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Abstract: Denitrification is a vital process for excess nitrate removal from soil profile of intensive croplands. However, the quantification of

dinitrogen (N,) production via denitrification in soil profiles is very difficult, especially how changes in soil oxygen (0,) concentrations at
different depths affect soil N, production remains unclear. Here, we used the gas—flow —soil — core technique to quantify N, and N,O
production from intact soil cores collected at three different depths within 0-2 m soil profiles of a maize—wheat rotation cropland in the
North China Plain. Based on the field observations of soil O, concentration and temperature in soil profiles during the maize growing
season, different O, levels(15.0%, 12.0%, 2.5%, and 0) and incubation temperatures (26 °C and 20 °C) were set. Our results showed that
the production of N; and N,O decreased with soil depth, regardless of soil O, concentration. The soil N, production under aerobic conditions
(2.5%-15.0% 0.) ranged from 5.3-7.1 pg-h™'-kg" (0.2 m) and 0.5-2.3 pg-h™'-kg"' (0.5 m and 2.0 m), which were 93.0%~93.7% lower
than that under anaerobiosis. Similarly, the aerobic N,O production were 1.1 wg+h™+-kg'(0.2 m) and <0.2 wg-h™"+kg'(0.5 m and 2.0 m),
approximately 84.0%—-99.1% lower than that under anaerobiosis. The field-measured O, concentrations in soil profiles were >2.5% (0.2 m
and 0.5 m) and >14.0% (2.0 m), indicating that the anaerobic observation would lead to overestimation of N, and N»O production in the
field soil conditions. Moreover, anaerobiosis significantly increased the N.O/(N,O+N,) ratio in the deep soil, probably because of the
limited reduction of N2O to N» under lower carbon availability. Based on observations under aerobic conditions, the denitrification (N,O+
N.) production in the 0-2.0 m soil profile was estimated to be 219 kg - hm™ for the maize growing season (120 days). Our results showed
that the studied soil had a strong ability to remove the NO3—N accumulated in the profile, which greatly reduced the risk of NO;—=N leaching
from the vadose zone to groundwater.

Keywords: soil profile; denitrification; N»; N2O; O, concentration; NO;—N concentration
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Table 1 Setup of soil incubation conditions

B Gas purging( P,) Sy Equilil)rium( P,) M %€ Measurement(Ps)

3R E Soil depth/m (Y73} pirES (01713:°3 =Y 0,7 & 0, concentration/%
0, Temperature/ 0 Temperature/ M E 1 g 2 MAE 3
concentration/% C concentration/% < Measurement 1 Measurement 2 Measurement 3

0~0.2 20 4 15 26 15 2.5 0

0.5~0.7 20 4 15 26 15 2.5 0

2.0~2.2 20 4 15 20 15 12.0 0
B FEIF[A] Incubation time/h 24 2 24
Wk Flow rate/(mL-min™) 200 20 20

TE 2 Py Pl P A AR IR AT S B L % U R AR AU B 1) A B BN )™ A A I B B

Note: Py, P, and P; denote gas purging at low temperature and aerobic conditions , equilibrium of incubation temperature and oxygen concentration , and

measurement of soil nitrogenous gas production, respectively.
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0.05) .

2.2 T IEFITE N1 N0 F= 4 ZEF0 N,0/(N.0+N,) &

FEA]— 135 O Wk B2 55T, 43 NoFTNLO 77 A= 3
R TR AR I FEAR (& 3a B 3b) . A%
FM T (2.5% F115.0%) , )2 133(0.2 m) Y Ny A 8
FHN53 wg-h kg M7.0 wg-h kg, BEETHEZE
+4%(0.5~2.3 pg-h'-kg',0.5 m 2 m). [FkEHL,N,O
PR AR R ) TURZE 0 11 pg-h ' kg A
0.062 pg-h' kg ' (P<0.05) . JLESKMT A=A
IR e R )2 T2 (P<0.05),0.2.0.5 m F12.0 m +
J2 N7 A2 50 51K 88.1.25.9 wg-h ' kg ' F110.4 pg-
h' e kg™, NoO 7= A R4 5108 6.7.5.2 pg - h ' - kg Al
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Figure 2 Dynamics of soil O: concentration and temperature(T.,) at different depths of soil profile

R2 FRRETEIANVERERDSEMSKE

Table 2 Initial soil concentrations of carbon and nitrogen substrates and soil water content in different soil depths

- NO;-N & NHi-N & & DOC & it KR w -~ .
ey OV NHENTER i PRk vk BE oAU
. NO:-N concentration/ NHi-N concentration/ DOC concentration/ Gravimetric water Bulk density/
Soil depth/m i i i = WFPS/%
(mg-keg™) (mg-kg™) (mg-kg™) content/% (grem™)

0~0.2 14.8+4.8a 0.62+0.2a 10.6+2.3a 27.4+0.6a 1.32+0.04c 72.4+2.8ab
0.5~0.7 9.5+2.7a 0.51+0.05a 4.0+0.4b 20.4+1.3b 1.47+0.04b 67.6+0.9b
2.0~2.2 5.9+2.3a 0.03+0.02b 1.7£0.1¢ 18.7£2.1b 1.66+0.01a 83.0+10.2a

T ANAINE P REF R AN R R B - 850 T [R] 22 57 48 3 (P<0.05) .

Note: Different lowercase letters indicate significant differences (P<0.05) for soil profiles at different depths.
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0.33 pg-h'+kg™'s

XiF IRl — R B 1) 358, O T AR A R
) 0 T A A (P<0.05) . JER SR N, Al
N>O 77 Az 38 3 43 51 4 10.4~88.1 F10.3~6.7 pg-h™' -
kg, S E AT B 11~26 4% CE 34 17 4% ) F1 6~257
fi5 (F#4 89 %) (P<0.05) . [FH, TRE A RLMN T
NoO 77 A 5 14 188 B 25 1 2 TR 58 A B84 0 g 335 o, P

120 (a)
b b a

+

o
(=]
T

60

30 m a a a
o1 ™ — i

Naj A g
N, production rate/(pg-h™" -kg™)

15% 2.5% 0 15% 2.5% 0 15% 12% 0
+ 3£ 0, 4 JiF Soil O, concentration
)
'op
-
T. 12
= b b a b ab a
%g_ o0
< or
i
SE of
=
<5l
8 a a a
=]
En ] ﬁ? - i

15% 2.5% 0 15% 2.5% 0 15% 12% 0
432 0, 3¢ £ Soil O, concentration

04r ©

ab a

(=]

w
o
®
o
[ox

N>O/(N,O+N,)
=]
[\S]

o
=

m b b a
15% 2.5% 0 15% 2.5% 0 15% 12% 0O
+ 3£ 0, 4¢ i Soil O, concentration
002m [Hb05m M2.0m
ANFINE FBERR R — R BE AR TR Oo ¥R BE 25 1 T Y 22 57 b 2
(P<0.05)

Different lowercase letters indicate significant differences among different

soil O, concentrations at the same depth at P<0.05 level
B3 RE 0. E &M T LA E N5 N0 7= £ HE R R N,0/
(N;0+N,) BE/R L 24K,
Figure 3 Changes in soil N2 and N,O production rates and N,O/

(N,O+N,) molar ratio under different soil O, concentrations

1% WHART]

R 645 (0.2 m) 4445 (0.5 m) R 11245(2.0 m) ,
H N, 77 A R 16 Bt 4 2 IR B AR AL A (14~16
) o NoO F N, ™ Az AR B O Vi B2 B 3 i i B
A A T AN Oo 3 B X Ny~ A i R 5 i 22 57 R
B (K 3a),

AN T IR J3E 3510 T 38 19 N> O/ (NLO+No) {28 4k 2 3
FFRZETHRIZ (K 3¢). 0.2 mAb 1A N,O/(N,O+
NEZ O 52 W AN 5k 2, 22 A6 0 2 0.07~0.13 5 T IR
JZ 15 NLO/(NLO+No)(E ¥ Bl O, e J3 B AR I 384
FHH 0.5 m 12 A% LA R 0.02(15.0% 0,) 38 i
2 0.17(JC%) ;2.0 m +JZ 1 0.003(15.0% 0,) 34 hin 2=
0.042( %) -

2.3 IMEEF XA R B 3 H E N N0 7= 4 &
KRR

S T 38 B A 3 35 T B NG NSO 77 4 R 32 &2 [
F U HER R O M DOC & /) By L [R5 g (3£
3)o THENLFINLO 7 A 3l 38 55 1 358 O, Mk i 1 25 67 A
K(P<0.01,3R3 A 2MAK6), 1 TR K
HEE IEA R (P<0.05, %3 A1 FAZS) . BRO,
WeFEAN , - 3E DOC & 5252 Ny Al N,O 77 A= () B 2L
I, DOC % 5 Fl O, ¥ 2 A48 Ak AT e [w] figg 5 51 T+ 3¢
N, 72 A R (1) 89% Al NLO 77 A 1R 1) 46% (P<0.01,
#£3 AXSHAH4),

N.0/(N,0+N,) {H 25 4k 52 + 3 DOC . NH:-N #l
NO3-N & f (520, Hrb DOC F1 NO3 & ] A ] fi B2
Z A 419% (£ 3 A13) . BLok, IR
oS 5 M NLO 7 A2 33 1 N,O/ (N0 +N,) {H AR Ak 1 (K]
FZ— (L3 AA3IMAHA12).

24 TEHENFNOFEER/E

A 5% FH R] J5AS I ) 0~2.0 m 4 3585 T 0, ¢
FEY R T 2.5% , 1 B A WL £ O, 4 B A 0 1T L,
IR A EAE R T2 A9 N 7= A % (Fy, ) A B
FH [0 F) TR A4 N P72 AR o AR I e R LR R
(H,LL0~0.2 m WMt 2 0~0.5 m +J2,0.5~0.7 mft &
0.5~1.0 m +/2,2.0~22 mft# 1.0~2.0 m +2) , 05
13345 )2 3 N30 2R 3 38 (P, - ex BDXHX24/100)
9 0.85~1.12(0~0.5 m) .0.17~0.40 kg - hm™- d™' (0.5~
1.0 m) f10.18~0.35 kg+hm™2-d"(1.0~2.0 m) (¥ 4), 3
J2 EIMA5 3 0~2.0 m TR0 N V34405 2% 58 1.54 kg
hm™-d™, #55 R A EOR A K ZE (120 d) 2 198 kg
hm™, BRJZ 3 NLO [0 )2 38/ H i f
FE 8] 35 B 4% 1 N & 808 88 TR oA Na, i1 N0
(0.19 kg-hm™-d™", AN 3) 2808 )5 Ny, i 0~2.0 m



IR 46« SRR /N = R A AR TS50 T N T NSO 72 Y 3 233
F3 TIEHE N N0 F=HEREF NO/(NO+N)ES T ERERFHEEXR

Table 3 Quantitative relationships between soil N> and N>O production rates and N.O/(N,O+N,) ratio and

soil environmental factors

3';)%‘?%&“ s R (y) ' fu%ﬁ%f'r_. i)@iﬂﬂ?ﬁtiﬁz g BB e /z}it
Soil depth/m Dependent variable Fitting equation Observation number(n) r Equation
0~2.0 N.0 y=0.27W-4.30 27 0.15 <0.05 |
y=1.08¢ 02104 27 0.29 <0.01 w2
y=—1.45H+2.96 27 0.14 <0.05 A3
y=0.73[DOCJe """ 27 0.46 <0.01 N
I\ y=3.00W-50.8 27 0.22 <0.05 A5
y=11.5¢7150 27 0.31 <0.01 N6
y=3.54[D0OC]-2.66 27 0.20 <0.05 KT
y=8.4[DOC]e ' 27 0.89 <0.01 A8
y=7.03[N,0]+4.1 27 0.61 <0.01 ~39
N.0/(N;0+N,) ¥=0.016[DOC]+0.005 3 27 0.27 <0.01 A3 10
y=0.15[NH:-N]+0.031 27 0.18 <0.05 211
y=-0.067H+0.15 27 0.24 <0.05 A2
y=0.013 ¢!"$1000N03 27 0.41 <0.01 A3
0.5 N.0/(N,O+N;) y=-0.008 2[0,]+0.14 9 0.62 <0.05 n 14
2.0 N.0/(N,O+N;) y=-0.002 6[0,]+0.042 9 0.75 <0.01 A5

T WL H 2R 35 R I (% ) A1 JZ VR E (m) 5 [0.]FI[NH:-N] . [NO:-N],[DOCIS3 5 /R + 3R (% ) RIS R S AL T AT
B i (mg-kg™) o
Note: W and H denote the soil gravimetric moisture content (% ) and soil depth(m) ;[0,],[NH:=N],[NO3-N], and [DOC] denote the soil concentrations

of oxygen(% ) ,ammonium, nitrate , and dissolved organic carbon(mg-kg™), respectively.

4 0-20mEENFANOFEEM-E
Table 4 Estimation of soil N, and N,O production in 0-2.0 m soil profile

—— 1 L WL L Obse:vati(jlrl value/ SR A Estimation value/
Observed soil dopth/m ncubation condition (pg-h-kg™") Estimated soil (kg-hm™=-d™)
0:/%  IfLJ¥ Temperature/C N, N,O depth/m N N,O No+N>0
0~0.2 15 26 7.07+2.41 1.08+0.21 0~0.5 1.12+0.38 0.17+0.03 1.29+0.38
2.5 5.34+1.61 1.08+0.55 0.85+0.26 0.17+0.09 1.02+0.27
0 88.06+8.62 6.76+2.58 14.0£1.40 1.0740.41 15.06+1.43
0.5~0.7 15 26 0.99+0.23 0.02+<0.01 0.5~1.0 0.17+0.04 (3.68+0.58)x10° 0.18+0.04
25 2.27+0.34 0.22+0.09 0.40+0.06  0.039+0.016  0.44+0.06
0 25.81£12.23 5.35+3.14 5.01+2.37 1.04+0.61 6.05+2.45
2.0~22 15 20 0.88+0.13  (2.23%0.53)x10~ 1.0~2.0 0.35+0.05 (8.90+2.10)x10™* 0.350.05
12 0.46+0.12  (3.73%2.12)x10” 0.18+0.05 (1.50+0.80)x10" 0.18+0.05
0 10.42+6.10 0.33+0.18 4.08+2.39 0.13+0.07 4.21£2.39
0~2.0 HH 0~2.0 1.54+0.47 0.19+0.10 1.73+0.48

T« A ) TR R SR AT N R NLO 7 A AR A AR (L N ) BT A R A S | 3 o (3 2) FBUA B 2 TR EE T A3
Note: The estlmdled production of N; and N,O (in pure N) at different depths of the soil profiles was calculated based on the laboratory—measured gas
production rates , soil bulk density(Table 2),and soil depth.

AR R Al A5 2 HE (NLO+N, ) 5 55 AT 35 219 kg -hm 2, T N2 FlN2O 177 A2 S A8 B R B )28 i TR 2 (K
3 i 3). HHESKMT(2.5%F115.0% 0,) {3 )2 13 N, -
PIrr i 6.2 pg-h' kg, IR E 1A 545 (K

3.1 AERE TSI E N N0 F=EER 3a) . ZK)ZE N A R HTEAEAL FOK—/INEFRAEAR
TCWE R FL R TC S, A LI 3] 439835 FH 2 K 2 00 0 7 N HlE 5 0 1 o R — 3, o 2~
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10 pg-h™ - kg P02 fEAR T 9 [ 0 H0RE . N, HF 7% i
(17.6 pg-h™ kg™ )P, 3 =22t F HAF 5 19 1 ik
RICYIHREE =, HoK oy se e o ORI PR 3R)Z 145
N2 Al NLO 77 A 38543 3158 2.0 m ¥ 32 Y 8 175 71 20 5
(FE 3a FHE 3b) o 1%FR)Z T HE N 7 A % (88 pg-h '
kg™ ) 3 21K 0k T 20 N 14 AR 39 N HE R T A
(208 wg-h™' kg #1590 wg-h™" kg™ )" H & F K1Y
Jith FF A1 K A FH A 3 N, HE T #5 (25~60 pg - h' -
kg™l RV H A 3 NOS-N 5 1 (22~89 mg- kg ) 5 T
ARMIFFE , 31X AT BE S AR5 (14 118 pH L - B8 A
BRI B A R T RS A Ny 272,

ZE Rl M, BT T ZE UL 5 5 Al b T (N, +
NoO ) ifi %5 = 8 VR JBE (1% 38 i B AR5 AR 93 62
BRI A o 2 1) AR, R RE Y R A
A OFJZ LB NO-NF DOC & B HEZ R (%
2), B R A R A S R O e
NoO N, 7 A28 27 gt B T 1 - 438 NLO 1N, ™ AR R
55 58 DOC &5 2 [] (14 1E A 56 56 R IR B (£ 3 430 4
AR 7); QFZE HIER IR IRIEER)Z 5 (26 C>
20 °C) , A SE A AL | SR Ak R R B A
W B8 3R 2 A A TR B (16S rRNA JiE 5 45 Il
BOBG)Z e m 29 2 A B g0, R R aw Ak 3 A
FF (nirK .nirS M nosZ ) 4178 1~3 PN EUR 1) X
%2 3 1A W A S AR BE T, SRR AR o L
B2 T35 B AT A T 2
3.2 O, %f - #EHH N, F0 N,O 7= & & N,0/(N,O+N,) &
A

- 458 O, ¥ B A Sy S A il SR Ak R A 2
) T DR 0 H O R A FH i) Ji A5 RN e AR /L
B, AT B T % A 3T O, 1R JE AR AL R Y
NS U N 1 T RS 3 = w0273 5 R e T
(2.5%~21.0%) , i R)2 158 O, 1% 3 [l 3% (14.0%~
18.0% ) , [H 27 A XL 21 O, ¥ & Ry 0 A 50 (1 2) o 24
TP OAFLERT, HUEM AL IE LI NOS-NE R
T2, O AVE S BN &R, TR O, 2 3 IR
AR PR 520, H AR g
T Y Ok B T AR, T3 R T 3
STk S AR 5T A R AHAT , BN A NLO 7 A 1R
55 458 O AR B K R (R 3 A 2 A=t
6) ;1 FL, TCIe F 20 L IR)Z 38, TOE A T Ak
7 TR 2 R T AR (L 3a R 3b) , No I N,O
P A TR R AT HIE- S Y 165 A 88 4% o ASHIFTE WL frY
T HEHT O MR KT 2.5%, RATE LA SLMETHY

1% WHART]

SR 25 35 Ak - 49 BS54 T 1 NI NLO 72 AR

H IR AR T NoO/(NLO+N) fE i % +
58 O, 1 B B R AR T R AR, 33X 2 IR Ry O B A7 7E X
N O 38 Ji il 18 A 3 P 0 ) X NOsiA J5E g T NO;
A DT P 9 A BRI 24 R S L, A 5 LI 3 R 2
(0.5 m F12.0 m) - 5% WA 5 0.9 B 2 AR OC R
(FKINX 14 AR 15), £IYR)Z BB B 0.5
A, 2378 5K NLO 30 2R ARG o X AT RE S IR )2
1 3E NLO/(NO+No ) (B 1 28 b 34 [ B 37 1) Ho A 22 (X -
B 82, 40+ 3 DOC AT NOs-N 5 & . DOC/NO5-N{
Afgles.3ss0l - RUS G AR i 2 LA E T RS AR AR L (HLTR
2R DOC &R HE B = Ll DOC/NO--N (B H /)
(F2), RAHAAE R e B - HE R BEA T AS DS, i
DL E] 7= 9 NLO R 3, 531 N.O/(N,O+N,) {E 34 i,
AR, T A5 0 0 0 3] e - B3 T Ak 4 (B
1K 00) 2342 B SRS Ak )7 490 NLO , 32F 1 34 fin BB
L H N2O/(NO+No) 8 B AR Al 35 050467 X3 42 Bk
T NHE SO, AR A5 R R T IR
SRR AL = Ak R 2 A K H AR, E T AR A
NoHERR . PRI 25 SR )38 T MEAT i — 25 0 5,
HORX S NOS-N SR e . (H AT Ao
N ) HE NOS-N & &, 35 FAE hy F - A4 st
NLO I Ji il il £ 5 3850 m0 14 R 18174 NLO 77 A
T2 NLO/(NLO+N ) (B, TS 806 1358 N HEK
R £
3.3 TEHEN.EE

2 BR T - 3 S A b R ) s 4 AR S v R B
D7k R BR M, H AT 30 RIS E T AN R
J&E - M) 1T A SR AR 08 Sk . A Chen SF 1R
T K —/NFE R AEAR AR No+NLO HE R 1(0.5~
2.0m)~5 pgrg'+d(0~0.2 m) , % +)J2HE 2.0 m FIZE
H 14 g-cm'qﬁ%ﬁ)ﬁ , 394 kg-hm'z-d'1 ;Jahangir%[m
(R0 S 45 SR S 7S TRCC T 35 17T (0~1.3 m) N, -2
HERCE R 0.40 mg kg™ -d ™, JE I8 0.13~0.55 mg-kg '+
A ERE2.0m AIEE 1.4 g-em BB IF M 11.2
kg-hm?-d™' RN EE R & T AR A A AR
T NoAH AR (1.54 kg-hm2-d™) , T 5 JC 2000 T 4
No i —3(23 kg-hm?2-d", % 4) . T ARIER
FAASRIZER () - 88, F IR ik ZUR Y & AR H &
R FRAA RN 22 Ty e AN [ DR I 0 5 5 =[] AR v
B

BT AR BEE TR A RITR B T3
SRR A AR T O A R A B K A SR A SR



A, %5 S CHR R/~ TR 4 S0 7 N N 72 O R 235

753 1) - 0 T N 2E 2 X By T - ) bR ik AU
Wi E (B (32 2) 9 0~2.0 m RIS BRI . {HiZ%AG
BABAEEAR R A A 2 1, R : O+ 458635 NOs-N
T i I A3 AR SRR A Huang S5 AFF 5T 4%
b B K-/ NEFAEAR H 0~1 m 4K B2 NO-N F
¥4 585 kg+hm™(FL [l : 320~890 kg-hm™) , 7 & H 42
mg kg (23~64 mg-kg ', HEAE 1.40 g-em i, % 2)
{EABIEFE I E (1) 13 NO3-N & i 5 HAK 65%~77%,
H 25 S 300 0~2 m A Ny 7 AR 5 IR Al 65%~77%,
TEMC AR BE No 77 A4 5 NOS-N S R M IE A ™, @+
BN AR M L AR R NoHER S 1
IR R 1) ¢ R G A e S sl ) 2 AL B
HE T 7 o B e S e, )2 3R
SR B A K AL (B 2) o DRI, SR PSP 24 3 B R
S 3 HOF No = A AR o AR A7 T G e
AR ERY & GRIBE S ORI s BAER 2Tt
Xof - S T S A AR R A 5

4 £

(1) X} F[al— VR BE Y 38 JC AR 21 F <A™
A TR I 2 T AR BRI Y 0~2.0 m 1t
A O, W B 35 K F 2.5% , e FRAE JC R4 T I 0l 25
fe il I TR B AR T 1R NG AT INLO 77 A R

(2)WZ(0.5 m F12.0 m) £ N,O/(N,O+N,) {5
O VR JE S SAH D R, eI F IR EUA A T il 25
R 2 4 R U

() AW FE XS £ KA K ZE 0~2.0 m 451 1 1 2
fil Ak NS A S A AR SA, 2% 3 R NO--N
HAMRRM I ARE T . H 2% 183 438515 NOs-N 7%
A 28 AR S RO AT DGR R EUR Y & i 5
1 O MR (38 BAE R, B T 6) 4 1 S i
PR Ak 3 T
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