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Effects and mechanisms of straw and its carbonization incorporation on paddy soil aggregate formation,
carbon sequestration and nutrient supply capacity in northeast China

GU Wengi, SUN Yuanyuan, WU Di, SUN Wen, WANG Xin, LIU Zifan, WANG Wenjia, ZHANG Weiming", CHEN Wenfu"

(Liaoning Biochar Engineering & Technology Research Center, Agronomy College, Shenyang Agricultural University, Shenyang 110866,
China)

Abstract: To investigate the impacts of straw incorporation and its carbonization on paddy soil aggregate formation, stability, carbon
sequestration, and nutrient—supplying capacity in northeast China, we established a long—term field experiment comparing chemical
fertilizer (CF), rice straw (RS), rice straw biochar(RB), and biochar-based fertilizer (BF) treatments. We examined aggregate distribution

and stability, nutrient content, organic carbon fractions, and carbon conversion—related enzyme activities. The results revealed that straw
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incorporation and its carbonization significantly enhanced macroaggregate formation, with RB, RS, and BF treatments increasing

macroaggregates by 40.83%, 37.78%, and 24.97%, respectively, compared to CF, while substantially improving aggregate stability.
Notably, the intensity of —OH, —CHs, and C—0—C absorption peaks in macroaggregates increased, facilitating macroaggregate formation
and stabilization. Meanwhile, the treatments enhanced soil organic carbon (SOC) content and altered its fractions, synergistically increasing
both soil reactive organic carbon (particulate organic carbon (POC), light fraction organic carbon (LFOC) ) and inert organic carbon
(mineral —associated carbon (MAOC), heavy fraction organic carbon (HFOC) ). RS treatment exhibited significant enhancement of POC,
whereas RB demonstrated superior performance in elevating LFOC, HFOC, and MAOC compared to other treatments. Additionally,
Synergistic enhancement of B—1, 4—glucanase(S—C1), polyphenol oxidase (S—-PPO) and peroxidase (S—POD) by RB, S-C1 and S-POD by
BF, and S-PPO by RS in soil and macroaggregates, facilitating soil carbon sequestration and transformation. The treatments also
demonstrated positive effects on nitrogen, phosphorus, and potassium content, with macroaggregates serving as primary nutrient
repositories. Further analysis showed that LFOC and S—PPO emerged as primary factors influencing soil aggregate size distribution, while
treatment differences were predominantly driven by SOC, HFOC, S—PPO, S-C1, and total potassium (TK). MAOC and HFOC could
directly drive soil macroaggregate formation. Whereas, soil nutrients, soil enzymes, and different carbon fractions could improve soil
aggregate stability through direct and indirect pathways. Research indicates that straw and its carbonization incorporation can enhance soil

carbon sequestration and nutrient supply capacities in northern paddy soils by regulating soil nutrients, SOC and its fractions, and carbon

transformation—related enzyme activities. This promotes macroaggregate formation and improves aggregate stability.

Keywords: straw incorporation; biochar; soil aggregates; organic carbon fractions; soil fertility
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Figure 1 Soil aggregate distribution and stability
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Figure 2 Functional groups in bulk soil and soil aggregate
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Figure 4 Soil enzyme activities in bulk soil and soil aggregate
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Table 1 Proportion of organic carbon fractions to organic carbon in bulk soil and soil aggregate
-4 K A HE TR AR DL Bulk soil and soil aggregate size  4bF Treatment  (POC/SOC)/%  (MAOC/SOC)/%  (LFOC/SOC)/%  (HFOC/SOC)/%
+ 3% Bulk soil CF 16.53+0.91b 91.32+1.17a 64.35+4.67a 84.51+1.30a
BF 17.64+0.27h 88.09+3.35ab 66.58+3.32a 82.65+3.07a
RS 31.25+4.43a 86.79+1.50b 50.05+9.44h 80.34+2.13a
RB 15.19+0.93h 91.44+1.28a 57.06+4.41ab 82.35+6.21a
>2 mm CF 11.40+0.15b 91.08+1.25a 62.46+2.53a 80.77+0.47a
BF 12.46+0.70b 92.65+2.52a 46.83+6.41b 82.79+0.64a
RS 18.06+1.43a 81.37+1.75b 32.34+4.30¢ 74.38+1.89h
RB 18.97+1.63a 81.56+2.48h 43.95+0.91b 75.68+2.23h
2~0.25 mm CF 12.69+0.20b 68.18+0.34b 68.75+5.44a 59.19+2.15¢
BF 18.00+1.48a 72.80+1.44a 60.84+0.60b 72.35+2.19h
RS 17.29+1.48a 64.34+1.36¢ 39.60+0.26¢ 69.07+£2.31b
RB 16.21+£0.28a 72.63+£2.23a 41.87+£0.52¢ 87.97+0.53a
0.25~0.053 mm CF 7.67+0.44b 81.58+6.98a 42.97+7.17a 90.09+1.70a
BF 2.93+0.17¢ 81.98+4.63a 30.75£9.93a 69.38+1.08¢
RS 2.59+0.16¢ 85.58+2.77a 29.99+5.32a 85.72+1.75b
RB 11.92+091a 77.76+2.58a 32.44+5.47a 88.99+2.86ab
<0.053 mm CF 1.62+0.10d 67.28+1.90b 17.53+4.39a 62.92+1.61b
BF 5.51+0.18¢ 67.64+0.83b 18.42+8.33a 62.68+3.82b
RS 12.04+0.33b 65.53+1.15b 11.02+0.61a 63.37+4.22b
RB 24.85+0.13a 82.59+4.13a 15.44+2.94a 74.08+0.52a
e RPARNG TR R AR ) 22 5 i 2 (P<0.05) .
Note: Different lowercase letters in the table indicate significant differences among treatments (P<0.05).
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Horizontal axis represents the variable importance in projection (VIP). The colored boxes on the right indicate the relative content of the corresponding
factors in each group under study.
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Figure 8 Partial least squares discriminant analysis
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Figure 9 Correlation analysis

S IR/ IR R AR R AR R R A B i . IR
FF AR H(RB \BF) , PR A:= W e HLAT e 2 IRIFRR R
15 SRR R S PR | PTWAE + ESR4) 0
SRS, NG I 35253 A E Y A K AR LIS I 543
BER, [T, AW e 9 22 FL A AR T LT 3 SR o nl oy
A P B AE B R o B8 B W B i 0 4 4
OrEEAL B IR S, FEANRI R A R AR
oy Z A TR, 3 5 G2 I AE I iF 57 45 1
— 5, IR A R AL 33700 10 FEATAE7 T

T B L A ad B IS SRR SR ik 14
TR, B Bl e AL S A DG B S 1 o AP 58 3R L RS
b AT 45 R S 2~0.25 mm P SRR S-XYS T2,

P 1%) WHARTY

XSRS A ZE/ I, o S-XYS i
WA 5, i RS A B AT 2 57 A 398 R0 4k B S-PPO
TP X AT BB S RS FE B4R R - A AL A R,
RB . BF Ab B n] & 2% #2238 &% KA Ak rp S-C1 . S-
POD 744 , 3 AT B8 S T2 4 T & - S0 Wi
P, FLFE 2l 1 e 7 2R MR A, HETRT B2 MR T 4 HE S
PEEO, {H RB \BF A BRI T S-XYS{EME , X Al g 5
A= ) 1 ot TG P A7 AR T G 1 I A 2,

i A AbHH S il TG P 28 Akt — 252 SOC J Hi4l
Gy . ASHIRSE 45 R R AT S A A AT 4R
+ 43 ) A1 B AR SOC, H RB A3 B i 2%, i3 2 i 2R 4
B E BRI P B, A, 4540 B R B A rp Ay



I , 45 R L A F Rt 8 PSR PAT BSREE (3 R ) O AT S WL 3147

() R*=0.939

>2 mm AR

0.289 k\
AY

0.719%%*
R*=0.878 \ R*=0.818
WErEE ML 0.493%* -0.501 T A ML

AY
\
POC  LFOC 0937** \\ MAOC HFOC
*

\ 0,904+
R*=0.713 Y

BHERRSY  0.gagrrs  HIEAR
S-XYS S-Cl
e e S-PPO  S-POD

GOODNESS-0F-FIT=0.761

(b) R*=0.956
2~0.25 mm

PSR4
-0.697+% 7
R=0.913 S

AN 0319 0.073
4

P LF <
0C 0C / 0'956*
/ RS
/7 0.837%#:*
R*=0.613

LIRS
TN TP 1K

0.543%x

R*=0.701
TEPEA LK

MAOC HFOC

S-XYS  S-Cl
S-PPO  S-POD

GOODNESS-0OF-FIT=0.802

(c) R?=0.637
EIE N i
-0.224%* MWD  GMD 0.335:%:%
*
R=0215 5 2, R*=0.658
R W) Oy
AT Bl Qv 0.555%%%\ * A LK
POC  LFOC MAOC HFOC
. ** 04
0.1245 0593* Ot 0.388%#+
R?=0.660
S-XYS S-Cl
Uy wey s S-PPO S-POD

GOODNESS-0F-FIT=0.604

ORI AR S 0 FOR IEA DGR G . BARFORBOR A B
ik ERYBCFFRAR AR AR R A RIORIERER I 22 . i
A LGV PEAG L, o35 R P<0.1 . P<0.05 Fll P<

0.01 1y B E LK
Yellow and green arrows indicate positive and negative effects ,

respectively. The dashed lines indicate that the effect is not significant.

The numbers on the arrows represent standardized path coefficients. R*
indicates the proportion of variance explained. Models were assessed by
goodness of fit statistics. *, ** and *** indicate significance at the P<0.1,

P<0.05 and P<0.01 levels, respectively.

B 10 R/ REBEEES T

Figure 10 Partial least squares path modeling
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