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Abstract: Objective Although many studies have reported the effects of long-term fertilizer application on soil organic carbon
composition, molecular structure and functional group, few studies revealed the relationships between soil organic carbon,
organic carbon composition and organic carbon functional groups under long-term fertilization conditions. Therefore, a field
experiment with a maize-cowpea cropping rotation was conducted. The experiment included three treatments, i.e., organic
nitrogen (N)fertilizer (OM), inorganic N fertilizer (IF), and the combination of organic and inorganic N fertilizers (IF+OM). The
effect of long-term (9 years) N fertilizer applications on organic carbon composition and molecular structure of soil aggregates
were studied to reveal the accumulative mechanism of soil organic carbon. Method The soil was divided into 4 components by
dry sieving method: >2 mm, 2~0.25 mm, 0.25~0.053 mm, and <0.053 mm, and then the mean weight diameter (MWD) and
geometric mean diameter (GMD) were analyzed. The physical isolation method was used to measure free light particulate organic
carbon (fPOC), intra-microaggregate particulate organic carbon (iPOC), silt-clay sized fraction organic carbon within
microaggregates (iISOC) and free silt-clay sized fraction organic carbon (fSOC), and nuclear magnetic resonance spectroscopy
was used to determine the functional group structure of soil organic carbon.  Result The results showed that compared with IF
treatment and OM treatment, IF+OM treatment significantly enhanced maize and cowpea yields after 9 years of continuous N
fertilization. Moreover, compared with IF treatment, OM and [F+OM treatments significantly increased MWD and GMD, and the
effect was more obvious under IF+OM treatment. This study shows that fPOC was the main component of the soil organic carbon
fraction, ranging from 21.0 to 29.8 gkg™'. The combination of organic and inorganic N fertilizers significantly enhanced the
contents of soil organic carbon, fPOC and iPOC by 30.0%, 41.9% and 23.5% relative to IF treatment, respectively, but had no
significant effect on the contents of iSOC and iSOC. The type of N fertilizer significantly influenced the ratio of alkyl, alkoxyl
and aromatic carbon, which in turn significantly influenced alkyl/alkoxyl carbon and aromaticity in the soil. Compared with IF
treatment, the combination of organic and inorganic fertilizer N fertilizers significantly increased alkyl carbon contents, but
decreased aromatic carbon. Multi-path analysis showed that the alkyl carbon/alkoxy carbon ratio, hydrophobicity, aromaticity,
fPOC and iPOC carbon content were closely related to organic carbon content.  Conclusion In conclusion, long-term combined
application of organic and inorganic N fertilizers results in increases in crop yields, promotes the transformation of soil fine
aggregates to large aggregates, increases fPOC and iPOC contents, optimizes the structure of aggregates, enhances soil stability,
and thus promotes soil carbon sequestration, increased organic carbon storage, and thus promotes soil carbon sequestration. These
results reveal the improvement mechanism of long-term combined application of organic and inorganic N fertilizers on soil
organic carbon content, which would provide a theoretical basis for improving cropland soil fertility and structure.

Key words: Combination of organic and inorganic N fertilizer; Soil aggregate carbon; Organic carbon components; Molecular

structure
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1.1 I XHER

A gL TAHErp RO KA NI e, K
I5F 2013 4F 3 A H-bn. a5 B 3R R, Q3 Ui
Y1k B R O L), B R+ H 4%
B S AR AR 5 L3R 1.

F1 RO IR ARIEMER

Table 1 Physicochemical properties of the experimental soil

B AR AR R AR gxil A ALK BE

T e Total Ammonium Nitrate Total Available Total Available Organic Bulk
Soil type  nitrogen/ nitrogen/ nitrogen/  phosphorus/ phosphorus/ potassium/  potassium/ matter/ P density/
(gkg') (mgkg') (mgkg') (gkg') (mgkg!') (gkg') (mgkg') (gkg!) (grem?)

i 1.15 6.63 3.68 0.39 8.83 8.67 80.28 10.56 7.03 1.13

DYellow brown soil.

1.2 RIgit

ARG R FABEPLIX A B, fds 3 NMbE. o
HLANEALEE (1F ), AHLANELEE (OM )., A HLIEHL
REFCiE Ak (A L EIE A TE AL AR 45 i B &
50%, IF+OM ). & bBL 4 RER, WNXHEBHR 6
m’, IR FR SR R E 868”7, UL SR

R E RS ), B4 3 VAT Hh i,
Bl G T K (BFIREE 3~5cm), % MR
6 Jitk, 6 ARWGR; MAEEAKFA . B, Byt
B0 9N 240 kgshm 2 ( 2L N 3, F[H ). 150 kg-hm >
(L P,0sit, FIA ). 210 kghm2( LA K,0 3, TR );
FORTERE RS . OB W T SR e 0 A T . ST
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DAERRAE 7 AT Sk, MR 2~3 cm, Fh
TR E AW 7.5 Titk, T 9 AWIMGE; RAREL
TEE L B EPALE AR h 180 kgthm 2, 90
kg-hm *,90 kg-hm 2, 9T G ARG RS PEAT— R R

X FICHLE AR AL B oK Z A AE R R3] . il
WU . dhME R 4 03 0 3 0, S E AR
FhAT S 5. S M, BT ) ZNEZE B R R
£ (46% N ), X TAHILEREAIE, FraAILEEE
A — W R A, A HLARE R A RIA &

s YAERA R A ESMAEYWAEIE (N
P,0s : K,0=10% : 3% : 2%, 1% A0 BOR T4 T 2. 1%
10%g "), X FAPILHAME A, AHLAES
BLAE BT 4 (1 04 /0B 80 AR 4 A 1 0 Bt Ui 1Y
12, B EEAE Sy SERE e Rl — ok e o SR
G A A JEIN %t AL A BEAS ) R i
FRE5 (12% P,0s) MIGAMH (60% K,0) #ME . %
A2b TR AR 1 2 1 e A A A 349 4 g 5 A A 478
PEAT— PRt o 4% A A JEL A it AT S s L6 2.

F2 BABEKERIER

Table 2 The specific fertilization situation of each treatment

F K ZE AR AN SIUY 2 TR
Fertilizer application rate for maize season/ ( kg-hm>) Fertilizer application rate for cowpea season/ ( kg-hm?)
b3
) T BT 5 AL AHHLAL ) RS AL AP
Treatment JRFE PRZE
Calcium Potassium Organic Calcium Potassium Organic
Urea Urea
superphosphate chloride fertilizer superphosphate chloride fertilizer
IF 522 1250 350 0 391 750 150 0
oM 0 650 270 2 400 0 300 90 1 800
I[F+OM 261 950 310 1200 196 525 120 900

W IF A EHLEIEAHE, OM HAPLAIEAHE, IF+OM A AN EHL AR ELEE . T A, Note: IF is inorganic nitrogen fertilizer

treatment, OM is organic nitrogen fertilizer treatment, and IF+OM is organic and inorganic nitrogen fertilizer treatment. The same as below.

1.3 tEHEMRESNE

2021 4 9 HILG Wk, BA/NXBENLIER 5
ANRE S BB R 4 0~20 cm + )2 A9 R, LR
WIERAR RN A B 5 750 R AT, T, 3 10 mm i 5 F .

KTk AT A R AR . BARITE T
FREC 100 g W14, B FAAENFH 2 mm,
0.25mm F1 0.053 mm EGfif )2, HHMYL
(RETSCH AS 200, 78 ) 734 . {La5HR SR K B
34 300 WK, PR3N 2 min JEFEFLARIITBURE, 2y ok
F 2 mm, 2~0.25 mm, 0.25~0.053 mm FI/NF
0.053 mm PUASKLRARE , FF 184k ) o
I3t

SR FH B3 2 1000 5 39 PR 3R A LR 2H 47
R AR AR5 O RE 4% L IFRER 50 g, BT
500 mL B0, A 150 mL % ZnBr ( 1.85
gem™), @ DIEFE L FEIE 10K, 25, IPE
ZnBr ¥4 Bt & 76 & BE R ZEF Y e 208 N,
HrE 20 min, B 30 min, % 2 500 r-min';
AR EERA 0.023 mm it g, EEEE 3K,

BN SRAG 52 AL Uk A HLAR ( fPOC )5 SRIFINAZEE T
KEATE L, EE VAT 3, LIBEHER ) ZnBr.
KRR EAT 8 TRELEF/KTH 025 mm
i, FRCE SO WIBESER , 7F 120 rrmin ' FEIRY
HEEHH T2 B 0.25 mm i M _E )
Jo B[ R AL AR AT LA o Bl S A Al 0.053 mm i,
3N E S M R (0.25~0.053 mm) FEHE
S ERAHLEK (iSOC,  <0.053 mm ), [[HEA
AR INA 0.5% S BERRENA I, TE3%IR [HE 30
AYHC 18 h, Fiid 0.053 mm §ii, 53 {3 P AR P ok
AHHLEE (iPOC, 0.25~0.053 mm ) FIfH A B A4 Py By 2k
KA LR (iSOC, <0.053 mm ). A 2H5M1E 60°C T
MEFFRE . A4 o 4 RE L B 4 0.15 mm i
Je AT A LRI AE , A AL B B D A P A% R A A1
Ik
SR FARZ R 4R U0 3% 0 A 5 = 184 DA B B

3L o TERERE SRS A Z H, R IR
AT A R WAL B, WAL BE G BE R Y CP/MAS
BC-NMR JGiEH 4 3.2 mm PC =3bk MAS %
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T 60 %

3k Bruker Avance 11 800 MHz 5 43 ¥ A% i I R ik
%4 ( Bruker Corporation, ¥yt ) WdE, W T
20 000 KBS, RESECAWME 18.8T.
PRMIAE 100.59 MHz, BEFZE 5 000 Hz, il
FFE] 1 ms, SREAERFE] 10 ms FIEFRER A [E] 1
ms 38 i AU A A X I8 06 1T R LA SE 4 A
E T EHE AT A HH X5
1.4 =ENE

FERFAT TR BT, YROFRAE A /N X T KR
F 14%FFRL S K BT = 8. UL G NI AR
SRR EFF AR R, B E T T AR
1.5 HEFHZE

FHERLE (MWD) =Y om (1)

i=1

Zn:mi log x;
JUFE AR (GMD) =exp=—  (2)

Z’"i
i=1

K, n NG TFEG x, N | BRI EE, mm;
x=6 mm; m; N i TP RIREE EH A, %

YrEFERR + MY FE B + 75 A Bk

Bk =
e o B+ B G

3)

77 i By A

i : (4)
T e T+ G + 75 e+ T+ G

1.6 HELEBESHH

I EE Rl 4 RE 13418 Fbs o 220k
FIR o KA SPSS 26.0 XFEUE AT R K 5 2 08T
( One-way ANOVA ), >k Hf/hi #2735 (LSD)
BT B HKERE R (P<0.05). I AMOS 7.0
AR AT AR A0 M, 207 1 DA I Joe Al /o 4
Wk Bk IFFEE . fPOC & & | iPOC &5 SOC
ZIEMAHSEE R, WikR o (). KT (P).
LG Te %0 (CFL), AR (GFL) Aty
J7 M5 25 ( RSMEA ) S5 48 b B ik J5 2% 1) SRS 2

2 4 R

21 EMIFFERNTH
RN it ik 2 5% ) B oK 5 UL R 7 i 3 3),2013
AR A AT AL B A UL G O B R, HAh AR
TSI G BRI IF+OM A B & T IF
il OM AbFH, BEAh, BT 2017 424k, IF Al OM Ab
HIEY - EERARE .
22 TEARGSHREBEETH
A B AR E L) 2~0.25 mm FRIE R T, L
R 39.1%~56.3%; HKZEKT 2 mm

*3 FRRBEETEM~EREL

Table 3 Changes in crop yields under different N fertilization treatments / (t-hm?2)

EAh FK  Maize UL Cowpea

Years IF oM IF+OM IF oM IF+OM
2013 4.2+0.2b 4.0+0.4b 4.7+0.3a 9.8+2.1a 10.1+1.1a 12.5+1.2a
2014 4.1+0.3b 3.8+0.2b 5.2+0.3a 10.2+1.5b 9.7+£2.1b 13.7+1.4a
2015 4.0+0.2b 3.9+0.2b 5.5+0.5a 10.8+£2.0b 8.9+2.2b 14.3+1.9a
2016 4.24+0.4b 4.0+£0.3b 5.6+0.5a 11.2+1.5b 10.2+2.3b 14.9+1.1a
2017 3.1+0.3¢c 4.3+£0.4b 5.3+0.2a 12.1+1.4b 13.0+1.1ab 15.1+1.2a
2018 4.6+0.5b 4.0+0.3b 5.8+0.4a 11.8+1.5b 10.1+0.9b 15.4+1.1a
2019 4.7+0.5b 4.9£0.2b 5.5+0.2a 13.2+1.1b 11.9£0.7b 16.2+1.7a
2020 5.1£0.5b 4.6+0.5b 6.2+0.5a 12.9£1.5b 11.8+1.3b 16.4+1.4a
2021 5.2+0.4b 4.8+0.2b 6.1+0.4a 11.8+1.1b 10.8+1.7b 16.5+1.6a

1« AT AR E B 2R s R R VR Y0 Rt IS AR BB 7F 5% /K- 122 5 {8 3 . Note : Different letters in a line mean significant differences

at P<0.05.
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B, RN 17.3%~32.3%; 0.25~0.053
mm F/NT 0.053 mm FRIRPT 5 Ll (£ 4),
TEVESE 9 AL fE , B AD 25 5% m 45 2
HIRIER A0 (% 4). 5 IF bB#AHEL, TF+OM FI
OM Ab BB 3N T KF 2 mm FI R T h HL ],
HE R 40.5%~86.7%. 5 IF ZL¥AHLL, OM FI
IF+OM 4bHf 2~0.25 mm F R 5T 250 508 35 K
14.6%~30.6%. 3 4bHH[E 0.25~0.053 mm FI/NF
0.053 mm Hy 12 FI SRR BTt 43 8025 AR 3 o IRl
FIE b 341 ] -+ 398 |41 38 & MWD HIl GMD 7778 it 3% 25 5%
IR . IF+OM > OM > IF,
23 TEAWMBRASESETK

U it FH S 28 5% ) = 396 AL K FL2H 2 i)
A (25), 5 IF 4AbFEAHEE, OM I IF+OM Ab#f
ARG E B ERE T 14.0%FM 30.0%. 5408 h
AT HLAR L 4 i B s 2 fPOC, HRJE iPOC,
iSOC Al fSOC #x/)h. 5 IF ZbFAH L, IF+OM 4b3
fPOC #il iPOC FiEa il T 41.9%F1 23.5%. 3
AL FEE] iSOC F1 fSOC & W22 5.
24 TEEVBERAZWL

XFF IF F1 OM Ab | 38 55 35 B B SL 0 1Y) 757

SR M IFHOM A B 5 i & B die iy, OB
Ak, IR . RELR DL RO IR . BRI
FE 3 AN BRA AR o AN ) Uit P b 3 52 ) 1 A
PLbR B REHAT 404 (% 6). 5 IF AbBAHLL, IF+OM
1 OM Ab B e Femie 2 52 40 i W E G N T 120.6% A1
39.8%, 5 IF AbBEAH I, TF+OM Ib 35U hn T b S
i, HEERT S . A IRER IR . 4
PRl . F2 L RN Y Sl TG i 2 22 5 . 3 A B )b
FEBl /e Sl RN O A B A AE B S Ve 25 S, Hrh B Bk
Mt S R /NE B R« TF+OM> OM> IF, 1 7% & ¥ I
Zo FACHEMBKET R E 2SS, (HES IF A 3EAH
t, OM Al IF+OM Ab B K 14 S 38 fin i) i 44
25 TEFNBREEINKREASTNERBASEHEN

XE

3 o 54 7 RS AR R A AL 4 VR RE A 4544
S5HEIKZEMER (B 1), ZERYE RECH
0.83, K7 55.77, #EFEKFH 0.528, LLKLE
FEHCN 0963, BIALIE R 0.936, #idk¥yriRig2
9 0.01, UEHIZEARRARIIGRHOR R, BAR T
T, A MURR L Sy FIE BE A 2540 5 A LAk Z (8]
TR (K 1), ALK S RS fPOC. iPOC

x4 FRRBEETHRARKRES BB EEZN

Table 4 Changes in soil aggregate mass fraction and stability under different N fertilization treatments

Qb B R E R EAE JUF-3 B A
>2 mm/% 2~0.25mm/% 0.25~0.053 mm/%  <0.053 mm/%
Treatment MWD/mm GMD/mm
IF 173+ 1.7¢ 56.3 +4.0a 12.7+ 1.3a 13.7+1.3a 1.69 £ 0.06¢ 0.70 £ 0.03¢
OM 243 £ 1.8b 48.1 +3.4b 13.0+1.1a 14.6 + 1.4a 2.02 +0.07b 0.75 +0.02b
IF+OM 32.3+24a 39.1+3.7¢c 13.7+1.2a 149+ 1.1a 2.40 +0.10a 0.84 +0.02a

1 FBNAR [F FB: 2R R T 5%KF- 2557 B3 . T A . Note: Different letters in the same column mean significant difference at P<0.05.
The same as below.

*5 ARIAMEBTHIERNKRREEANSS

el

Table 5 Contents of soil organic carbon and its components under different N fertilization treatments / (g-kg™")

Ab P Treatment SOC fPOC iPOC iSOC fSOC
IF 15.0+2.3b 21.0+1.5¢ 13.6+1.3b 12.3+1.4a 11.8+1.2a
oM 17.1+£1.9ab 26.1+1.8b 15.8+1.6ab 11.7+1.2a 12.2+1.2a

IF+OM 19.5+2.0a 29.8+2.1a 16.8+1.6a 12.1£1.3a 11.6+1.3a

[E: SOC: +MEHHLGE, fPOC: RUAIUBRIA LK, iPOC: A RMNBRA IR, iSOC: HIFA RN E ARG HLI, SOC:
A E SR A Pk, TR Note: SOC: soil organic carbon, fPOC: free light particulate organic carbon, iPOC: intra-microaggregate
particulate organic carbon, iSOC: silt-clay sized fraction organic carbon within microaggregates, fSOC: free silt-clay sized fraction organic

carbon. The same as below.
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Table 6 Relative proportions of chemical functional groups of soil organic carbon under different N fertilization treatments
COBESERRT BRBRT OFEBRY ORIEERT SRS BOLERT ML bester/ ;
b | HUKE" SRR
/% 1% /% 1% /% 1% 1% Pt Sk

IF 9.7+1.5¢ 9.8£1.5b 27.3+3.8a 13.5£2.0a  10.0+1.6a 26.1+8.4a 3.741.2a  0.99+0.0l1c 0.69+0.12a 0.51+0.04a
oM 13.6+£2.0b  11.4+1.9b 22.6+3.3a 15.3+2.2a  10.1£1.7a 22.7+9.1a 4.5+1.0a  1.19+0.03b 0.69+0.11a 0.44+0.04b
IF+OM  21.443.0a 17.442.6a 17.4+2.6b 14.7+2.5a 9.741.6a 153+11.0a  4.3+l.1a 1.23+0.0la 0.76+0.14a 0.31+0.03c

(DTreatment, @Alkyl carbon, @ Alkoxy carbon, @ Aromatic carbon, & Carboxyl carbon, ®Carboxyl carbon, @ Carbonyl carbon,

®Phenolic carbon, @Alkyl carbon/alkoxy carbon,

Jot e ot 8
Alkyl carbon/alkoxy carbon

Bk P
Hydrophobicity

P

Aromaticity

T 7 Sk I B7 ORI AR R BN
P<0.05 and P<0.01.

K1 A BB ST

Fig. 1

SEEDEIEMRXER, HY fPOC EEiAFH T
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