result] The results showed a significant positive correlation between straw returning amount and
cumulative CH4 emissions, with the cumulative emissions in S1, S2, and S3 treatments increasing by 166%-219%,
420%-527%, and 660%-785% compared to SO, respectively. The microbial mechanism lies in the fact that straw
input enhances soil organic carbon and dissolved organic carbon content while reducing soil redox potential, creating
a strongly anaerobic environment. This significantly increases the abundance of methanogenic functional genes
(mcrA) (with average increases of 2.5, 3.8, and 3.6 times compared to SO for S1, S2, and S3, respectively) and
enriches the Methanosarcinaceae family, which metabolizes multiple substrates, leading to a substantial increase in
CHa production potential (S3 increased by 246% compared to S0). Although the abundance and oxidation potential
of methanotrophic functional genes (pmoA) also increased, the growth was far lower than the production potential,
resulting in a metabolic imbalance of “more production than oxidation”, further exacerbating net CH4 emissions.
Although S3 could enhance soil carbon sequestration rates, it had the highest mitigation benefit offset rate (12.93).
In contrast, under conditions where there was no significant difference in mitigation benefit offset rates, S1 achieved
the lowest CH4 emission coefficient (5.05%), while S2 achieved the highest carbon sequestration rate (2.27 t CO2-
eq t-hm2-al), indicating that moderate straw returning optimally synergizes carbon sequestration and emission
reduction. [ Conclusion] The results of this study reveal that moderate straw returning is a key measure to reconcile
the contradiction between “carbon sequestration” and “emission reduction” in rice paddies.

Key words: Returning straw to the field; Paddy; Methane emissions; Methanogen; Soil organic carbon
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Fig. 1 Soil temperature, atmospheric temperature, and precipitation in the experimental site from 2017 to 2018
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Table 1 Details of crop and water management during rice—growing seasons from 2017 to 2018
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SR FREEE K 6 H18H—7HA19H 6A14H—7A19H
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GWP = CH, x 28 (8)
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2.1 fi1 0.02~58.85 mg-m2-h1 254k, . 7E4> BEM, CH4 HERGE & K HE s 55 FHE H & £ IE L,
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Fig. 2 Seasonal variations of CH, fluxes during rice-growing seasons (a, b), CH, emissions in 2017 and 2018, and CH,

emission factors in 2018 (c, d)
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36.4%. 27.8%, 1M S3 ALFIGHN 29.1%, I8 TXALBEXN 3 merA E[RI#5 DB 52T . AH R
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K 42018 KA KZE L HE merA (a) Fl pmoA (b) FEFEFE TIE K CHa HERLS merA (¢ Al
pmoA (d) & FI$E LH B AR OGP

Fig. 4 Copy numbers of mcrA (a) and pmoA (b) genes in soil during rice—growing seasons in 2018 and relationships between

CH,4 emission and the copy numbers of the mcrA (c) and pmoA (d) genes
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Horb, BB\ SIRERNE AL, 5 SO AHEL, 13 FFESAEFTIC FALHE S3 18 2 W N H bt
J\EBRE AR 32 70.6% (P<0.05)
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Fig. 5 Community composition of methanogen on family level from soil at the tillering stage of the rice-growing season in
2018
2.4 TEHETBEFCHESE 13 SR TIEM R
FACFREF I 13 4F 535 520 1438 SOC Fra Al HiEAH (K 6a, K 6b). #F5Ff it
ARFRI) SOC # =3B AL FHit FH & p g b g m, 5 SO AHEL, S1. S2 Al S3 ) SOC & &1
TR EE 4> 34 5.14%. 13.61%F1 26.22%. AHRMESHTR B, SOC 5 CHa4 HEK 2 7] 2 B3 1F
FHIC (P<0.001, P& 6e). 35845 B35 BERSF it FH & X8 i 226 T F%, 5 SO #HEL, S2 1 S3
() L3975 50 I R % T 9.89%F1 16.01% (P<0.05).
I E 2018 FEREZEH AN a0 I : S ACEEFEH I8 Eh AR R AR —

(Bl 6d), FEHFFELAKIN, &A0E Eh NERMAE (271 mV), FHER)G, #4408 Eh
W FFAZRIEE (369 mV), R/KEFHXRFKENE (218 mV), TR E W _EF- 2 1B

(96 MV, FHRPEERKFEUGR . FEE KA, AR (S1. S2 #1S3) +LIEEh Y
BRAK T SO (<70 mV), H.FfASFHit A & f938 hnimi B, 734 Eh 43 71°5-118. -140 F1-136
mV. &A4b3E1+1% DOC Wb A IR —3, 758 6~19 RiZWi b Z=IE(E (216 mg-kg
L, Bl 6c), ZUEAE I ][] CH, HEROE & H I S — N E I R — 2, EEHE T RER
124 mg-kgt, JEI4EREAE 50 mg-kgl. FE M FFEEAKIYIE], 5 SO AHEL, S1. S2 Al S3 AbFHAY
12158 DOC & 5 Bl A5 A1 3 HH 52 (0 B4 AN 38 00, FEHG MR EE 7397108 10.92%. 13.44%7F1 17.20%.
FIRYE TR W], DOC 5 CHs i 2 2.3 IEAHoC (P<0.001, K 6f).
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Fig. 6 Soil organic carbon (SOC) content (a), bulk density (b), dissolved organic carbon (DOC) content (c), Eh (d), and the

correlations of CH, emissions with SOC (e) and DOC (f) in paddy soil in 2018
2.5 HIEEBIRFEFIRE M EHTEE

2018 FFEARFFEFFIEH K (S0 S1. S2. S3) XfFEH +3E SOC [l g il . ARRIGIR
# (MGWP) . &[5k /) (MSOCSP) PA K k4% 34 2 #KiH % (RMO) MW 2 iz
SO. S1. S2. S3 [MfEm#=E (L COx M) 407k 1.23. 1.74, 2.27 1 1.77 t-hm2-al,
HimBon, FEAERAIEH KRN, SOC [ EiE%AE SO & S2 Z [H £ A%, miE
S3 IFE BT B, & A B IR ) g A o % 22 R B3 (P<0.05),

KA RS MGWP ARiE Ry 1.70~6.08 t-hme2-at, B A% FFiE FH & i 88 nm 3 in, i S1.
S2. S3 ) MSOCSP %344 0.51. 1.03. 0.53 t-hm2.al, 5E#EELLEE—F,; RMO 5
CHq HEC R AR a4 — 5, S ACHE RS RMO 281 A 3.36~12.93, S1 4bFEf RMO ik

(3.36), S3 4:#H ) RMO & JtE (P<0.05).
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# 22018 FiEHTIEERIRZE (SOCSR), £IKIEEEE (MGWP), TIEEIRE S (MSOCSP) FIRLE
YEILEE (RMO)

Table 2 SOC sequestration rate (SOCSR), methane global warming potentia MGWP), methane soil organic carbon sequestration

potential (MSOCSP) and rate of mitigation offset (RMO) during rice-growing season in 2018

AL Treatment SoCsw/ MGWP/ MSOCSP! RMO
(COz-eq, thm?a)  (COp-eq, t-hm2-al)  (COz-eq, t-hm2al)
SO 1.234+0.09¢c
S1 1.7440.02b 1.7040.21c 0.51+0.02b 3.361+0.52b
S2 2.27140.22a 4.094+0.52b 1.03£0.22a 4.034+0.62b
S3 1.7740.11b 6.08+0.75a 0.53+0.11b 12.93+3.83a

T FIPAS RN T BEA [ 22 7 A B ) 25 57 55 3% (P<0.05) » Note: Different lowercase letters in the same column indicate significant

differences between treatments (P<0.05).

3 9 it

ARFFUERIIES 13 I EALRIRUESE, R HESREH CH, AR 2 53 IEAR
(K 2), X525t 7u45 R16 254175, FEFFE H ALY CHy BEAHEE BIC RS FT 4 H 4k
RGN 166%~785% (& 2¢, K 2d), HAZCHLIAE T FEFHE HidEE “a)s s n”
CIREIREERRAL” XS AE, BHIEEEE CHa =4 1 %0, R I Fr 8T+ I E HLAK (SOC)
FANAEMEA LR (DOC) A& (K 6a, K 6¢). SOC 1E A H ke AR E, E#K%
PR IRE BN TAENY) CINLFR. FED, XU H b b 1 BB R pRe-271, K
W FiH, 138 SOC & I DOC & =34 BE A AT H = i 34 i 34 im (& 6a, &l 6¢), H SOC.
DOC 5 CHy HEft 2 .3 IEAHE (P<0.001, K& 6e, & 6f), FRUART AR KIShA N A
7 R R ) SR . Rl REFFEHT SOC & & 1T iy BB o 1 7= W be ok R 1 Bk
HLenFEnt, MIMTIEHE CHa i, X 532 WAL RS H 45 R — 3. ik, HHRER, E
FEFFE H B IG, FEFAE gD o il e A A HLUST I FE (1) O2 YH AE Bt B S 19 A,
X G IR I POETE B, AT T ARG CH, HEk2e3Y . 50 fl— 2, AR 7L
S3. S2. S1 AbFEHIEAAIE R AL (Eh) 3 SO 737l A 1 202, 563, 429 mV (] 6d),
ULIAREFF S IR FE A, BB PRI Eh, A= W e b )3 B8 RS 00 R IR 51820,
BEAh, AT R I IAFE AL 2 30 1 merA =EJE (B 4a), HEEE merA FEER
BN, FEH CHa HEicE 2LRPERIN (P<0.05, K 4c), X5 Zhou 381, SANSEBARHT 7T 45
8 KRG EER, I3 merA JEEEHE VUKL Fl AL FHE H & (0 35 i 2 3% n- (P<0.05,
4c), R TRFT N LIEAEIR ML T 3 E WhklE . PR — a4 BRI P FR G T A
AT EIEEN T R, 7 BEA R R 35w BN b )\ B BB AL (Methanosarcinaceae) 1 H it
FFEEE} (Methanobacteriaceae) (& 5), 1X5 2 FiifE H 338 7= H e b A 7T 45 SR IS36— 3., fH
EEME, Fht/\SIKERHE S3 AbHE ik 53%, % S0 &7t 70.6% (Kl 5). HkE/\
S BREE RN 1 LRV FE A 5T L 5 B P8, 7E 75 DOC (KT 200 mg-kg™) . 53k i (Eh<-130
mV) BN, HREA ) S B T L R E IR AR (R B B R 8758,
NI N R RS AT ) “AGTETRERE”. RN, 1ZRBE A 2 RRIEE 71, TTHAEK AL
Ao (R R, MWAESIZMEE T CHy B S I JERRE-40), = s 9%
IR Rt —DUESE, S3 ALFRMY) CHy P2 AT /7% SO #2671 246% (1] 3a), X ST
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KMFFENAAEER (B MR B, KIS ERFHE HASGE S ™ B R it 41
FET PR, Hog] R i) 3 a SRR A iR IE JE P B R AL A A M v 8RS o TR )
TUAEYDREVE RN IR BN H BRAGIAA% JR e AR i G AR A e, 2\ SR E M 2 T e
CYTHGEGER AT N IRk A DI RESRTEE T SRAG T CHa FR RO 41,

[F, KIAFEFE R 2 08 T CHa P2 A FVEAGTE T AE T G R B0, 5 53R,
FHIE HACFER) CHa 72 AT /1 IANE AL FRSE 1y 1 2 45%~246%, 1T A3 e S A 77142
F+-5%~64%7% 4 (& 3a, K 3b), [FAIRF, S1A4bFER) merA/pmoA =F & EL{E#E SO B &4k,
S2 1 S3 Kb merA/pmoA K F E LUAE 5 SO AbFEAH LLAG B in (&l 3c), M S8 T “r=
A ZE AT WIRATS R . IRERI RO R, FEH g, R R AR S g T
B8 AT 77, AR KR B A T e P Al e . s A R T &, A AP G T DOC
LRy (B 600, Bk, KHIREAIE X B e Eb s (pmoA JE[l, K 4b) A IRTHE,
{EAERE H PR S RIS, AT A [RINFEAIC 1 3% Eh (&l 6dD, BERAMHENAZ, R
il 1 H e A T O i S A B0, AT 35 R e S A DGR BR . S3 AbFE pmoA JE AR B
AN 29%, @K T merA F3GHE (3.6 £5), HAKERFTILHE (S1~S2) H & &0
FE (K 6a, &l 6b). tht, RERIEHER T HEAE (K 6b), HRITHRITHIEALK
JERE S, (R AR K ), U H PT RE S IR 1, S0 bt S A B P DL 5 A0S
NI AN FR e S AL RE D B R 4%

25 L AT D, A RS T 34 FH 2L L A v ) S B R, I B BRI ) - AR T,
EEASFEH (S3) AIREH TR A LA, smPRAAIAET, 7500 BRI S5 R R o | 3ROk
RUSL, I AT 3 MU AT 451 2431, (e 30l ok 2 FRAIR, JF [R] ey S B bl
W, BT AOE R R E T, S3 ALBE R S A EE 12.93 (58 2), 1XFERW]
CHa A AEAR KAZE BRI 1 3R B it R i) U 3t . £ =B E 5T, A
RGN “WICHHE FIE, IR WAERIRZ AR BII0UENSl, AL R, @S R
EHE (S, S2), FECRRFE 138 Wl OE 2 1 R, IR e R e #1VH 32 2.2 PR (3.36.
4.03, % 2), XULHIREFTIE H K- 225 5 7 H 0 ] g AR =5 SUARHECF . AT =,
S1 A1 S2 AbPEAE SEA e [l B R AR FR [RI I, A7 Rl 1l & U (B8 2), R T
WAL A ROR, A& EREATIE A REAE “ K 5 “IdE” 2 18] S B 4y (1 (28,471,

4 45 B

BT IELE 13 RS B EALRIR K I, IR FRIE H AR 2 2 5 I+ LA HLaR AT n] v 1
AR E B FER, BEFKEh, REART CHs AR SR & BN IREHE, |
FEIRBNREH CHa HEBCR Z SN, RN, 7EXFh Sk, SRiEJEIEE g, 7 B o B A D) e 2k A
merA £ ETF, JrH R /\SERE R (Methanosarcinaceae) [T F2EIL AR 2, 1M H
B A B T BEE R pmoA FEFEIMIEA IR, T8 CH, =B 11 58I R flr, idk— 25l
CHa . 25 KRS AR 10 TR FE o as, HIKE (1.6~3.2 thm?) FEFTIE HIRZE
miKHE LR EER, H CHHRERAL, IR mOR R m, SR BT ik
TCEGEBRUER o« AR T B — W TR FIFEFTIE & N CHa P4 58T RISl A T HLH
TR R AR, DASCEURE R BHE ™ R P [R50
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