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Abstract:  Objective The massive application of nitrogen fertilizer to agricultural soils plays an important role in ensuring the
world’s food supply. However, it also leads to a large amount of reactive nitrogen (N) entering the environment, which strongly
interferes with the biogeochemical cycle of N and causes a series of ecological and environmental problems. As the last step of N
cycling, denitrification is the predominant pathway, converting reactive N into inert N (i.e., N;). However, measuring soil N,
production from denitrification is a major challenge in terrestrial ecosystems because of the high atmospheric background N,
concentration. Recently, direct methods for measuring N, emission rates have been developed. Among them, robotized incubation
and analyzing system (Robot system) which is based on N, free headspace (i.e., helium environment) have been widely used for
measuring N, emission in pure denitrifying culture or soil, due to its advantage on platform construction and high throughput for
N, determination. Nevertheless, frequent sampling with the small-diameter steel needle is required during the operation and
determination of the Robot system, which inevitably causes leakage of N,. This seriously interferes with the determination of low
N, emission rates (i.e., background N, flux in upland soil). Therefore, to enable the Robot system to measure background N,
emission rate in upland soil without exogenous substrate, the leakage rate of the system must be further reduced. Method In this
study, helium-washed rubber septa, solutions prepared by helium-washed distilled water and destructive sampling treatments were
explored to optimize the Robot system aiming at reducing the N, leakage therein. Additionally, results of soil N, emission
determined by the optimized Robot system were compared with those of acetylene inhibition technique (AIT) and Robotized
continuous flow incubation system (RoFlow system). Result Our results showed that the N, leakage rate of the Robot system
could be remarkably reduced by optimizing with helium-washed septa, solutions prepared by helium-washed distilled water and
destructive sampling treatments. The N, leakage rate was reduced to 0-0.78 uL-L™"-h™' by the aforementioned treatments. Under
similar treatments, the N, emission rate measured by the acetylene inhibition method was highest, followed by the RoFlow system,
and the Robot system had the lowest results. Furthermore, the optimized Robot system was capable of determining upland soil N,
emissions in response to carbon and N addition, which also had the smallest standard error (0.003-0.045 mg-kg '*d™") compared
with the AIT method (0.34-3.29 mg-kg '-d™") and RoFlow system (0.41-1.02 mg-kg '-d”").  Conclusion Overall, the optimized
Robot system is characterized by low N, leakage, effective response to substrate addition and good consistency in determining
soil N, emission. In the future, it will have a favorable application in investigating background N, emissions and the associated
mechanism of upland soil.

Key words: N, emission rate; Acetylene inhibition method (AIT); Robotized incubation and analyzing system (Robot); Robotized

continuous flow incubation system (RoFlow)
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EAFAE—E BB, (H3Z PR T 51 N, B30 14 IR
e, 27 AR S N, HEBGHE R AR A )z N
FH[IG—ZO]O

AR, 2B FERT N N, EAEIE R4
AT, W TR S A TS N HE G R I
M2 (He ) FREE-% M35 57 & He FEE -SRI 0 &
RGP HurECON R M He ABE-% B R R 450
J& Robot R4, %R G0t N E & — M
(A58 F He 5— 22 HL 1Y He/O, IR AR, X%
AR T S AT B, T PR B N AR A
##k He (He/Oy 1A AR, BlJS LL—E MY
Vi) ) o R 4 2% P A B3 v ) T s SR A T 2 . el F
JTE 1 1 8 PR AR I N TR BTG, 81 a3 ot
T2 A N W BE 9 A28 Abok B e i+ N, i HE
JGE R . B Robot &4t40, RoFlow R G IEIT ARk
T b N HE IO R B 2 R 22 1 ik, g
RGN, (HFEHE FYJE T He M- B 5
8., Hrf, Robot FR4Gt Bkl ali i 8% 77 o e
FES, DN 45 R 0] ROWR R N N, 1 SRR L, DU
T SR — /N T 5 dPY5 1 RoFlow R4 32 B4 XHIE
RLEUIR A AR S, D0 25 2R ] B ke 498 N, HECGH 3R
(R EhS7A8 1k, 5 R — B 20 d A2y, I SR g
iK™, H T Robot ZR 45 £ 45 8 fif o FLI 2 3R
I HAH T RoFlow RGMHAE N 2. HEX
R G WIE T 32 B AT XAl I R AR R, A=
SE S A A0 TR 7E 55 7R IR T ) N HERGE %, 7R R 4%
T Ny HEBGH R — e, RV R Bt 1Y
N, Blwth A2 B2 m e 255, PR DA 5 %
Robot 4t il i 1k 2 rb 42 il M2 U 1) B ol 24 5C
HAD, {f ] Robot RGEXT H3E N, HEMCH 29047
FEA 22 3R B - SR BOR PO YK s A AN
() 43R 2 BT T Robot R G AEIB AT 72 v s 4
I Bt G B R T BORE RN 5, W B 1 A A
N, 980, JEm ™ E PR N, HERCE 3 0 )
5E o FTLAINZLH Robot R 40 1 TIK N, HEGHE R 5T
U5 b - S e N HECH A B, b A — 2P R
RAEAZNBIF.

EExh BRI, A E o UG E T He
WEE I RRE . RFHFE He Jo MYZEME /K BLH A5
VSO G L R PR BRE R R X Robot R 48 I
B N, HEBCGHCR G ik e A, RIS 9
Robot Z Gl i 5 Hb + 3875 50 N, HEHCH 3 K4 ik

ARSI Ny HEROGE AR, FF5 LA A
RoFlow F G E 45 Rt A7 x b, LARAET kLA
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1 MRS IE

1.1 ke

B 1R A ERl A B AR A S50 B
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N A VLR & B WA KB AR 1o % X R
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70%% K & A 6 & 9 A Ia] AEFHS R 16.1 ¢,
KAERZHHE (0~20 cm) KT, ARSI
6 K A e AR B PR O a2 o K 18 pH o 5.82,
AR 1420 gkg', AR 135 gkg!, WiR
PEA HLBR & B 70.50 mgkg', NO;-N & 57.83
mgkg ', NHj-N & 3.41 mgkg ',
1.2 Rt

RS R R — 0 K+ 4, B E 5 AR
[ ik U e B B A AR B, 2050k . (1) AER
ZEABK X R; (2) 360 mgkg' (PAINIF, T
[F] A R BT KNO; DT (3)E I 150 mg-kg ™' KNO;
W (4) m 60 mgkg! (LLCit, FH) #4)
B (CeH1,06) s (5) W60 mgkg ' CeHy,06
60 mg-kg ' KNO; IRA W . BME L E 3 45
2, R (25C) MIAKMT, 28R =F
AR FE/E 5 (Robot R5t . LB F1 RoFlow
RYE) M+ HE N, HERGHE 2
1.3 Robot %t N, HEME 2 1 E

Robot 45 £ F AL G = AN a4 Wi
{87 =B = B IR Wl Qa5 S I R N o]
B S AL (7890B, Agilent, USA), Bify
I A I 25 R PR T AR A U 25 2350 40 FT N, AT NLO
Mk e, A shikRER el B shalkFE#R (PAL 3,
CTC Analytics AG, Switzerland ) 5 1 87¢ ( Minipuls
3, Gilson, USA) P2, 1HEKIBEHIH A 1H
HKIBAE (0~40°C ), ZARGMH He/O, IREE
P 0T RPN O T2 A0AA SR S A — A A s [ ] s PN
TELHEI 5 R A TRZS N A B A8 A R A e L HE T O
SEEGE IR ¢ 16 120 mL LAER T INA 30 g T
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+ (B & /KE 8% ) 1 3 mL Z&1H /K BidE 5% 24 h,
R FREE RTINS FPAS [R] MR B B i RUIR 90 18 TR
(5mL), JEYWINE 55 & K B3 & 38%, B
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KB -
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He 411 77 AL AR S P 2, (AR I B 44 701 56 1
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FH He 7, RAEHATIZTRE 6 4K ), HHE 24 h J5
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1.5 ZHANFLENE N, HERUERE =R
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Xt B TR IS FRE AR %( 25°C,220 rmin '),
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oK EMINE 38%FE EKkE, BEXIERRN N,
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ML B[] 4 20.50 d)o T35 N Fll NLO HETHHH -

_ CXfX60X24><PX106

F (2)

m

X, F o N, T NLO g HEGHE B (mgkg '-d ') (LU
N ) ¢ MR Ny W (uL-L'); fRESE
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HWH 60, 24 Mo H/INGS L NB R R B p
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WAL 10° B R AL
1.7 HEE

K H SPSS 18.0 XA T4 it40 4, %idiE LA
EE bR AEZE (n=3) Fom. AR ZE I 200

( ANOVA J-3&F LSD vkt 478 b 298 i & A 56,
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2 4 R

2.1 Robot Z% RELERNEF LML

XTLLHSEE T He MR IR SR B E T
He AR ICPREAL L N, HERRY 22 5% (1), AT
PIE TG E T He HRBIARIR B 09 M35 AR
36 h JG Ny i FEAARAS W A YEFF AR B VR FE
IR AR TG BT He PRBEAR M B 48 (%) 1M 3 i 7
36 h Ji N, A it EA-r 3 N, & H 36 h
() (44.47+4.58) uL-L"' EFFE 60 h 19 (56.95+2.30)
uL-Lte B AhaE i X B A 8 37 FE 300 P 7 R Ak B
B N, SR E S, #HTUEET He 3158
Ab FEAR i B A IV L N, RS (6.67+
0.20) pL-L™", RFMMFMHAAET He HEARNLR
A MBS N, F i m(E (44.47+4.58) pL-L'
( P<0.05 ).

75 N
—— TG E T He MR EE IS F 4 He-washed rubber septa
—O— ARHCE THe B 195 B Normal rubber septa
~ 60F
=
3
=
E 4S5
1.2
rE
® 3 30}
Q
5
Z 15k
O 1 1 1 1 1 1
35 40 45 50 55 60
B [E] Time/h

B 1 TS T He IRECRTSEE T He MIRISIIE
MBI N, FEAEL
Fig. 1 Concentration of N, in serum bottles using He-washed
rubber septa or normal rubber septa

PE— A%} oA 78 He K FIAEFE He /K I 7 i
BN, AR 225 (K 2), FER RIS 78 He
KM N, R AR A AR, RS
(35.37+4.10~39.1%6.30 ) uL-L ™' Z A, I Hiz¥E
T2 IE 7 He KBTS Ny W B (el
g 48 h I R SE AR (47.68+13.61 ) pL-L™' ), T4
695 He /K A4 LW M P AY N, & B 73S 355 35 1 1) 75
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TERR I, BIEAE 47 h 500 ETHRg S, N,
SEM 47T h I (47.68+13.61) pL- L' FFFZE 60 h
WA (54.03£8.95) pL-L ',

WA 30 g KT FF A 8 mL 38 He
KAAEFE He AL N, S 28 ik, 4558 W
3o REFRIAMRIP AL BE R M N, S AR
FAAS . M 36 h JTFIAELE T, P4 BRI N, &
W AR, RUUITILEMATE He Kk 2N
AFEFE He KB R IHETE 36 h Ja Mg ff T+ 15
UKL S 5 A T /K By Ny 5 T8 A T8 25 A AR A 3]
Ao (HJEM 36 h M 4G s v AF Y, 1) KB
FEIMAIETE He /KAIALFE N, & H (34.944.58)
uL-L™', & FInATE He KA N, i (26.27+
5.75) uL-L',

90
—M— FtHesK He-washed water

—O— EFEHes’K Normal water

(=) ~
(=] W
T

o = Ao L
R

N, concentration/(uL-L™")
w s
S W

W
T

35 40 45 50 55 60
i [E] Time/h
E 2 K35 He KEEAEFE He KM IMLIEIRH N, S 87281k

Fig. 2 Concentration of N, in serum bottles with He-washed water
or normal water

60
—m— K+ IFEHesK Soil with He-washed water
5 —O— K@ /AEFEHesK Soil with normal water
4
- 40F
]
=%
1.2 30}
g *
® 5
S 20+
8
~ 10 -
0 1 1 1 L L L
35 40 45 50 55 60
H} ] Time/h

B3 $HKERNT LIFMAT He KKAEFE He /K I IMLTE
N, E ARk
Fig. 3 Concentration of N, in serum bottles with soil and
He-washed water or with soil and normal water

22 Z=ThEH T N, HEEUERNEFE LR

BRI E , b N, HEBOE 3 DL S Pk
W5E 25 e, RoFlow R4k, 1ii Robot 48
W7 25 S AR (B 4 ), [R]—Ff b 28 A ] 5325
SE L SRR —3, RoFlow ZRZEMNAE 9 N, HERCH#
R A U5 A R R A = 8 o T s, s 150
mg-kg ' KNO; Zb Bz, K 1.26£1.02 )mgkg -d s
A 75 Robot 2 GE 5 1 N, HEBGHE R AL 7 0
60 mg-kg ' KNO; 4B IR i, 43514 (3.14+0.34) Al
(0.25+0.02) mgkg "-d”'c @M 150 mg-kg ' KNO; &b
HON, HEBCHE FTE Z R 75 I 7 25 R v AR
60 mgkg' KNO;4bH ( P<0.05), TMifE Robot R 4¢
MErEsRh TR E2ZR (E4a),

MXT TR T CeH 1,06 HIALEE, Toie i H fa] A
D2 7, Ny HEGHE 2R 4 F AR in 22188 7K 1) 4k
FRAT B TE i o AT TALER AN 60 mgkg ' CoH,,06 FAL
P, FIRINA 60 mg-kg ' CeH 1,06 Fil KNO5 H 40
b N, HEBCHE R AL T RTE (Kl 4b). 76T A B8
o, JEIR AR RN, N, HERGH R e = 1 34
HALE N 60 mg-kg ™ CoH 206 HYALIH , THIAS [ 5
b, M AR Y N, HEACE R R, A
(6.3620.52) mg-kg -d™" (& 4b). E&Lwk =Fpl
FE I 25 R IR 25T, Robot Z 48 A I 15 2%
/N, A TR b B 22 )Y R 255 B E 0.003 ~
0.045 mg-kg -d' (& 4).,

5 N, HEGE A, [ — b &b S A [ 0
D5 A5 ) 5 b 4 NLO HEHGE R I A—3( & 5 ),
R FAN G N ZE AR K B A BSR4, {# ] RoFlow %
25 I 7 114 NoO HE il 3 2 B 7 4/ MR R 56 VS i 38
MTE, TEAMEERIN 150 mgkg ' KNO; 2 H rhA H1
T e 1 N0 HERR# S, SH(1.8940.01 ) mgkg '-d™!
(El 5a). IMifd FH 2Bl Robot ZR 458 I & 1)
N,O  HE i 5 0 i 25 41 A T8 6 R 2 84 Jon v o4
%, TEALAS N ZE A K A Ak B RS T e B NLO HE
WHE A, A9k (5.44+0.04 ) F1 (3.25+0.11)
mg-kg '-d (& 5a). MXF M T CeH 206 HIALFE,
TCVR (R E 7 vA I , NLO HERH 2634 AL
I INZETR K B A B 525 T (P<0.05) (8] 5b ). fiff
FHZ Bl B fl RoFlow £ 40 & B9 A %5
60 mg-kg ' CeH 06 AbFAY N,O HENGER B E = T
FEIA 60 mgkg' CeH,06 Fl KNO; )4k B
( P<0.05), HERGEZS5 3]0 (10.80+0.18 ) FI ( 3.05+
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