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Abstract:  Objective Soil aggregate organic carbon and extracellular enzymes play an important role in improving soil
structure and carbon sequestration, which are easily affected by agronomic management practices. In order to study the effects of
long-term straw returning combined with chemical fertilization on organic carbon components and extracellular enzymes in soil
aggregates, a 35-year field positioning experiment was carried out.  Method The field experiment was designed to have three
treatments in a rice-wheat rotation system: no chemical fertilizer (CK), chemical fertilizer only (NPK), and straw plus chemical
fertilizer (NPKS). The contents of soil organic carbon (SOC) and its labile components (dissolved organic carbon (DOC), easily
oxidizable organic carbon (EOC) and microbial biomass carbon (MBC)) in soil aggregate were analyzed, as well as the activities
of extracellular enzymes related to carbon cycle (B-1, 4-Glucosidase (BG), B-1, 4-Xylosidase (BX) and B-D-Cellobiohydrolase
(CBH)). Result The contents of SOC, DOC and MBC in >0.25 mm aggregates were significantly higher than those in <0.25
mm aggregates, and their contents of NPKS treatment were the highest. This showed that NPKS promoted soil macro-aggregates
organic carbon regeneration. The values of MBC/SOC and DOC/SOC in each particle size aggregate were relatively stable, which
indicated that dynamic change trends of MBC and DOC were consistent with that of SOC. Thus, MBC and DOC could be used as
sensitive indexes to evaluate soil organic carbon. The 2-0.25 mm aggregates were the main carriers of extracellular enzymes, and
their activities in NPKS treatment were the highest. However, the enzymes activities in >2 mm aggregates had no significant
difference among treatments. The soil organic carbon components and extracellular enzymes in soil aggregates promoted each
other, in which the contents of SOC, DOC and MBC in aggregates were mainly affected by CBH, followed by BG; while EOC
was only positively affected by CBH. These two extracellular enzymes (CBH and BG) could promote soil organic carbon
turnover and the interaction was enhanced in 2-0.25 mm aggregate.  Conclusion Long-term application of straw returning
combined with chemical fertilizer could increase organic carbon regeneration and turnover rate, and increase soil organic carbon

content, which is an important agronomic way for sustainable carbon sequestration in paddy soil.

Key words: Agronomic measure; Aggregate; Carbon sequestration; Extracellular enzyme activity
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X1, REFFIE HHE R T Rka . A Ssias R 25k
g, XA SRR R R O R DX AT HASOR
B, OB R A A B Y R R B AR
VRASALAT I B B T SRS A TR K e 1 AT R AR 2
I ARENERIRE R, DA S VAT SR AR A BE A T 0
B B EFRIPIREE . AT E— SRR AN
AR AT L AT LB T A 21 5 11 S il 75 A 7 A
R B AL, FFHRTA HLBRAL 7> 5 BRAIG R
SMEFRYSC AR, PEAGRS AT 34 TGS L A HLAR AR 2 1 1
[ Bl P 0 RSN o AT R T 8 0 A A2 e /AR &
A HUBRESFE LT Y R, X TR 5 i R A S AR I
FAET ) SRS AT B IR BN B 2

1 bRk

1.1 RIeHEER

TR 6 A7 0 )1 28 1 B T T A ] R G o
FEII A (30°59'43” N, 104°57'12" E), J& T-04)1|
F M PR Fr T, B ZE TR I A . TR
XAEREKHE 1000~1 300 mm, XS 16.7°C, 4F

AR 5 304°C, AFT0IN 281 do KIE ALK
ST 1984 4F i BERE FE R P AR TUS
HERACR SRR, 3R A TR KRS
WIHAERHZ T3 (0~20 ecm ) FEATEALME R ILF 1.
1.2 Rt

BEE 3 MK X . TR X( CK ) LA X ( NPK )
FIAS FF 6 H+HE AR X ( NPKS ), 1984 4F 2 57 K&
PRI SE R HE KA T, KR X AL 866 m*, Fil
AL ) 2 SR —AF P A K R -4 /N2 B R, TE
JIES DX A B DX A AR Wy WA I B B b B 3B A . Ak
JE X it AR A AR, 2019 4E/NEZERHE N N
132.2 kghm™, P,0s 34.54 kg'hm . K,O 48.88 kg-hm *;
KRG Z R E Y N 183.5 kg'hm ™. P,Os 34.54
kg-hm 2, K,0 48.88 kg-hm 2, fLAE-+FEF134 H X 78 it
FAE SR I, TR ZR VRO B T /N X KA
o/ NEFEAF DL Rk D (RS FFR 2 5~10 cm ),
Ho K REFEFFAE 2 5 000 kg-hm 2, /NEFEFFE
M2y 3 000 kg-hm 2, ALAESAVE Ay B A 7 /N A2 & b
KRR AR AT 1 SRS A0 A -5, H ) B LAY M
I8 kAT .

F1 HELREARBUMR

Table 1 Basic physical and chemical properties of topsoil

hhr ki RhhL

e Sand Silt Clay

p
Soil type  (2~0.02mm) / (0.02~0.002 mm ) / (<0.002 mm )/

(gkg!) (gkg") (gkg!)

FHES
N AHLUE & MR ASmE
BTy

SOM/ TN/ AN/ AP/ AK/
CEC/

(gkg') (gkg') (mgkg"') (mgkg") (mgkg")
(cmol'kg™)

KREt" 350.0 440.0 210.0

15.38 24.40 1.46 138.00 10.80 122.00

e Wk, KPR AR AR L THA I . Note: The contents of sand, silt and clay were determined by hydrometer method.

(O Paddy soil.

1.3 THXRE

2019 45 9 H Ak FEOGR G, Rl X 45
PRBR4> A 3 NEEREIX , BEAREIX R Tk
VEPERE A, REE 0~20 cm 2 50K 4 T J0 T A o 98
BEEA, IFHCTRIR R IEAS h S i g s, 2
A UL ShAE AR A . A RAESR YR, oy EREGR
A TR TC TR FREE , T 2 1 48 i 4 9 AT 2R
3 BG4y AR T B Gl KA AR RCT, Y iy
KRR 2 YRR, W UMK 4 A SR S5 H B R R BT
R 1 em® (/NER, ORI 4 KT AR SR AR

1.4 WEHKFE

R B A B RS PR R E ) FREL 50 g
WA A E T (2. 1, 025 mm) i )23,
W& E T RE T /KM 2 2R 10 min, LIARIE
5 cm. BAED 40 RAGHIE R PR 10 min, ARIKIK
LY FARRETEET, AR BRI
DUREIF B0 e, WA TR & T 60°CHk
T, ME, BFKT 2mm. 2~1 mm. 1~0.25 mm
KA BEFI/NT 0.25 mm A RMA, HF M ER
PRAT WL B FL TR R 2 53 o
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B+ R IR AR O R P Gl i kU
LR MIR TR E K &R (4100 gkg '),
WEECIR £ [ SR EE M B R AL 1 em® Y
/B, IFREEER (20 1, 025 mm ), RIRILES
G0 BRI, RAET 4CUKA, T I
AN P R P A D A o %R -
FEAK B ik, Dhame KRR B R AR S 2B v 1Y
T

T HEAE LK (SOC) R H PR A — 72 i ikl
M ; AIEMEEVLE (DOC) RAES F/KIZHR—
TOC 43 #14¥ ( Elementar, vario TOC select, fZ[F )
Mg e e EmR (MBC) RN EXKR
$E—TOC /- Hr & ; 5% APl (EOC) R H
333 mmol-L ™' @ 4f R #H & k% . DOC. MBC F1 EOC
Z S AR (LOC) FoR, SFkA LOCs.,

K AL SR E S 5 - RAG A 3
MoAbEEE M (B-1, 4-F%BEH A, BG; B-1, 4-K
WETFEG, BX; B-D-2F4E —ME/KfimE, CBH) U7, &
FREC1 g #rfet +4E, fIA 100 mL A9 50 mmol-L '
M2l (pH 29 5.0) il % HHER TR . FHEERE 96
FLBFLAR, 43 2SIl . BRdfESL . RRIUEE S AL,
B AR T 4 R Z I E o (8 B PR Y ( Varioskan
LUX, Thermo, ZE[H ) 7£ 450 nm W KAAFHFTHENG
DR o FH AR /INE g 5 i 190 5 o B Ak 23R 3R R
W (nmolh g™ ),

1.5 HELHESSH

£ SPSS 19.0 B AFh AT B G400, R
HHZE (one-way ANOVA ) J5 224047, JFH &/
#2537 (LSD ) Fil q K256 ( S-N-K, Student Newman
Keuls ) #1725 57 B E WAL (a = 0.05), 7F Excel
2010 Hrifil B AR 1B 15 25 R 3R S BB AR i 1R 22
AR FHER R 22 5% B 3 ( P<0.05 ). 12 F Canoco
5.0 B MFHEATICAR 5B (RDA ),

2 4 R

21 TEARGKENBREREEEHEEAS>EETHK
$F1E

211 AS[RPR A R ARAT BLAK & la ATHI,

NPKS #h 3 i 254 55 T 4 BL 9% B 44 #Lik (SOC)

i (P<0.05), % CK Ml NPK Ab ¥4y 52 5

32.92%~52.93%F1 19.90%~83.81%; H. NPKS 4b B
X 1~0.25 mm Figk h SOC & E AR HEAE. 5
CK AbFEAHEL, NPK AbHEE = T KT 2 mm HA R
SOC &, MMBFEILT 2~0.25 mm K+ SOC
i, {1 CK 5 NPK Zb#i[a) 22 R 3 . AN [FRL
AR SOC 3 PR A W .22 5%, L 1~0.25 mm
WA s /T 0.25 mm FI R SOC & i E 1K
TR FEH ARG, FRIRA 13.01%~34.39%.
2.1.2 A[EPRLGL AR R AT A Bk 5 soc
A AL ERAE AR, AS [ b B X P SR A W] 3 v A ML
(DOC) &AL m (K 1b), NPKS AbHH
CK 1 NPK 48/ T 4R I R A& (1) DOC & =,
£FEE (P<0.05), 5 CK 4P L, NPK Ab#f
B FERE T KT 2 mm BE#&ES DOC & #
( P<0.05 ). EAFERIZLM F, /NTF 0.25 mm H Rk
1 DOC & ¥ i L T A A #E KB RAK (KT
0.25 mm VKR g%, FEIE A 12.22%~46.40%( P<0.05 );
NPKS F1 NPK &b #4351 7€ 1~0.25 mm FI K F 2 mm
B B KA 211.5 mgkg ' ( NPKS) Al
121.5 mg-kg ' (NPK ),

2.1.3  A[RDRLZE A B AR 5 S A A LA M 1c
A[LIE 1, 5 CK Ml NPK ZbFEAH H, NPKS 4bF &
EPE T AR R ARG A A PR (EOC) it
( P<0.05), Hrhf 1~0.25mm 0 2% (142 THOCR e A
5 CK AHLE ,NPK AR #2557 K T 2 mm Al 2~1 mm
BT EOC &, /MT 0.25 mm kgL EOC
SRR B ERIRT 52.54% (P<0.05), BRI
PRI/, EOC &2 LG TRk, FHrp
1~0.25 mm Ak T4 85 KF .

2.1.4 ARG AREKGAEY EYRER 5
AR WA sk ( MBC ) 434 B 5 SOC 244l
(&l 1d). NPKS AP T &R A R AKX MBC %
L, £ 1~0.25 mm BAR R, % CK fl NPK
b B35 B R R T 37.18% 1 112.03% ( P<0.05 ).
AHEE T CK A3 NPK 4B R T 2 mm AR & MBC
SEDEFERSET 19.81%; {H 2~0.25 mm KN F
FREART 10.47%~35.30% ( P<0.05). Kt AEIAk
RiA2UE/N, CK Al NPKS 4b B 1Ak MBC & 5
P96 F IR BB A, NPK Ab 350 5 28 0 P AR #a 3,
AR AR (KTF 025 mm) B
%, MAE/NT 0.25 mm B K.
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T Bk
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OCK ®ENPK ENPKS

40 ©
g 3st
5 30t
2
S5 _ 25t
£5w 20t ca
N2X 2
ES R e
RE ‘
T B
=
gz 0.5F
m
0.0 :

>2 1-0.25
H‘]Eszﬁ,})’( Aggregate size/mm

<0.25

. CK: TALIX; NPK: fLAX; NPKS:

FIAREFFAA FH X K R = P SR A4 A A B i 4l ) 52 i 239
OCK ®ENPK ®NPKS
. 250 b)
E,
5§ 200
=£ 150
& S
=H g aB bB
&g 100
=T 5 bB ¢B
=
2 50
2
S
1-0.25 <0.25
OCK ENPK BNPKS
~ 700 aA
o
égn 600 bA
& E 500 aB
- CA
K E 400 bB
H; § bC Mo
=
EH:- g 300 dBdB
= S
=3 200
]
5 100
2 0 1 1 1

2-1 1-0.25
B4R % Aggregate size/mm

<0.25

FEFFIE AL X, A ERS TR R R AR R A R AL BE ) 22 5 B3, A [R/ING k)

FEoR M R] b BEAS TR AL 2% A BR (R 7] 22 53 8. 3% ( P<0.05 ). F[A], Note: CK, non-fertilizer plot; NPK, pure chemical fertilizer plot; NPKS,
chemical fertilizer and straw returning plot. Different capital letters indicate significant differences among different treatments at the same

particle size,
The same as below.

and different lowercase letters indicate significant differences among different aggregates in the same treatment at 0.05 level.

BT AT AR BT 3 P SR A HL B Hm M4 5

Fig.l The contents of organic carbon and its labile fractions in soil aggregates under different treatments

2.2 EEBAVIERES L FI T HAFE

IR = P AR 45 15 A LA AL 43 Ee gl ) 2
o HRMRALH/N, LOC/SOC #ik (& NPK 4b
H/NF 025 mm KA ). 3 F R ARG A LIk
( LOC=DOC+EOC+MBC ) 5 SOC i [ {35 Fl A
6.79%~22.80%, FWIHFFIX 11 LOC HLHIEAK
5 CK 1 NPK #H I, NPKS &b 3] B 5 £ 25 1 18 4]
& LOC/SOC; 5 CK AHEL, NPK AbHH I BH I B A%
T/NT 0.25 mm kg LOC/SOC,

H & 2b Al F Y, DOC/SOC H{E TE 4 ki 2% 6] 43
HENIHA], X DOC & SOC H. |32 F B 4k:
RN, AFEAHETT £HEH R & DOC 5 SOC
FEAE TGl 0.68%~1.18%, F W] DOC ¥4 1 4%
SOC H#/N—4% . NPKS ALl e T DOC/
SOC, # CK F1 NPK #h¥5$2& T 33.10%~

72.06%F1 29.24%~74.24%,

EOC/SOC W] i 5 F DOC/SOC Il MBC/SOC,
F W] EOC J& s P A WLk 3 A A B XA 2¢ ),
EOC/SOC 5 LOC/SOC ZEfL a5 AH{LL , Bk NPK 4b 3
/NT0.25 mm i A1, EOC/SOC Fifi [ 58 (A 42 08/
MK, NPKS 43y EOC/SOC JE N 9.94%~
19.11%, # CK AbHI] B4 T 49.42%~127.06%.
NPK 4b#%¢ CK #2755 T KT 0.25 mm K.4% EOC/SOC
12.55%~78.84%, 1Mi/NF 0.25 mm 2 W FEAK T
72.38%.

+ 3 F Rk MBC/SOC Z:fki#a#4 5 DOC . EOC
ANIF) (& 2d ). MBC/SOC i [ 5 Aok 42 /N 52 B Se
B E AL, BTE 1~0.25 mm oRiZAb B A
NPKS 234 CK #2757 KT 2 mm #l 2~1 mm ki
g% A1 R 1R MBC/SOC, 341§ 4 9.27%~34.16%; NPKS
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AbHEE NPK #2557 KF 2 mm, 2~1 mm fil 1~
0.25 mm $7Z¢ MBC/SOC, HiiEH 23.07%~25.41%,

SRS, LOC/SOC 1 EOC/SOC Fifi A1 R 4k
/N K, T DOC/SOC 1 MBC/SOC TE 4% i

OCK ENPK BENPKS

30-a)
25+
abA B
al
§ 20 - aB
Q aB
8 15+
Q
Q
= 10} C
5_
O 1 1 1

1-0.25 <0.25

OCK ENPK BENPKS

aA
20+
bA aB
bA aB
15+ a,
CA abB
10k abAB
bB bB
st C
0 1 1 1

>2 2-1 1-0.25 <0.25
MBIk 2% Aggregate size/mm

EOC/SOC/%

H P RIRE) AL IR /N 5 CK AbERAHEL, NPKS A
A S B e A P SRR A% 1S M BLRR 4 A Eb i, g
NPK [EAX T /NF 0.25 mm k% LOC/SOC #1 EOC/
SOC.

OCK BNPK ENPKS
1.6 b)

1.4+ aA
1.2

1.0 abB abB

08l aB aB aB

0.6
0.4

DOC/SOC/%

0.2

0.0

2-1 1-0.25 <0.25

OCK BENPK BENPKS
aA aA

40 d)

35k

abA  bAB A
30 u aB B aAb

aB
250 o cA

20F

MBC/SOC/%

1.5F
1.0 |
0.5

0.0 I ! !
>2 2-1 1-0.25

MBIk 2% Aggregate size/mm

<0.25

F: LOC/SOC ZiFMAHLEK (LOC) HAHEK (SOC) M IL{H; DOC/SOC 2RI M4 #lEk (DOC) 5 SOC iy ILfH; EOC/SOC
Je o AAA P (EOC) 5 SOC [ IL{E ; MBC/SOC R EY B (MBC) 5 SOC KyLEfH. T, Note: LOC/SOC is the ratio of
labile organic carbon( LOC ) and soil organic carbon( SOC ); DOC/SOC is the ratio of dissolved organic carbon( DOC ) and SOC; EOC/SOC
is the ratio of easily oxidizable organic carbon ( EOC ) and SOC; MBC/SOC is the ratio of microbial biomass carbon ( MBC ) and SOC. The

same as below.

B2 AN[RI AR HER - 3 P R A P A LA 2 20 L 4]

Fig. 2 The ratios of labile organic carbon fractions in soil aggregates under different treatments

2.3 BashERTEMER S R FE

2.3.1  A[EVKIAIRAK B-1, 4-7 2 Wl H B RS
3a AL, -4 B-1, 4-HEBEE (BG) WEHEAER
F 2 mm A1 1~0.25 mm R RBAR PR &, AR AL
HR/NT 0.25 mm KR AR . NPKS BN 4 k4%
Mk BG i TE =K, Hb 1~0.25 mm
HU/NT 0.25 mm Rig%d BG G EEE CK 4391 B #4%
=T 26.49%F1 33.65%. 5 CK ML, NPK 4b#HH]
BERE T ARG BAIK BG WS PE (& 2~1 mm gk
Ak ), Hd 1~0.25 mm F1/NF 0.25 mm $79% 53 51 2

FE T 20.86%H1 15.78%., fH ., 75K T 2 mm Fl
2~1 mm B HIRK, ARIEHLE BG G tE2ERA
BE,

232 AN[EPRLGAI R B-1, 4- AN M
3b WA, FEARAER RN, 3 B-1, 4-K0E
T B BXOIGPE 2 e T 5 B i %, o rf NPK Fil NPKS
AEFRPL 1~0.25 mm k7 g% A B AR R 5 . 5 CK fil NPK
AbFHAR HE, NPKS Ab 243 51 33558 T KT 2 mm ki
2% BX i% 1 30.81%F1 15.26% ( P<0.05); NPK kb3
W R 358 T /NT 0.25 mm g% BX G7E, # CK
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RN s IRIUIRE TR Id FRS /KRS - PSR (A BB A R & ik 4 52 241

HINPKS 7913255 T 21.49%7H1 8.72% ( P<0.05 ),
2.3.3 ARG IA R AK B-D-EF 4k — K fifk i

Wi A1 B AR A2 9 /)y, NPK il NPKS b3 438
B-D-ZT 4t — WH/K f it ( CBH ) % P 2 S THE Bt 3,
16 2~1 mm KA P (8 3¢ ). NPKS Ab#

OCK mNPK ®ENPKS
120 a

ﬂHﬂa

1-0.25 <0.25
El%’%ﬁiﬁéli Aggregate size/mm

BG/(nmol-h™-g™)
fel] < fe] < [ (=]

n
(=]

55 ¢ OCK mNPK ®NPKS

50

45 aA
40t

35F

30

1-0.25 <0.25
@%ﬁiﬁq& Aggregate size/mm

CBH/(nmol-h™-g™")

{E: BG, B-1, 4-Mi# R EE; BX, B-1, 4-AMEHAEE; CBH, B-D-£F4E “MEKMEE. TIH.
4-Xylosidase; CBH, B-D-Cellobiohydrolase. The same as below.

BX, p-1,

ARk CBH MR, B NPK b3 i 2548
T 9.28%~10.99%( [&K T 2 mm kg5 X P<0.05 ).
5 CK ZbHAH L, NPK AR 545 T 2~1 mm
E{K CBH i1k, H/NTF 0.25 mm kgt i E LT
8.45% ( P<0.05 ),

OCK BNPK ENPKS
24 - b)

22+
20 -

Al

1-0.25 <0.25
141 %ﬁi*‘ 2 Aggregate size/mm

BX/(nmol-h™"-g™")

Note: BG, B-1, 4-Glucosidase;

3 NIk BT - S P R A Il I

Fig. 3 Extracellular enzyme activities in soil aggregates under different treatments
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Fig. 4 Redundancy analysis ( RDA ) between enzyme activities and organic carbon fractions at the aggregate size
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MBC ¥Y=3.022BG+15.65CBH-564.2 0.504 <0.001
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