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Abstract:  Objective Nitrous oxide (N,0) and nitrogen (N;) are important gaseous products of denitrification in soil profile of
flooded rice field, which may be discharged directly into the atmosphere through soil-water interface, or leached into groundwater
and eventually into the atmosphere. Application of biochar can alter denitrification process in the paddy field by changing
physicochemical and microbiological properties of the paddy soil and then affect the generation and emission of N, and N,O in
the field. Method In this study, based on a long-term (since 2010) rice-wheat rotation field experiment on biochar amendment.
Soil solutions (0-1 m depth) were collected through specially designed piezometers imbedded in the paddy soil. And
concentrations of dissolved N,O and exN, (N, produced by denitrification) in soil solution were determined by gas
chromatography and membrane inlet mass spectronmeter. The experiment was designed to have 4 treatments (CK: each season 0
thm2; 1BC: each season 2.25 thm2; 5BC: each season 11.3 t-hm™%; 10BC: each season 22.5 t-hm’2) for the two rice seasons in
2018 and 2019, and aimed to investigate spatial and temporal variations of N,O and exN, concentrations in soil solution as
affected by biochar application rate. The effects of long-term application of biochar on denitrification in paddy soil profile and the
exN,, which was the main gaseous nitrogen product, was washed away by water were evaluated. ~ Result The concentration of
N,O is higher in the soil 60 cm in depth in CK and exN, concentration decreased with soil depth. N,O and exN, concentrations in
profile decreased with rising biochar application rate, thus being the lowest in treatment 10BC. Among them N,O concentration
decreased the most significantly in the soil 60 cm in depth and exN, concentration decreased with increasing soil depth. Biochar
amendments had no obvious effect on inorganic nitrogen ( NO; +NH,") in the soil profile, but increased the concentrations of
soluble organic carbon (DOC), dissolved oxygen(DO)and redox potential (Eh) in SBC and 10BC. The variations of N,O and exN,
was related to DOC, NO; and DO in CK, and to DO and Eh in the biochar treatments. The leaching amount of exN, (calculated
by 1 m depth) is 2.3-5.5 kg-hm ™ in CK, which was equivalent to 32%~34% of the leaching amount of inorganic nitrogen and
organic nitrogen (DON), while it was reduced to 1.7-3.7 kg-hm 2 and 1.1-1.9 kg-hm ™ in 5BC and 10BC.  Conclusion All the
findings show that the leaching amount of N, produced by denitrification with water can not be ignored, the amendment of
biochar can improve aeration of the soil profile and increase DO and Eh, thus inhibiting denitrification and reducing the risk of

leaching loss of its main gaseous products, exN,.

Key words: Denitrification in rice field profile; Straw-derived biochar; N, direct measuring method; Gaseous nitrogen leaching
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N,O 2 T80 = A0 A IR 5L 4802, i A A 2
N,O H il 4 B Z R PR 5 4 HEE O NLO AR
=4 Ny it (Excess Ny, F3CHTH exN, £oR)
e — E VR R RS R e A s F B . T
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1.2 kit

HE R AN & F A DU Y LAk RS £
(BBERBAN A L), RAREERE, 2 LE (0~
20 cm ) EEAFRALYET 40T - pH6.05, A ALk
154 gkg ', &% 1.79 gkg'; Wk (>0.05 mm)8.3 %,
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AP T I HE s B BB S S0 NLO IR 5 NLO,
FIRIMR AR NoO MREE 3 Hyot RN IATKAE 5 B
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A A HE RS AT A= 9 5 e 1 AR AR T 40 BT
TkSH (RSP ) PO REFH
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HATGET o . SR I A BE 24 A AL B 3 YR
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2018 4= 5BC Hl 10BC 7£ 60~100 cm #1 40 ~100 cm
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MR AR . SBC 1 10BC b 2 4R 6] exN, e FE 1
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JE 34 5 35 R W ( P<0.05); 2019 4F 5BC ££ 100 cm 4t
10BC AbFHFE 60~100 cm Ab exN, ¥k B 15 If 35 (&A%
( P<0.05 ).

23 AEFERELTZESHEF DOC, NO;-N,

NH,"-N. DO #1 Eh 9 4$1E

WAl 5, 2018 4F 3851 1 45 Ab 3 DOC e B
TREETE (P>0.05); 2019 &0 FHE 2% B3,
10BC 4bHE 4 HE i DOC #e i e, & 75 T CK
1 IBC AbFE ( P<0.05). LT CK, SBC HHEH TR
o DOC YR T 14%~52%, 10BC T3
DOC BRI T 57%~85%.
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Fig. 1 Variation of N,O concentration in leachate with soil depth ( solid arrow represents date of fertilization, and dotted arrow date of field

sunning exposure, the same as below )

N,O¥ % N,O concentration/(pg-L™)
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
T T

o CK
20F 20+ —a— IBC
—— 5BC
—— 10BC
a0k 40
g
=]
3
53
g 6o 60
Jid
i
80 80
100 100 =
2018 2019

2 AT T R S P N, O I [N 1 2
Fig.2 Time weighted average N,O concentration in leachate in soil
profile relative to depth
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Bl 4 TR BT R E S IR exNy IR RIIIAS - 2 7 i
Fig. 4 Time weighted average exN, concentration in leachate in soil
profile relative to depth

Bl s AN R BE e DOC I ] A~ 22 ¢ J3
Fig. 5 Time weighted average DOC concentration in leachate in
soil profile relative to depth
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Table 1 Time weighted average NO; and NH4" concentrations in leachate in soil profile relative to depth
LY TR NO; -N/ (mg'L™) NH,-N/ (mg-L™)
Year  Depth/cm CK IBC 5BC 10BC CK 1BC 5BC 10BC
2018 20 0.44+0.10  0.43+0.15  0.60+0.22 0.52+0.09 0.23+0.05 0.24+0.07 030+0.04  0.32+0.04
40 0.50+0.07 0.46+0.16  0.49+0.08 0.46+0.06 0.16+0.04 0.11+0.01 0.16+0.02  0.16+0.02
60 0.41+0.01  0.44+0.11  0.48+0.10 0.38+0.08 0.14+0.03 0.12+0.03 0.12+0.07  0.18+0.01
80 0.34+0.02  0.48+0.14  0.42+0.06 0.36+0.04 0.14+0.02 0.25+0.11 0.11+£0.04  0.12+0.06
100 0.39+0.05  0.54+0.08  0.59+0.19 0.33+0.05 0.17+0.02 0.27+0.12  0.18+0.07  0.13+0.11
¥IfH Average  0.41+0.06  0.47+0.04  0.52+0.08 0.41+0.08 0.17+0.03 0.20+£0.08  0.19+0.08  0.18+0.08
2019 20 5.90+1.38  5.70+1.31  8.84+2.75 4.5542.18 1.29+0.42 1.45+0.32  2.00+0.86  2.04+1.07
40 4.11£0.84  3.30+0.70  6.35+2.78 4.04+0.37 1.41+0.56 1.94+1.05 2.03+0.39  2.00+1.47
60 3.29+1.24 2244098 3.9242.32 4.70+1.96 1.58+0.41 1.25+0.06 1.2840.56  0.68+0.34
80 3.244+0.63 3.37+0.78  2.20+1.18 3.54+0.55 1.53+0.65 0.92+0.46 1.1740.17  0.47+0.34
100 3.94+1.96 2.30+1.11  2.35+0.25 2.40+0.17 1.38+0.78 0.75+0.50  0.72+0.24  0.53+0.44
¥IfH Average  4.10£1.08  3.38+1.40  4.73+2.84 3.85+0.93 1.44+0.12 1.26+0.47 1.44+0.57  1.14+0.80
DOk & DO concentration/(mg-L™") Eh/mv
-80 40 0 40 80 120 -80 -40 O 40 80 120
1.5 3.0 45 1.5 3.0 T T T T T T T T
T T
—o— CK —o—CK
20k = 1BC | 20l 20 20F —= [BC
—a—5BC —— 5BC
—e— 10BC —o— 10BC
40+
40 40 £ 40
£ 2
o
g :
52 60 601
g 60t 60+ o
= %
> 80F
80 80 80
100+
100 100 100
3018 7019 2018 2019
- P 7 N[ 0 T R B S W T Eh IS TR INASCT- 244
B 6 R LR (DO) s mpcy 7 R et
Fig. 7 Time weighted average Eh in leachate in soil profile relative
e g

Fig. 6 Time weighted average DO concentration in leachate in soil
profile relative to depth

Bl 7 R 2 AERE s K T AA AR R Eh fH,
2018 4F Eh fH7E—20~60 mv Z[A], 2019 4F H-60~
40 mv; b 10BC 4bFE Eh fE S T CK AbFE. 2018
4 Eh {HREREASCAB W, 2019 4F Bl TR 7 1
Jin Eh {4 3 ey

to depth

24 FIMBEHFEE N,O FREUFTE N iRETL
ZICRNEMASE R R, ARE IR ALY Bk
f)4h B NO3 -N 1 DO %f exNZ?ZUE%ZHﬂE%jt, —y
LB AE 1Y 77%, DOC it N,O HEM
ok, ATRM#RAR S 25 %; USRS FFAE 9 Bk b
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Table 2 Stepwise linear regression analysis of factors involved in exN, and N,O concentration

PR (y) CE=
Qb [ )= 7
Dependent Independent R’
Treatment Regression equation
variable (y) variable
ANTINAEFF A NO; -N 0.000 0.72
exN, »=2.218+2.718 NO; -N-0.631DO
Yy Is DO 0.010 0.05
No biochar N,O DOC 0.007 0.25 y=0.406+0.031DOC
IINFEFT A DO 0.000 0.60
exN, »=2.480-0.561DO+1.049 NO; -N
B B¢ NO; -N 0.000 0.06
Biochar
N,O Eh 0.001 0.30 y=0.470-0.012Eh

treatments

W AEFSFFAE W B CK 4, WINFS AT A= Fim & 1BC . 5BC. 10BC AbFH , Note: CK: no biochar, and 1BC, 5BC and 10BC:

biochar treatments.

BRI DO XF exN, RS2 K, o & aM, H
WA NO; -N, —H 0] LURBEAS ST 66 %; N,O 52
Eh {HA i K, Eh {H 1T LAERAE S 30 %,

3 0 @®

Fox %PV 3 exN, YR B 5 Hb /K S Al fb ik 2.
)47 B ARG A A S, 7 S A A 56 s 11 T 2 it
DX ex N, Ve FE AR 1o, 1117 ST A 22 559 110 4 P % vt b
TK, exNy ¥ BERAR . 1A exN, AT LA S i Sz ke sty
TOKRAEAI S, ARFE R R exN, F
N,O YR EEAAE I A Sk, /KRS H IR 2 R Ak
SREN, LI TR B 34 0 S A Ak 16 P R i R (I
1~ 4), JEHEIERAIK R P2 23 K 3 F A [H]
A FH - S50 1 RS AR TR T TS, A IR
ARTEPEAE 3 Foft 398 v 249 ¢ B0 i R B8 0 i A A1 )
Ha#, CK ZbFH exN, 5% NO; -N i K, &
FAE R AR RIS, NO3 -N ¥ J8E o S il Ak 1% 1
A EBERW, JfHHHERE NOS -N WE & TR
J24 AT I A T i R N T A . MR
IS FEAE 0T 2 I Re S WA T S A Ak, BEE
A ) STt I ek A 38400, SR AR B R3S R, X
Y5 He 25 H NO3 -N {1493k R A S il Ak 8 5 45 5]
() ZZ A RS FE Ak 38 AR NOS -N (A 55k J ik T
HORMEE R 3 A A ERS H K
BHEZ AR JRZ &R, 16 K 20 F0 TR )2 4 e

FIREAFAE . Cayuela ZEPYHESY & BLAE S UF (0 I 1k
AT, REFF AW R AT RSk - NLO
(IHER, SAMFIE CK AFRRZE +3E NLO & 5
FEA: W) T A H AR B A 45 SR —5, 5 Zhou %51
WFSE L AL, 2 4R H] exN, Ve FEAR SR A, X as
SBRAEPR Z AR TN . EBE S R Ak, A ]
B 55 R AT A= 9 5 o (4 il FH 2 R A 56 . 51X
R EE A2 4%, (BTG N,O Fl exN, WeEE 4N
fal ks, AHXTT CK AbHE, 2 4F[H] SBC Ml 10BC 4b
FRXT N,O H1 exNy 1 B 1452 M e 35 A — B

RS . NO; il DOC & 2 50 ) s fLAE
FHB) RN 2R . WK RS L34 B B 1) Ak )2
FR 240 55, e SO e aeh AR AS A A 3 v 7K B
YEZ MR JFZE KA, T HoA 27 R K 4 A +
HZIAT, AEEEMX, MR )2 LT
FUT 07~1.5 mAib, HIREHNMIE . F=97. K
FE RS Z A I R AR L . BF5E K BH exN, Wk BE AL s
FF A4 5 ¢ U AT S B8 0 155 00 A B S i) 22 591
FLBE - SR B R s A B . R A A AR )
NO; -N ¥ EELE 0.11~0.60 mg-L' 2] (£ 1), H
AR R B AR AN, HLAS A B )6 A R IR
JETC R 25 57, KW NO3 -N ¥ JB A S 540 44 kb B
Fil 1T S AR ex N, WeJE 22 5 1 22 5{H . DOC ]
PRy A AL 20 TR AR R 1 5 L mT LAAE S i 4% 2o
H PR R DOC 5 15 SO AL R 5L 1E A
5, BINFSFHAEY TS DOC S T 5),
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R R i BRI (45 R DOC A Firsié fin , XJ B il Ak
A I A T, XFPEALT N,O Fil exN,
W BE B UEE AT REHR T 05 Ah— N IR R BN i# 4 DO
i, DO B EIREAS T E A e SO i 254
X RAEAAE R = A T8RN . AR, 4
DO KT 2 mgL ' Af, RAifbid REfE 232 2,
214 S e g s ) SR A 1 VB PR e 20 A
L DO {EA T 2~4.5 mgL™' 26 (& 6), MiE
FEFF A Y A s, DO {HW Bz, asik
EHYS DO 2 W E AAHG, FEFHEY BRI T+
W DO & w4 S A AL TG PEREAR, 220 [lH 3
BT 2 B AN S IR 26 ) 5 e I A 25 2801 X ex N,
WL B R WSINFSFFAEI LR IS, XF exN,
TR BE 52 e K A2 SRR DO (R 2). X TAEY)
D e G o = W NG R Ry VAL SR O e 17
TR AR AT N TR AR N 3 R AL A ) o
P RE B A T s A o i, Ty
5T 78 k7K 5 AR ) o i T D e AR BRZH DO 1
AREAL, HAEY BRI DO & TX A, #
AV BRA S BARZ LR, A TEE, fi
A R FLBR R /N A s, AT RS A A
i DO Fi, WFNBBRE, FAFAEY AN
DA & R HOK B TR B R, AR R i AK
K DO BN 5B AT )2, S 520 i 2 Sk o
ICAMREFEAE W 5 e ] LA KRR R B AR 4G, B
WARWE R, XWSHMERZER T DO 1 &,
JFREE K T B ATZE . B NIAZREFAA
W IFSFE AW R B DOC 5 5%t N,O HEBURE i ¢
K, B MFEFAEY B IE N,O HEisz A bk i
{7 Eh 2k, fEHH N,O = AR i i b & 4%,
HAL S RAEALVE Y RERE 7 4 NLO, 5 RIS
W JFAR A B UIAH G

R AL 2 FE A R i SRR, AL )
B PVRBIE A KRR, SBEK MR T 7K . Fox
SRR LA fr v RS EUE AR R I EE SO TR
A ( Missing nitrogen)”, AKX —&B 5 E X T
il X SRR R ., AR RO o 3 A
R AT T34, IANA 13% AR KA
W1, DA PR SRR IR AT RE R i AN W 1)
£z —, HILBH# “Missing nitrogen” A E¥A
Bl T A B X SR R R AR PO AR KA K o
T N B R DL AKREL, I EOK R AE K Rl

VK, AR exN W, RATIHET Im
TRAL TR R AL A= I BEK s 1 (1B 8 ). 45
AR, CKAAFIHLA ( NOj -N Fl NH,-N) Ff
LA (DON) k¥l 8.2~17.5 kg-hm?, i
WPE SR (EER exN,y) A & ] ik
2.3~55kghm?, HELEAMAE R (5 NO3 N,

NH,'-N. DON Fl exN, k¥t ) 1 23%~25%. LA
FEXT F 2R BB 5% 2 06 1 T e LA A HLAUR
2, R A AL A 7 W B K b KU DG AR 2

G AT E Y Ny, S AR A G 5
JRURSE, R AR 2= R M R, AR A
FA Vs P S A IR R N S 5 [ . SBC
F1 10BC Ab #EAF M TCHL A A HLE MBIl 5.6~
13.5 kgthm 2 f1 5.0~12.5 kgshm 2, 5 CK #ilk, Jf
WA WEER, (MR H A A 5 R
1.7~3.7 kghm 2 Al 1.1~1.9 kg'hm?, BFHMET CK
AR B R RS FFAE W e 4 VS 0 T LA AR A T A A
R, AN, ERS I ZURCE RS, XEFI
WAL, MRAXEFETHERAMAIESR, K
RCAG A R0 G, oy 2 B i P RS ARt K
IRV ER 43 o

2
8 23 zz1exN,

B NH,-N
CINO;-N

SRR E

Estimate of total nirtogen leaching loss/(kg-hm™)

0 CK IBC 5BC 10BC

2018 2019
Ab ¥ Treatment

0
CK 1IBC 5BC 10BC

TE: BUPARB/NG FRERIRA AL H exN, WEETE 0.05 7K
F RSB ENE . BAME RS NO; -N. NH,"-N, DON FI
exN, k%5 i . Note : Different lowercase letters in the figure indicate

the significant difference of exN, concentration at 0.05 level in
each treatment. Total nitrogen leaching loss includes NO;-N,

NH,"-N, DON and exN,.

P8 2018 F1 2019 4FF = LA M IA K 1A ()
Fig. 8 Estimate of total nitrogen leaching loss in the rice seasons of
2018 and 2019
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ARG A H L 4= 48 20~100 em i i 7
A SRS RAHAE I /NS 73 o O o8 BEARTERE A AR
P I3 A S it AR 7 TH SR AR B2, 5 ZEXRETI
FIRAAM N,O BRI Ny BEATWLIN , A1 5% FH i K
WA N,O B No LA &, IF45 & B TEY
SARORIRSTAS I R A 1 B A By~ HLBE

4 % ik

R BC A AT A= 0 o mT /0 e L 9 ) T Y
N,O Fl exN, ¥ JE , X b1 FH RS A1 22 49 o ne i i
0 e S TR R RS I S IS AR AT AR W o e
T SRR S R 4R T RIERIE Eh, % T
FRH AL Ao Az BRI 26 A, e e AR RS I 1) T ) il 1
PEHI B W) NoO il exNy B EZ A
It e R AT AR B AT L AR AR =
TIERGEACAE R, OF Ee 20D T A S A B
k.

S Z 3k ( References)

[ 1] Yool, WooSH, Park KD, et al. Effect of no-tillage and

conventional tillage practices on the nitrous oxide
( N,O)emissions in an upland soil: Soil N,O emission as
affected by the Applied
Biological Chemistry, 2016, 59 (6): 787—797.

Elmi A A, Astatkie T, Madramootoo C, et al. Assessment

fertilizer applications[J].

of denitrification gaseous end-products in the soil profile
under two water table management practices using
repeated measures analysis[J]. Journal of Environmental
Quality, 2005, 34 (2): 446—454.

Clément J C, Pinay G, Marmonier P. Seasonal dynamics
of denitrification along topohydrosequences in three
different riparian wetlands[J]. Journal of Environmental
Quality, 2002, 31 (3): 1025—1037.

Kiistermann B, Christen O, Hiilsbergen K J. Modelling
nitrogen cycles of farming systems as basis of site- and
farm-specific nitrogen management[J].
Ecosystems & Environment, 2010, 135 ( 1/2): 70—S80.

Clough T, Condron L, Kammann C, et al. A review of

Agriculture ,

biochar and soil nitrogen dynamics[J]. Agronomy, 2013,
3 (2): 275—293.

Dixon E R, Laughlin R J, Watson C J, et al. Evidence for
the production of NO and N,O in two contrasting subsoils
following the addition of synthetic cattle urine[J]. Rapid
Communications in Mass Spectrometry, 2010, 24 (5):
519—528.

Yan X Y, Zhou W. Groundwater nitrate removal through

[ 8]

[9]

denitrification under farmland in Yangtze River delta[J].
Acta Pedologica Sinica, 2019, 56 (2): 350—362. [E]
Weot, JA A VL = A I A FE M T 7K BB Ak 6 i R &k 1
EERVEFD. HE2EH, 2019, 56 (2): 350—362.]
LiY, Ju X T. Rational nitrogen application is the key to
mitigate agricultural nitrous oxide emission[J]. Journal of
Agro-Environment Science, 2020, 39( 4): 842—851. [Z=
W, EBEE. e M Ak WA S HE 0 e B A BE A 1]
LN AR 24, 2020, (4): 842—851.]

Xing G X, Zhao X, Xiong Z Q, et al. Nitrous oxide
emission from paddy fields in China[J]. Acta Ecologica
Sinica, 2009, 29 (1): 45—50.
Butterbach-Bahl K, Gasche R, Willibald G,
Exchange
summary[J]. Plant and Soil, 2002, 240 ( 1): 117—123.
Tian H Q, Yang J, Xu R T, et al. Global soil nitrous oxide

emissions since the preindustrial era estimated by an

et al.

of N-gases at the hoglwald forest-a

ensemble of terrestrial biosphere models: Magnitude,

attribution, and uncertainty[J]. Global Change Biology,
2019, 25 (2): 640—659.

Obia A, Cornelissen G, Mulder J, et al. Effect of soil pH
increase by biochar on NO, N,O and N, production
during denitrification in acid soils[J]. PLoS One, 2015,

10 ( 9): e0138781. https: //doi.org/10.1371/journal.
pone.0138781.

Chintala R, Owen R K, Schumacher T E,

Denitrification kinetics in biomass- and biochar-amended

et al.

soils of different landscape positions[J]. Environmental
Science and Pollution Research, 2015, 22 ( 7):
5152—5163.

Duan P P, Zhang X, Zhang Q Q, et al. Field-aged biochar
stimulated N,O production from greenhouse vegetable
production soils by nitrification and denitrification[J].
Science of the Total Environment, 2018, 642 :
1303—1310.

Cayuela M L, van Zwieten L, Singh B P, et al. Biochar's
role in mitigating soil nitrous oxide emissions: A review
and meta-analysis[J]. Agriculture ,
Environment, 2014, 191: 5—16.
Weymann D, Well R, Flessa H, et al. Groundwater N,O

emission factors of nitrate-contaminated aquifers as

Ecosystems &

derived from denitrification progress and N,O
accumulation[J]. Biogeosciences , 2008 , 5 ( 5):
1215—1226.

Weiss R F. The solubility of nitrogen, oxygen and argon
in water and seawater[J]. Deep Sea Research and
Oceanographic Abstracts, 1970, 17 (4): 721—735.
Terry R E, Tate R L III, Duxbury J M. The effect of
flooding on nitrous oxide emissions from an organic
soil[J]. Soil Science, 1981, 132 (3): 228—232.

Zhao X, Zhou'Y, Wang S Q, et al. Nitrogen balance in a
highly fertilized rice-wheat double-cropping system in

http://pedologica.issas.ac.cn



6

LSRR REFT AW I ) A T 385 T NLO AT N ¥ BE () 52

1551

[ 21 ]

[ 22 ]

[ 23]

Southern China[J]. Soil Science Society of America
Journal, 2012, 76 (3): 1068—1078.

Lu R K. Analytical methods for soil and agro-chemistry[M].
Beijing : China Agricultural Science and Technology
Press, 2000. [, +3eflfbr 7 ririkm]. b
AU R EAROL RS A, 2000.]

Fox RJ, Fisher T R, Gustafson A B, et al. Searching for
the missing nitrogen : Biogenic nitrogen gases in
groundwater and streams[J]. Journal of Agricultural
Science, 2014, 152 (S1): 96—106.

Fan X H, Zhu Z L. Investigations on denitrification
potential in agricultural soils as related with affected
factors[J]. Plant Nutrition and Fertilizer Science, 1997,
3(2): 97—104. [FEWRRE, ARICR. A M+ 565 im S il
TS B HSE R R BT AL (0], A8 SR SRR,
1997, 3 (2): 97—104.]

He L L, Shan J, Zhao X, et al. Variable responses of
nitrification and denitrification in a paddy soil to
long-term biochar amendment and short-term biochar
addition[J]. Chemosphere, 2019, 234: 558—567.
Cayuela M L, Sanchez-Monedero M A, Roig A, et al.
Biochar and denitrification in soils: When, how much and
why does biochar reduce N,O emissions?[J]. Scientific
Reports, 2013, 3: 1732. https: //doi.org/10.1038/srep
01732.

Zhou W, Xia L L, Yan X Y. Vertical distribution of

[ 26 ]

[ 27 ]

[29]

[ 30 ]

denitrification end-products in paddy soils[J]. Science of
the Total Environment, 2017, 576: 462—471.

Rivett M O, Buss S R, Morgan P, et al. Nitrate
attenuation in groundwater: A review of biogeochemical
controlling processes[J]. Water Research, 2008, 42( 16):
4215—4232.

XuDF, Pan QC, LiY X, et al. Effect of biochar on root
morphological characteristics of wetland plants and
purification wetland[J].
Environmental Sciences, 2018, 39 ( 7): 3187—3193.[#
s, WWE, S, S AP RN A TR YR
FILSFHE B LR TR [T]. FEERLE, 2018, 39
(7): 3187—3193.]

Wang N, Huang L, Luo X, et al. Impact of biochar on

capacity of constructed

nitrogen removal and nitrous oxide emission in aerated

vertical flow constructed wetland[J]. Environmental
Science, 2018, 39 (10): 4505—4511. [ LT, ®7#,

V4 /b ey DU L S W RIS ) W SR )
B [J]. FEERE, 2018, 39( 10): 4505—4511.]
Zhu Z L. Research on soil nitrogen in China[J]. Acta
Pedologica Sinica, 2008, 45 (5): 778—783. [RIKK.
R RIEI]. FR, 2008, 45(5): 778—783 ]
Gardner J R, Fisher T R, Jordan T E, et al. Balancing
watershed nitrogen budgets: Accounting for biogenic
gases in streams[J]. Biogeochemistry, 2016, 127 ( 2/3):

231—253.

(EEHEE: & #)

http://pedologica.issas.ac.cn



