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1.1 KEAEAORIEHER

KRG X A8 T 1979 4, B TIe/RIE T iE
AMX BREEH . 1Z XA, W 151 m, JEAAETT
Lbrih, ERFONEERE RE L, BREEEEAN
50 cm. J& PR KFEEFERA MR, XAFEA T, BF
RINEZW, FEHRIE 3.5 C, BRRERK, FH1H
Wi 135d, FEXFFENE 533 mm. 2010 4E 12 A fEH 44
T i 2R K AR R A RS AT T, 2B R R
N1 m, BRI JRIE TS AR X R RV TEAR AR O
NYEIX (126°51'E, 45°50'N) . #IAE#HHZE (0~20 cm)
IR 15.5 g/kg 2R 1.47 g/kg. 20 1.07 g/kg.
A 25.16 g/kg. AR 151 mg/kg. HRHE 51 me/kg.
R 200 mg/kg pH 1H 7.2. 1979 fE @A FIE N,
KHNE- KRG -FKECAER], E—ZF, WE 24 Mt
PR, FEAAEFE 3 REE, WX 36 m? (4mx9m) ,
F/NX ARG FIKIERG T, BENLHES, TCHEWE i -
1.2 ARt

PRI 1% A e A7 30 AT AR (CKO  H R (ND
AR (N2 L EEANUE M) . EEAVUE (M2) |
WEANE+FER (MN) « EEAEPIE+ fEEA
(M2N2) 7 AMbEE. Bt AR R R 2 (FF N 46%, JiiH
G FRED « B BEERE (5 P0s 46%) . TR
(% N 18%. & P,0546%) AR (& K,050%) , 1k
RESS KR . AL R R4 53, A&
75 kg/hm?®, it RGREAT 7R FE KRN E, AR
fE—k, FTERFVGRKEKE. FTH SRR STENE
SEN 5 1, 43598 N 0.58%- P,050.65%- K20 0.90%.
i R A ALK, TERAE AR N R R OK A N
150 kg/hm*. P,0s5 75 kg/hm® Al K,0 75 kg/hm?®, KEFEH
N 75 kg/hm*. P,0s 150 kg/hm* ll K,0 75 kg/hm®,

1 2015 FRKEFKBGRZ G245 3%, 2016 41
2017 o HFRE N R .
1.3 #HEXESNE

IR 2017 FH F K G IFAE 45 JE AT HH R AR Brfn
AR PR - RE S HORE, SRR K S AT AR A K, AR BR

BN B AR A o TE S A/ NX BEALIE 10 FRAEME, 1k
R, EUEAMR R RS E S, BRI A
bl 2Bk, SR BRI & TEAR R 3R TH 1 L3 AR
Brb 358, R EUAT A 3y AR bR -4 . 3 2 mm VR
SIRES, RIS FRMRIRA. MWK b 42w, +
HERER N R O BRAS . EREERRCT T
REERALPER . AT LRSI &

D MU, R E AR BRI #vE Il & +
AR .

2) EHEA NI E, SR R R A - T
%o 33 mmol/L KMnO, Nl NEigt:E RS &,
33 1167 mmol/L KMnO, Tl & {E [ ZEE s A Bl
%o &, 167 A1 333 mmol/L KMnO, R I 5E {8 ) 28 N 1IK
TEIEA AR, 333 mmol/L KMnO, I & {8 i 1t A5 AL
S, AR . IR LR AR ) SRR (FEAR B
8RR ) LG A3

3) RZHEILHRI 2 IR 46

AR 1 RE 53 Bruker Avance 400 [E{&AZ 4L
PRAxas. @it BC CPITOSS HAR KA R A WU K 2 I E fE
[ o AR RIS R FH 2 4 mm BUHIR JBE A1 e (Mlagic Angle
Spinning, MAS)#3k, °C 145 y 100 MHz, *C CP/TOSS
RIGHFEHE N 5 kHz, ZEIR 0.8s, 'H90° ke 4 us, 38X
PRI (R4 1 mso TR /T, N DU kb S e F
O RS 7 A R AR A 2 R . AT 50 T A%
Fl AR PR rp i — B RE T A v B o bl g 2 2l ik AR
IIRIREL, oo ARG J5 BT o5 L) 75 FERR LA 0.65, F
AR TE B AR AR BT 51 S5 5 1 k. sk 7 4
AR DRI, R 1, BRI RS LE 0~160%107
208, Hrp ke AR AL AR AE 45x10°~110x10° 2 [d],
TS ERAE 110x10°~160x10° Z 1], hekemn 5 ke L
FIERAE . 75 7B 5 A B (1 LB AT LARAE 38 LR 1 43
FERERTE LT R, e i 5 55 B R (1 AR A sk
Bk -5 2 KM A 1 AR 2 301 FH T30 L3886 BLAK 1) R 40 5
JegiaK ik, Forp R TR 75 A = (e H A R me-RioK
BRI+ R SE IR | 5 B RR+I 75 2ebi) , Bk
WK Rl = - ot SR+ 5 B e+ 1 75 25050/ (CFR A B Afk+
WK AR+ e SRR+ B ) 17

%1 Li% "C NMR CP/TOSS H il R FAIB R
HAS A5
Table 1 Chemical shift and its corresponding components in the
3C nuclear magnetic resonance CP/TOSS spectra of soil
XFRERER] (R THET)

BRI S

A
%hjn%c?l Functional groups of chemical shift ~ Symbol of 3 #kZ%
shift x10° regions functional ~ References
(Macromolecular compound) group
0~<45 LR (BRI Alkyl C [14-15]
45~<60 R ORIERMNEIERR) Methoxyl C  [13-15]

WORIEVIZER (UK, LAHRR

60~<94 " Carbohydrate C  [13-15]

MARTTED
94~<110 XUEKeHERR (F4ERMPLF4EZE)  Di-O-alkylC  [14-15]
110~<142 PR (BT AARTRERD Aryl C [13-15]

142~<160 O-F HHk (ZWH. BHTMAFE) O-ArylC [14-15]
160~220 FRIERR (BERE RIS FIBE R4 EY))  Carbonyl C - [14-15]
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1.4 BIBRFITHH

iR WPS 2016 3R {x il deEiE 47 b2
FER, KH SPSS 19 BAFXTEHEIAT I Z 0¥, A
Qb B 2 A B s 2 B R ) Duncan B B2 AR 22 AR 56
(a=0.05) .

2 HBR5HH

2.1 HERBXTIRPRAE HL kAT S0

EHEE 1A, fEMRPRL3%, BN 4FESN, 5 CK #H
AHEE, AR AL L E SR A ML & (P<0.05) ,
HOM2N2 Kb ERRT M2 kb EE G AR Br 3 A LR A 2
20.1%~32.7%. M2N2 AbHERA HUAR & & 52 T HAh
FEAEALEE, 5 ffE (N2 Al M2) AbFEAHEL, M2N2 4b
HE 435 2 2 A HLAK 3.21 F11.93 g/kg. AL (N, N2.
M. M2 Fl MN) b3 (A LIk & 7 22 7 A 53 (P>0.05) »
T AR B 328 it AL Ak 35 65 A AT L sk 14D 2 1) 5 R o - 38 A
AL, (DL M2 ¥R s . 5 CK il N A EEAALE, M
M2 A FR R E AR S & (P<0.05) o X BIRANE
RERH e F G AR B A AR b+ 358 WLk & B R A7E 2
5o Nu M2, MN Fl M2N2 AbH R Br 4 3584 HLAR & & R
ZE T AR KT, H L MN A1 M2N2 Ab3 R RN B
B, S RIELARREBRIEIN T 18.3%1 26.7%, #H IR
P it A FE AR B - e MU T+ 3 o 5 AN it AR A R AH
e, ZUIRECHE D403 (M2N2) FlEE Db (M2)
325 B AR PR A HLARGA B 20.1%~32.7%.
2.2 FERBEXEMEE VRIS

S M LR S B R LR R e
W, RS BN 42.43%~57.94%. M 2 A[%0,

F AR AL F T VR E A LR & B A, 5D 3
(M) AbFEAHEL, M2N2 B3I BRis A WL & B
%, 15%)9.89 g/kg. TEIEMRPR -8, FHELT M GEEF
EIEE NS B, CK. N. N2 Fl MN 4B 0 235 . Y
M2N2 AT AR By 38 vE M HLIK & & 53 = T EAR
brtdE, HAbGIEE N ZRAREBREFKFE R .

28 -
1 4Pz Rhizosphere
I =B Bulk
bA aA
B bAbAbA{-bA{_ aB
AT T i abA A T abcBabB
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CK N N2 M MMNM2N2CK N N2 M M2 MN M2N2
Jite 2 AL B Fertilization treatments

TE: CK, FMEAE: N, HEE: N2, “ffEE M, FEEHIL M2, —
FEANE; MN, FEAHUEHER; M2N2, —fAEAHUE AR
AT /N 5 o B 2 R AR B A 398 Bl AR PR g b i B A B i) 22 e R
(P<0.05) , ARIKRE FRERIRFE—HEACALE N R PR S5 RAR bR e (7] 22 =
2% (P<0.05 , FH.
Note: CK, no fertilization; N, nitrogen fertilizer; N2, two times of nitrogen
fertilizer; M, horse manure; M2, two times of horse manure; MN, horse manure
plus nitrogen fertilizer; M2N2, two times of horse manure plus nitrogen fertilizer.
Different lowercase letters indicate significant difference among treatments in
rhizosphere or bulk soils at the 0.05 level, and different capital letters indicate
significant difference between rhizosphere and bulk soils under the same
fertilization treatment at the 0.05 level. The same below.

B 1 KRR eles et 2 L AR IR Ar A AR IR LIE A HLBK RS R
Fig.1 Effects of long-term different fertilization treatments on
Soil Organic Carbon (SOC) in rhizosphere and bulk soil
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Table 2 Effects of long-term different fertilization treatments on labile organic carbon in rhizosphere and bulk soil

WEEA LR fRIE A LA TR LA e I A LR
+ 45 Ab ¥ Labile organic carbon Low labile organic carbon Middle labile organic carbon High labile organic carbon
Soils  Treatments it dilt ft tra ft it ft dilt
Value/(g'kg') Proportion/%  Value/(g-kg') Proportion/% Value/(g'kg')  Proportion/% Value/(g'kg")  Proportion/%

CK 8.33abA 52.26aB 3.94aA 24.66aA 3.84aA 24.10aA 0.56aA 3.50aB

N 8.40abA 48.14abB 4.22aA 24.16aB 3.64aA 20.89bA 0.54aB 3.08bB

B N2 8.45abA 45.81bcB 4.20aA 22.69aA 3.72aA 20.18bA 0.54aA 2.94bB
Rhii%sl?:here M 8.11bA 42.85¢B 3.91aA 20.66aA 3.68aA 19.44bA 0.52aA 2.75bcB
M2 8.61abA 48.12abA 4.55aA 25.45aA 3.50aA 19.60bA 0.55aA 3.08bA

MN 8.29abA 43.17cB 3.85aA 20.06aA 3.89aA 20.22bA 0.55aB 2.88bcB

M2N2 9.98aA 42.43cB 4.56aA 21.54aA 3.75aA 17.70bA 0.52aB 2.47cB

CK 8.47abA 57.65aA 4.18abA 28.46abA 3.70aA 25.20aA 0.59aA 4.00abA

N 8.68aA 57.94aA 4.49aA 29.95aA 3.57abA 23.82abA 0.62aA 4.17aA

B N2 8.56abA 51.51bA 4.33abA 26.01bcA 3.65abA 21.96bcA 0.59aA 3.53bcA
:IIF‘;EEJ{ M 8.16cA 49.51bA 3.88bA 23.54cA 3.69aA 22.40abcA 0.59aA 3.57bcA
M2 8.27bcA 49.73bA 4.22abA 25.37bcA 3.47abA 20.91bcA 0.58aA 3.46cA

MN 8.57abA 48.97bA 4.39aA 25.01bcA 3.58abA 20.50cA 0.61aA 3.46cA

M2N2 8.26bcB 49.45bA 4.25abA 25.48bcA 3.41bA 20.41cA 0.59aA 3.56bcA

FHEE 2 AIA, AT CK AREE, it AL FE AR bx -+ 5
WS HURR b7 S A HURR L (R e BRI ss . 7EER
br-f3ged, CKARER & A MR b G Uk HU AR B2
FHANFEAE AL (N FI M AEFEERSN) , N2. M. M2,
MN Al M2N2 AbFR B35 A AU S U LGB 22 = A

B o I WU 32 B DTS R s A LN 3
EIETEE HLUEA 92.3%~94.8%. K HAAS [E] it I 5 4R B 1=
BG. B mEEAVUR S EEmAEE. 5 CK ML,
Jite A A B 2 PRI B 3 b . S A ML o5 S L
BRLGAE, JOHE M2N2 ARFR ) s A AL o e HLER
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# 2 KW, JERPREEE, M. M2, M2N2 AbHEEAHLEE
T N AbH 2 RS AR & &, AT
SRR M AF, N. N2. MN &R 88 st s
HUBRE & 5 HAN AR AL FEAR HE, CK AT N AbFE R B 42T
AU SR E YU L. AR, N A1 MN
AEER I AEAR PR L BT A ML & B s, HR KT
M AbE. E(RIEEA YU S S A R ILE S, N AR
T HAEEAAE (CK FRIM o 5 M2N2 2 BAHLE,
N AR 5 2 3 A E AR B g R s A LR & B N2 M2,
MN. M2N2 AbFEAH LT CK AbFE 5 3 PR AEAR By 1 13
T A WU S WURR LA
2.3 MeRBXT HIERR GBS

MEL 2 A, KRR N AR PR S AR PR L LAk
NMR 3 EEARAREL, AH 2 2RI AR 3R AR, i
& BN R HEAH 1 it FH X A MU 2 23 5 i A7 A 22 e k.
1 NMR EIE 5 G FAEX & B e Rk 3 frox, /217
brt-drh, 5 CK ALEEAHLL, HACACER I e ek et
Bk e SR A LB AT B /K PR 5 2 /K B LU AL, DA NS M
M2 AbE R M OACER R e i Bk 05 B AL AN
FIERR; M2 AbFEBR(R AR AR B AR I B . 5 M AR B
AH LG, M2 A3 B AR AR K Ak S P25 0k B i/ 5 7 ok LU AR
5 N EAL, BEIE VLS MN BT & F A
TRAKAL G ISR R NG I /0% b, PRAIRIGE 3 5 A s
Bk~ e BE B/ e SR B 5 B A S B R B K M 2 AR I Al
AHEE T N2 AbFE, M2N2 ACFERAhNkERE R . AR, 7
BT O-J5 B HEhk b/ e | ek /K MR/ K
YRR, FEARRRK AT  Fi s me i DB/ 75 Bl (R 3D .
FHEE T CK 403, N AERF iR bR I be s m . KAk &
VKRB, 05K, PRARH E . BUE R . O-75
Fr ORI s N2 AFRI e 2 . XU Se 2k O-
TR PRI BEAERR AR . O A R SR RN B

&3 KHARREET B LRESIERFLIERRE

IKVERR/ SR PERK . N2 ALFRLL N ACFRRG N 1 XU b ik
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. FB% Rhizosphere
Vi [II:ﬁMBulk

: % Rhizosphere
P R Bulk

i1 MRPR Rhizosphere
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ANV
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; i+ _#HPr Rhizosphere
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200 150 100 50 0
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#H
3C nuclear magnetic resonance of rhizosphere and bulk
soil under long-term different fertilization treatments
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Table 3 Relative contents of different functional groups in rhizosphere and bulk soil under long-term different fertilization treatments

e psi AN[FE BE I AHXT 7 i The relative content of different functional groups/% AlkC/  AroC/ AliC/ HbC/
Soils  Treatments A ¢ MetC  CadC  Di-O-alkC  O-alkC  AryC  O-AryC  AroC  Carc  OkC  TotC AroC  HIC
CK 1815 886  27.96 6.03 42.85 17.53 459 22.12 16.89 0.42 034 276 067

N 2110 873 2803 5.66 24 1823 453 22.76 13.72 0.50 035 279 078

B N2 1846 776  27.64 635 4175 16.58 5.64 2022 17.56 0.44 035 271 0.69
Rhisz;ere M 2041 9.09 2711 5.85 42.05 17.22 5.50 22.72 14.82 0.49 035 275 076
M2 2070 8.64 2584 6.01 4049  17.59 6.14 23.73 15.08 0.51 037 258  0.80

MN 1920 892  28.58 6.39 4389 1623 5.42 21.65 15.26 0.44 033 291  0.69

M2N2 19.04 8.00  27.41 6.37 4178 1697 5.99 22.96 16.21 0.46 035 265 072

CK 1954 830 2532 5.52 39.14  19.54 5.88 25.42 15.92 0.50 039 231 082

N 2014 798 2573 5.06 3877 2077 5.33 26.10 14.97 0.52 040 226 0.6

- N2 1823 759 2479 591 3829 19.79 6.21 26.00 17.49 0.48 040 217 079

4;1%15’” M 1824 802 2353 5.14 36.69 2233 6.94 29.27 15.79 0.50 044 188 0091
M2 2010 715  26.06 5.69 3890  17.61 6.09 23.70 17.30 0.52 038 249 078

MN 2256 10.16  27.09 631 4356 1639 4.40 20.79 13.09 0.52 032 318 077

M2N2 1932 837 2652 578 4067  17.99 5.89 23.88 16.13 0.48 037 251 076

W AIKC, BEEERR; MetC, HAEIEM; Cad C, WAKILAWIEE; Di-O-alk C, MEEEW;  O-alk C, HAEIEMR+IRAKI S YA+ WA FEIERR;  Ary C,

FEE: O-AryC, O-FF&FEM; AroC, FFHEEMB+O-FTHEEM; CarC, BRI Alk C/O-alk C, Jkktk SHAERIE; Aro C/Tot C, FHFEKEE
BRIEAE: Al C/Aro C, BRNTBR S5 & BRI  Hb C/HIC, BR/KMERRS KK IERR LA .

Note: Alk C: Alkyl C; Met C: Methoxyl C; Cad C: Carbohydrate C; Di-O-alk C: Di-O-alkyl C; O-alk C: O-alkyl C; Ary C: Aryl C; O-Ary C: O-Aryl C; Aro C: Aromatic C; Car C:
Carbonyl C; Alk C/O-alk C: Alkyl C/O-alkyl C; Aro C/Tot C: Aromatic C/Total C; Ali C/Aro C: Aliphatic C/Aromatic C; Hb C/HI C: Hydrophobic C/Hydrophilic C.
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£ 31ERKY, 5 CK M HEMR PR LM L, RBR+
RN A A R R . BRI XA e R O- 05 &
Bl AR RRWIRR D7 ARk, 1 PR ILAD B B AR XS
B e B e IR 5 B R SRR K MRS K
k. SiRbs-tged CK AEAHL, A N N2, M.
M2 Kb FRBEEIE AR b - 338 HUAK P e SRR A X i,
BN A M ASEE B B AR PR A, M2 AbHE R i
HRPR 135 O-J5 & 3 b . Kb/ b B IR . Bk HERR/ K
PER EUAR K B ARAR B = 3B K AL 25 . e SR B R0 3
Befps 10 MN AR FRIE AR PR L 428 F AR B . IR B 5 &
TR BN O-F5 B bl 77 B bR/, M2N2 AbHE BEACAR b
i AR BN O-J5 F k.

3 it it

AR RES, WARSWEIRES. BRI &5
T BT, AR IRIAR 2 R0 286 3 Hh 020 P it 25 7= A=
1 B T& AU IR W E L IR AR BRI R AR, i pAR - 4
AU B T AR L, AR BEE T R
SER, M R B E AL B RS — PR T AR bR 1 PR
S, Hoh AR (MN A1 M2N2) b3 AR Br -+
AU LLARAR B 38 0 T 18.3% 1 26.7% (B 1)
AL, R B A AL A (]t A Ak B2 %) ) oK 52 )+ 388
MUBREAE . WAL R, HEYEE M~ &Rl s +
BTN AM AR RFAEE, m R BRI A ik m)
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China; 5. Agro-Environmental Protection Institute of Ministry of Agriculture and Rural Affairs, Tianjin 300191, China)

Abstract: A large amount of nitrogen fertilizer and manure can be input into the arable land of black soil in agricultural
production, thus resulting in a serious negative impact on the soil’s organic carbon pool. Nearly 40% of plant primary products
are transferred to the soil as substantial rhizodeposits. There is also an important carbon source for the soil microorganism
surrounding the root of the plant. The rhizosphere soil can be often the zone of the highest soil microbial activity, further
regulating the soil carbon cycle and nutrient transformation in terrestrial ecosystems. Therefore, it is necessary to clarify the
responses of soil organic carbon content and structure to the intensification of nitrogen fertilizer and manure. In this study, a
38-year (1979-2017) long-term fertilization experiment of wheat-soybean-maize rotation was conducted at Harbin County,
Heilongjiang Province, China. The rhizosphere soil of soybean was collected from nine treatments, including no fertilization
(CK), nitrogen fertilizer (N), two times of nitrogen fertilizer (N2), horse manure (M), two times of horse manure (M2), horse
manure plus nitrogen fertilizer (MN), and two times of horse manure plus nitrogen fertilizer (M2N2). Each treatment was
performed on the 36 m* (4 mx9 m) plot area. The soil organic carbon and labile organic carbon were also characterized in the
0-20 cm profile soil. A carbon-13 (C") nuclear magnetic resonance (*C-NMR) spectroscopy was used to analyze the spectral
pattern of the organic carbon in the rhizosphere soil. The results showed that the organic carbon content of rhizosphere soil was
higher than that in the bulk soil for most treatments. About 18.3% and 26.7% of exogenous organic carbon contents were
supplemented in the MN and M2N2 treatments, respectively. The "*C-NMR spectroscopy showed that there were a higher
proportion of O-alkyl C and the lower proportion of aromatic C than those in the bulk soil, indicating that the soil organic
carbon structures were changed by the rhizosphere effect. Furthermore, the organic carbon content of rhizosphere soil
increased significantly by fertilization, especially the highest organic carbon content under M2N2 treatments, compared with
the CK. The organic carbon contents increased by 3.21 and 1.93 g/kg in the 0-20 cm profile soil of M2N2 treatments,
respectively, compared with the N2 and M2. There was also an increased proportion of alkyl C, aromatic C, the ratios of alkyl
C to O-alkyl C, and the ratios of aromatic C to total C in rhizosphere soil under the M2 and M2N2 treatments. There was an
increase in the proportion of alkyl C, O-alkyl C, and the ratios of alkyl C to O-alkyl C under the MN treatment, where the
formation of aggregates was promoted for the stability of soil particle structure. Nevertheless, there was a decrease in the
proportion of alkyl C, aromatic C, and O-alkyl C in the rhizosphere soil under the N2 treatment, particularly for the less
stability of aggregates, which did not benefit the soil carbon sequestration. Correspondingly, the MN/M2N2 treatment can be
widely expected to significantly promote the organic carbon content of rhizosphere soil, the alkyl C, the ratios of alkyl C to
O-alkyl C in the rhizosphere soil, and the O-alkyl C in the bulk soil, particularly for the formation of aggregates and the
stability of soil particle structure in the bulk soil. Anyway, the mixed application of horse manure and nitrogen fertilizer can
greatly contribute to enhancing the soil’s organic carbon retention. The excessive application of nitrogen fertilizer (N2) can
reduce the alkyl C, aromatic C in the rhizosphere soil, and the O-alkyl C in the bulk soil, leading to a threat to the environment
from the less stability of aggregates once after the autumn harvest. At the same time, the *C-NMR spectrum combined with
the semi-quantitative analysis can be widely used to comprehensively characterize the structures of functional groups, and
further better understand the stability mechanism of organic carbon in the rhizosphere soil.

Keywords: nitrogen; organic carbon; manure; *C-NMR; soybean rhizosphere; black soil
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