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Effects of long—term fertilization on denitrification—dependent anaerobic methane oxidation in paddy soils
WANG Juan"?, WU Juan', LIAO Yulin?, LU Yanhong’, NIE Jun®’, WAN Yunfan®, QIN Xiaoho™

(1.College of Resources and Environment, Qingdao Agricultural University, Qingdao 266109, China; 2. Agricultural Rural Carbon Peak
Carbon Neutral Research Center, Chinese Academy of Agricultural Sciences (CAAS), Key Laboratory of Agricultural and Rural Ecological
Environment, Ministry of Agriculture and Rural Affairs Institute of Agricultural Environment and Sustainable Development, CAAS, Beijing
100081, China; 3. Soils and Fertilizer Institute of Hunan Province, Changsha 410125, China)

Abstract: Denitrification—dependent anaerobic methane oxidation (DAMO) is a key process linking carbon and nitrogen cycles. A "C
stable isotope labeling microcosm incubation experiment was conducted to investigate the effects of long—term fertilization on DAMO
processes in red paddy soils. Four treatments were established : without fertilizer (CK), chemical fertilizer (NPK: nitrogen, phosphorus,

potassium ), combined chemical fertilizer and pig manure (NKM), and chemical fertilizer with rice straw incorporation (NPKS). Key
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findings include: total DAMO rates responded significantly to long—term fertilization. The maximum rate (1 762.93 nmol - ¢g' - d™') and

minimum rate(25.01 nmol - g™ +d™") were observed in the deep soil layer of NKM and the surface layer of CK, respectively. Notably, DAMO
rates in the surface, middle, and deep soil layers of NKM were 276%, 447%, and 200% higher than those in corresponding NPKS layers ( P<
0.05). Nitrite—dependent DAMO (n—damo) rates increased with soil depth. The n—damo rate in the middle layer of NKM was 755% higher
than that in NPKS (P<0.05). Nitrate—dependent DAMO (Nr—damo) rates in the deep soil layer of NKM (702.49 nmol + ¢ - d') were
significantly higher than those in the middle layer(38.77 nmol - g™ -d™) (P<0.05). Nr-damo rates increased with depth in CK but decreased
in NPKS. 4) N,O—dependent DAMO (N,O—damo) rates were highest in surface soils (44.23-81.95 nmol - g™ -d™), followed by deep layers
(8.47-18.46 nmol - g' - d™"), and lowest in middle layers (0.63—3.27 nmol - ¢+ d™"). Surface N;O—damo rates in NKM were significantly
higher than those in NPKS (P<0.05). This study demonstrates that pig manure combined with chemical fertilization (NKM) enhances
DAMO activity more effectively than straw incorporation (NPKS) in red paddy soils. Additionally, deep soil layers exhibit higher n—damo
potential, while surface soils show greater N;O—damo potential.

Keywords: denitrifying methane anaerobic oxidation; reducing methane emissions in rice paddies; long—term fertilization; pig manure;

straw residue return
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Table 1 Designs of long—term fertilization experiments (kg-hm™)

b LN Base fertilizer JBE Top dressing
Treatment N K0 P,0s ¥4 Pig manure FE B Straw N
CK 0 0 0 0 0 0
NPKS 75/90 120 45 2625 75/90
NPK 75/90 120 45 75/90
NKM 75/90 120 15 000 75/90

T« R R it RS AT

Note: N" indicates that nitrogen fertilizer application rate is different in early and late rice.

P 1%) WHARTY
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Figure 1 DAMO rate change characteristics
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5 ol 82.76~296.33 mg-kg™ . 1fif NO3=N F1 SOC 1Y fiz
fe {ELER B AE NKM Ak # b, NPKS 4b B 57k T 5 AIG
B AN[A & NHI-N 5 i, HOAE NPKS A0 B b % 45
i, MAE CKARHE S B iR, AHELZ N, & 4h P+ 3
FE i ) pH 8 Bl 2 A SRR A 34 I3 in s NPKS Ak 34!
193¢ 2 1 32 pH (B 5 A% (5.41) , 1T NKM &b BE7E 5 2 1
B pH A K (6.51)

AR, % FE AR Z IR EE [ T2 T DAMO 3K 5 R
BEEER MMM . IWE 2 0] LIE H, DAMO 3 Al
Nr—damo 3 4 34 5 + 1€ pH {8 52 B i 3 1F A 3¢ (P<
0.05) ; N,O—damo i# % 5 + 84 SOC FINO-N % i 5

P 1%) WHARTY

PR 5338 1F A 56 (P<0.000 01) , 31 5 DOC & - 2 91 5.
F LA (P<0.05) ,1H 5 8°CO, Hl *CO.AT% 5 BH i &
FAHSE(P<0.01) . BRILZ M, n—damo 3 2K B 4R 15 31
B R F AR R W A G {5 DAMO 3% 52 1
e i 25 IEAH G (P<0.000 01) 6
3 iTig
3.1 DAMO J%& 2 3 < B A [5) e B 4 22 4 Ml 2
AT e AH b T A Bl bR K AR R R G TR
Yt AR H U DAMO R S B = B K. B
DAMO 3# F A8 AL M 25.01~1 762.93 nmol - g™ -d™",
e RARLE i TV TR Hh DAMO 3 #.(0.07~0.28
nmol - g™+ d™)"VFI BT — AP e 1 R 5 4 DAMO
% (0.55~3.8 nmol + g™+ d™)™ 5 i KA L = T B A=
6] 7 7H 2E DALY DAMO BTG P B F 24 38 K (40.5
nmol - g™ -d™)"*, NKM Zb B 4% )2 - 58 ) DAMO 3#
LA TR 12 B9 NPKS Ab P2 (P<0.05) (&l 1a) , AT
L NKM kb AL 45 F NPKS 4b B A 8 5 i CHL 481k
W71, 1X 5 Qin WU BE 3 s A5 HH R] 525 R 2 B Y
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Table 2 Physicochemical characteristics of the soil
Jb PR Treatment R Depth/em  AIEMA P DOC/(mg-kg')  NO:-N/(mg-kg')  NHi-N/(mg-kg')  HAHLKSOC/(g-keg") pH

CK 0~20 241.00+7.62Ba 32.89+6.37Ca 2.07+0.23Aa 22.96+0.68Aa 5.60+0.25Aa
20~40 136.67+16.06Bb 19.51+4.59Bab 1.39+0.27Aab 8.73+£0.99Ab 6.17+0.10ABa

40~60 82.76+£13.94Ac¢ 7.55+1.88Ab 0.78+0.27Ab 7.50+0.43Ab 6.34+0.32Aa

NPK 0~20 225.13+4.98Ba 59.84+8.42Ba 2.93+0.72Aa 17.82+2.23Ba 5.45+0.08Ac
20~40 141.32+9.43Bhb 21.93+2.91ABb 2.56+0.61Aa 11.32+1.54Ab 6.05+0.08Bb

40~60 91.16+10.99Ac¢ 5.79+0.82ABb 1.39+0.46Aa 7.76+0.15Ab 6.43+0.14Aa

NKM 0~20 289.67+13.17Aa 97.08+1.07Aa 2.57+0.23Aa 24.34+0.20Aa 5.58+0.11Ab
20~40 262.55+31.44Aa 30.50+2.35Ab 2.00+0.49Aab 10.71+0.94Ab 6.40+0.03Aa

40~60 84.74+23.73Ab 5.23+1.06ABc¢ 1.13+0.25Ab 7.54+0.20Ac¢ 6.51+£0.06Aa

NPKS 0~20 296.33+6.68Aa 92.89+2.38Aa 3.18+0.68Aa 24.03+0.45Aa 5.41+0.05Ab
20~40 209.41+6.67Ab 17.69+2.51Bb 2.13+0.64Aa 12.35+2.27Ab 5.94+0.10Ba

40~60 111.86+12.93Ac¢ 2.14+0.26Bc¢ 1.95+0.69Aa 6.87+0.28Ac 6.04+0.11Aa

T B 2R B AR LR 5 AN [N 71 ) — it A AR AN [ A 4 ) 22 57 (1.2 (P<0.05) , AN [R) R - 05[] — IR EE AN [l i HE Ak
- S 7 57 2. (P<0.05)

Note: Data are expressed as mean=standard error; Different lowercase letters indicate significant differences (P<0.05) among soil depths within the
same fertilization treatment , whereas different uppercase letters denote significant differences (P<0.05) among fertilization treatments at the same soil depth.

CH.| CH, 0.69 055 0.70 037 ~0.42|~0.34 ~0.49 10
€O, C0: -0.67 -0.67 0.95 032 0.72 0.66 048 074 048 08
38C0; @ 5:co: 100 0w 0.50 -0.77 -0.80 ~0.49 -0.75 ~0.64 o
BCOAT% [ ) ‘ K0T ~0.43 0.50 -0.77 -0.80 ~0.49 -0.75 ~0.64 '
BCO, ‘ ® O o 0.62 0.48 0.56 04
pamo | @ DAMO 0.93 0.77 0.64 -0.38 ~0.29 -0.35 o2
—damo | @ @ @ @ ‘ i-damo 0,50 0.53 |-0.52/-0.31/-0.33 -0.36
Nr-damo | (@ @ 0w 0.63 -
N>O-damo C N N X ) NeO~damo 0.84 079 0.60 0.2
pH ® 00 pH 0.4
soc|l® OO G o 00 o SOC 0.57 0.89 0.86
NN @D O @ O BN ) @ NHiNo074 067 e
NENICEC W N ) ® e . @ ~No-Noss -0.8
cl@® ©® @ O C N ) ) e o @ o
F SIS S
\“’()0 ¢ éw0 <

*P<0.05,%*%P<0.01,¥**P<0.000 01.
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Blue indicates negative correlation, red indicates positive correlation, and the darker the color, the stronger the correlation.

B2 DAMO B &0 F = x5k

Figure 2 Correlation matrix between DAMO rate and influential factors

NKM 4b Bt CH, HE L &K T NPKS &b Bt 25 S A —2L,
& U U1 8 FH 8 288 AR 4 1 5 FF 38 O RE A 2F s I
CH. s HE .

A FE n—damo B 25 AL AT B O 0~1 060.44
nmol - g™+ d™' (&l 1b) , Fe KB = TS i A H 4% (0.2~
8.91 nmol « g« d™)PHH KSR IR IK I Hb (0.2~14.5
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nmol + g™+ d™) I H7 3 1Y n—damo 76 PE7E [ 5 3 & A
FACNEB A FIFEFF I8 5 R 0 TOHLA S = AR R 5
Wi Y& 7E n—damo 15 1 Fl M. oxyfera 25 4 A = B 71 SC B
PRI 212 Shen 50248 2 B7E Fed R AR =X b, v /K
BRAEZRAE A n—damo Al B AL 1508 A9 2, K
Jit ] e BNE 2 i — 25 A A FH B n—damo 41 74 1Y
TR B L . Hu S5 % IR )Z 4 5 7E n—damo #
Fimim TRZ L8, X SW)Z T R8RSR
M. oxyfera 4N TE A < , I H.AE H 13 497 7E n—damo 1#H
FRAE 20~30 em T JE AR AR T A6 0 BR B2 5 AS WF 58 L 7
NPKS 4k # 9 %2 L3 & Bl n—damo 38 2 2 2% 5 T
FZFHZ 1338, CK AR R 2 13 n—damo 3 Ky
DB A PR BE . A 5% Nr—damo 32 828 4k 715 [
J225.01~702.49 nmol - g™ - d™' (& 1¢) , & NPKS &b FH i1y
B2 L HeAh oAl 4b B (CK  NPK  NKM) %2 13 1)
Nr—damo # K ¥ tH Bl im FRIZe P2 LM S
Wang ZHA N B TSR A M, A A5 1 1
S8 e A W2 R, 2 I I W O i B B R B L2 b DA-
MO 3 FE F 2R A FE TR B B A ny L 8 v . ASBIFSY N
damo 19378 F AE NPK I NKM Ab B b1 52 B2 5
RIZRZ PR EAR, X AT RE S TR 2 R At 1™
& DR AR ERESE , 7™ Bt 181 36 1k 8, 412 14 Nr—damo S 1 &
A A5 R 5 e A TR R B it A ) A A o
TEGRIZ SR, RZ T g A IE , R £k & it
Bt A BN 177 FGE TR P B H B A B
HIRAL, R)Z LR G 2 TR AR AR Ak
Vs sh A Feoe SN &2, BRI T Nr—damo #5847,
o2 AL T RS FRER RS A1 E X, fil iRk il Be bk b
J2 FR J2 04 A ) W B S A AR AR T 5 95 Ak, H )2 CHG
AlRem By R R RZ SN N BRE , S8R+ 2 CH,
TR A R Y] bR Y 5 CHL AL RE
P fa] {2 #E DAMO % A1, fHAS fiF 5 v 2+ 48] g
CH. " HiU 32 FR BRI 5 70 A1 AN 1 S B0 & o A 4%
S54RI NPK AT NKM 4 B VR 2% - 352 R RS 40 7 A2
TR R A I A Nr—damo #4454, 1 2 Z R F
PR B 2 R0 5E G HUR AR . ASBIESY Nr—damo Y 3804
TE CK b 35 il - 38 % B2 38 i iy 186 O, T 72 NPKS Ak
Prp AR A 5 2R B, 3R] B2 R Ol CK Ak 3+ 35 B AR
BA MR RNE B INEE B2 TR AR AR R 23
FIA HLITT 53 A 55 23 B % W b s 2R J2 38 v s NPKS
Ab 3% Nr—damo 3% i i (B H LA R 2 LV e
Fef o Ay it FH A O, A AR S AN A LAk 2 M RRE R
JZ L3 R E IR B B R (IR R 5
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T BITECRR ) i Ak AR T v, TR R A R R T Ry
Nr—damo S W #3170 2 ) B F- 3244 5 55 /b, ANME-2d
W R Az R R ERIE IR
F B i, R E R SOC 1835 Z B, Bk TR 1L 1
AN RT3 Nr—damo B AR . N0 YA A F] T H
FAL A ATP (14771 X — 3 BRAR A 7T BE A AR i)
Bt AL B TE N2O FEAE R 77 2R T R4V AR5 1
N>O—-damo 3# #6745 .3 5l 24 0.63~81.95 nmol CO,- g+
d(# 1d) , )2 15 i N,O-damo 3K 5 T 2
TR 3 X T g R B A 2 BRI IR, X Fh ik
FI I N2O B A0 G740 e 8 5 B AR A 00 PR R AR T
05 BT CHAR A N0 & AR 1 H e R A A ALl 72, HE
S AL BRI G AE ATy i — R 5E

M2 2 Bl T LLE H CK Ab 36 2 4 3 i
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38, CK AL H )2 +HE NOS-N 5 &2 i K T NKM
AbFRR 3R] R A5 A HE 3 NH-N
TR R E A, FLE AT RE (1) R H A
NHi-N & 8 5AL, B K F NO-N, R fE )2k +
JZ, KBS NHI-N #5546 4 NOs-N, [ L 25 5 7= = 7
Gt R 2R R EENRE L ; (2)DAMO 7E /K-
FE B A3 57 b 23 ) 22 5 5 4K it A A0z 7 A B
TH , 22 0BRSS 5 1) 485 SR T BB A7 6 R I AN I o 1
BE I 1) 23 RIS 59 43 A He B3 D DAMO 33 258 1) B
25 Sk o BRI — X 1 2k 43 AR K IR
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F257 32 BRI A= P T P B /N, SOC 1) it 3 R 44
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