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Abstract: [ Objectives ] To investigate the effects of green manure combined with synergistic materials on soil
quality and rice growth in the hilly regions of Sichuan, aiming to provide technical and theoretical support for the
rational utilization of green manure and the application of synergistic materials in paddy fields within this
region. [ Methods ] The long-term field experiment included two planting systems: winter fallow (WF) and
winter planting milk vetch (GM), as well as four combinations of synergistic materials involving without
synergistic materials application (CK), Sesbania biochar (Z1), bentonite (Z2), and urease inhibitor (Z3). The
effects of different synergistic materials on rice yield and nutrient uptake under two cropping systems were
analyzed. Additionally, physical properties (bulk density, porosity, aggregates), chemical properties (pH and
nutrients), and biological properties (microbial biomass carbon and nitrogen, enzyme activity) were analyzed. The
soil quality was fully evaluated by calculating the soil quality index (SQI). [ Results ] Compared with GM-CK,
the yield of rice under the GM-Z2 treatment was significantly increased by 7.8% in 2023, while that under the
GM-Z3 treatment was significantly increased by 9.7% and 13.0% in 2023 and 2024, respectively. Compared with
WF-Z2, the yield of rice under the GM-Z2 treatment was significantly increased by 18.3% and 17.6% in 2023 and
2024, respectively. Compared with WF-Z3, the yield of rice under the GM-Z3 treatment was significantly
increased by 14.6% and 17.7% in 2023 and 2024, respectively. The GM-Z3 treatment had the best effect on
improving grain yield. Compared with GM-CK and WF-Z3 treatments, GM-Z3 significantly increased the
nitrogen, phosphorus, and potassium uptake in the above-ground parts of rice plants. Compared with GM-CK and
WEF-Z1 treatments, the GM-Z1 treatment significantly reduced soil bulk density while increasing soil organic
carbon content, total nitrogen content, microbial biomass carbon content, porosity, and sucrase activity. Compared
with GM-CK and WF-Z2 treatments, the GM-Z2 treatment significantly increased soil available phosphorus
content. Under both cropping systems, the Z1 treatment significantly reduced soil bulk density and significantly
increased soil aggregate size distribution, soil porosity, available phosphorus content, and available potassium
content. In contrast, the Z3 treatment significantly increased soil aggregate size distribution, soil total nitrogen
content, and available potassium content. A comprehensive evaluation of soil quality using the minimum data set
method indicated that compared with GM-CK and WF-Z1, the soil quality index under the GM-Z1 treatment was
significantly increased by 14.5% and 28.9%, respectively. Compared with GM-CK and WF-Z3, the soil quality
index under the GM-Z3 treatment was significantly increased by 5.9% and 11.8%, respectively. The GM-Z1
treatment had the best effect on improving soil quality, and the soil quality index was 0.581. [ Conclusions ] In
the purple soil paddy rice cropping system of the hilly region of Sichuan, winter cultivation of Astragalus sinicus
(Chinese milk vetch) significantly enhances integrated soil fertility. The co-application of synergistic amendments
further optimizes its effects on yield improvement and soil amelioration. Specifically, the combined use of 4.
sinicus with a urease inhibitor primarily elevates soil total nitrogen content by mitigating ammonia volatilization
and nitrogen loss. The integration of milk vetch with Sesbania biochar stimulates microbial activity, thereby
facilitating organic carbon transformation and nutrient cycling. Concurrently, it reinforces soil aggregate stability
and improves water and nutrient retention capacity, effectively minimizing nitrogen leaching losses during the
decomposition of milk vetch.

Keywords: paddy fields; milk vetch; Sesbania biochar; bentonite; urease inhibitor; microbial quotient;
soil quality index

DU P E R X, KR B (Astragalus sinicus L) jE3R E B TR X B A
MFREEZREZEEXER, K, 28K ZIEEY, BLRAEYE A A N 32.8 kg/hm?, #
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Table 1 Experimental treatment and application volumes of synergistic materials

T AR kR AR RHIE I (kg/hm?)
Cropping pattern Treatment code Synergistic material Application volumes of synergistic materials
AN (WF) WE-CK
Winter fallow e Lo
WF-Z1 % 7% Sesbania biochar (Z1) 1500
WEF-Z2 i1+ Bentonite (Z2) 1500
WE-Z3 JIRAEI ] Urease inhibitor (Z3) 3
HZIE (GM) GM-CK
Milk vetch GM-Z1 I3 3% Sesbania biochar (Z1) 1500
GM-Z2 Jiiid + Bentonite (Z2) 1500
GM-Z3 HR &7 Urease inhibitor (Z3) 3
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Table 2 Effects of combining Chinese milk vetch with synergistic materials on rice yield

b3 2023

2024

Treatment  f545 7t Grain yield (kg/hm?) F&FFP & Straw yield (kg/hm?)

FEA =& Grain yield (kg/hm?)  FEFF =& Straw yield (kg/hm?)

WEF-CK 8032+378 Aa 6041£263 Aa 6523+£208 Aa 5901+£251 Aa
WEF-Z1 8665+311 Aa 6241£710 Aa 7292+446 Aa 6299+344 Aa
WEF-Z2 7719+£253 Ba 6426+199 Ba 6550+152 Ba 5810+£276 Aa
WEF-Z3 7904+272 Ba 6551+£386 Aa 6689+290 Ba 5974+109 Ba
GM-CK 8468+212 Ab 7125304 Aa 6967+£396 Ab 6486170 Ab
GM-Z1 8951+58.0 Aab 7313£105 Aa 71074251 Aab 63924201 Ab
GM-Z2 9129+36.0 Aa 7247£164 Aa 7507+164 Aab 7106577 Aab
GM-Z3 92934254 Aa 7614£191 Aa 7874+188 Aa 7939+152 Aa
F7 2245307 Analysis of variance
G ok * ok sk
S NS NS NS NS
GxS * NS NS *

TE: CKFAAMIEEAEL, 21, 22, 230 BIRSEIE RN E 5e . I 1 IREEHIHIR . WF. GMAMIRRA IR . &R niisgil. £
(E P EIERIEZE (n=3), APV AR RS 5 B3R A — R RO T4 R S ST B 22 5 B2, AR/ ING FRERR ] — R
TSRO R AL IR 225 2 (P<0.05) JFZER, G S/MIMERFIREH BE UG RN, *. +* o M ZoR HAUL 551005 0.0 K

F, NSEAARH.

Note: CK indicates no application of synergistic material, Z1, Z2, and Z3 indicate Sesbania biochar, bentonite, and urease inhibitor, respectively. WF,

and GM indicate winter fallow, and planting green manure, respectively. Data are presented as the mean + standard deviation (n=3), different capital

letters after data in the same column indicate significant difference between WF and GM under the same synergistic material, while different

lowercase letters indicate significant difference among synergistic material treatments under the same planting pattern (P<0.05). In ANOVA, G and S

represent the cropping pattern and synergistic material, respectively; *, ** indicate the effect at the 0.05 and 0.01 significance levels respectively, NS

indicates no significant effect.

EFEAF B WL HAERE I, AMERKET,
5 GM-CK M, 2023 4F GM-Z2. GM-Z3 Faf =&
Ay 7.8% . 9.7%, 2024 4FE GM-Z3 T4 .
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2024 AFEFEAT P W E N 18.3% . 17.6%, 2023 4F
AP = B E AN 12.8%; GM-Z3 % WF-Z3 4b B
2023, 2024 AERGA S BB BRI 14.6% . 17.7%,
2024 AEFEFF = E RN 32.9%. L, SAFhE
25 DEATi 1 O Ak B A DR R i - A BRAR L, A<
S 2 W I IO I AL R A R A, AR
23 AN it 8 28O Rt e A% PR it i 410 ) 50 A A LG
2 2R 2 e it R D o] ) Ak B 7 ROR B A
JRAT AL B, 5 s 5 R R A S 0 T e 7 A R
S ZE

2.1.2 KEEFAIL AP A BT RIS RO Rt
32 Pl 8 S5ORA Ak T 58 s T ) TR R K R b
L ERFRE IR (] 1) FiARAR 2 AT 25 5 ) 2K R b
AN, MR TR E RN, AKX EA R

TR, KFERTLT, GM-Z3 RS A B A
W38 GM-CK 3 5l i & 2 55 14.7% . 21.2%. Jifi
AR 25 AL BT 8%, GM-Z2 %5 WE-Z2 & GM-
Z3 % WF-Z3 F4% . F5FF . M b 0 Wlie o 43 i)
FHET 29.6% . 59.1% ., 44.1% J% 32.6% . 62.7%.
44.2%.,

T R A X ] S 5 ) R L R A, b
R EC 5, s HA WEEW ., ZNT,
WF-Z1 [F5 FFBE MO B4 WF-CK 2 3542 55 39.8%
KFPERTT, GM-Z3 A . FEFT S Ll
A GM-CK 2891 0 35155 22.3% . 35.9%. 26.3%.
Jite [R) b 358 RORE o 45 Ak R L R, GM-Z2 # WF-
72 J% GM-Z3 ¥ WF-Z3 f54 . Fift. b skl
B R E A 12.2% . 86.9%. 29.6% [ 23.6%.
111.4%. 42.2%.

FPAE A | 4 A80RA R T I8 25 i 7K e L A
Wi, —ELEARERW., LNT, WF-Z1 1
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G: *¥*  So** GxS: **
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1 FEILET/KFES EAFNRREE
Fig. 1 Nutrient accumulation in aboveground parts of rice under different treatments
TE: CK FRAMIEBEL, Z1. 22, 73 73 ERIER RN e . 20 & . IRBEEHIGIF . W, GM 2MIIZRR A IR . &R Z gl
JrFEN BT AE BN RS B R [— RGO R T A TS SR ILAL BRR) 22 5 W3, AR [R)/ING 5 B3R (] — R 280 R AR B ) 2
L (P<0.05). Jr2Etidh, G. S BT BEAIERO RN, | IR HAg k%) 0,05, 0.01 K, NSFRARE.

Note: CK indicates no application of the synergistic material, Z1, Z2, and Z3 indicate Sesbania biochar, bentonite, and urease inhibitor, respectively.

WF and GM indicate winter fallow and planting green manure, respectively. Different capital letters within or on the bars indicate significant

difference between winter fallow and green manure treatments under the same synergistic material, while different lowercase letters indicate

significant difference among treatments with different synergistic materials under the same planting pattern (P<0.05). In ANOVA, G and S represent

the cropping pattern and the synergistic material effect, respectively; *, and ** indicate the effect at the 0.05 and 0.01 significance levels, respectively,

NS indicates no significant effect.
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25 T R B B 0.10 g/em?, FLEREE 253890 3.80%
Jit ) ol 188 266 6 ) 4% AR B X L B %, GM-Z1 5% WE-
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FLBREE B EHIN 2.01%, Z5 L, PAAMERIE T, i
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LA Fh 5 = B il 75 o 50 4 DRI it P 35 e Ak B GF
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AR e TR b, HE R, R R
FE, TSP IhR EEBOR (K] 2), SRR R
il MWD, FRAEAE A N 38 2 B I 5, 4
N, WF-Z3 i) MWD # WF-CK i 11 34.1%, 4
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BN 25.0% . 23.2%., 41, KRR
FETR it FH 5 AR b 3 B e e A SRR A RS
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I AR R A RS e
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FEAE 43.2% 5 1, PHRPRPRIGIEE T, it s
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B2 TRELEHEIREE. LEEMTHEEER (MWD)
Fig. 2 Soil bulk density, porosity and mean weight diameter (MWD) in plough layer under different treatments

TE: CKFRANEIBO R, 21, 22, Z3 ORISR 5, ML . IREEIHI . WE. GM 4Rl 30R 4 . LR En s, &k
ARG 552 7R i) — R E O R T &R 5 SRALAL BR8] 22 5 (.25, /NE 5 RERR ] — PR X 3 R0bA k) A 1 18] 22 S5 .35 (P<0.05).
ANOVA J3#rHt, G. S 3 HHCERFME S EERIE SRR, *, **Fox HABUW ik 0.05, 0.01 R3E/KF, NS FRABE,

Note: CK indicates no application of the synergistic material, Z1, Z2, and Z3 indicate Sesbania biochar, bentonite, and urease inhibitor, respectively.
WF and GM indicate winter fallow and planting green manure, respectively. Data are presented as the meantstandard deviation (n = 3). Different
capital letters indicate significant differences between WF and GM under the same synergistic material, while lowercase letters indicate significant
differences among synergistic material treatments under the same planting pattern (P<0.05). In ANOVA, G and S represent the cropping pattern and
the synergistic material effect, respectively; *, and ** indicate the effect at the 0.05 and 0.01 significance levels, respectively. NS indicates no
significant effect.

®3 ETRSEYMMEE A TIRARFHREZENH

Table 3 Particle size distribution of soil aggregates as affected by green manure and synergistic materials

Kb I BRI Soil aggregate composition (%)

Treatment >5 mm 3~5mm 1~3 mm 0.25~1 mm <0.25 mm
WE-CK 23.8+3.3 Ab 4.83+0.38 Bb 7.57+0.27 Aa 18.7+0.8 Ba 45.14£3.5 Aa
WE-Z1 27.7£3.2 Aab 7.43+0.83 Aa 8.73+£0.96 Aa 22.241.0 Aa 33.9+4.8 Ab
WE-Z2 28.5t1.4 Aab 6.53+0.49 Aab 9.53+1.18 Aa 21.0£0.5 Aa 34.4+1.5 Aab
WEF-Z3 33.1£1.5 Aa 7.53+1.13 Aa 9.40+0.61 Aa 22.64+2.3 Aa 27.5£2.4 Ab
GM-CK 23.0+2.6 Ab 7.40+0.31 Aab 7.93+0.52 Aab 23.0+0.6 Ab 38.742.7 Aa
GM-Z1 30.8+3.0 Aa 9.17+0.64 Aa 8.17+0.38 Aa 24.4+1.8 Aab 27.5+1.8 Abc
GM-Z2 25.7£1.3A ab 5.63+0.54 Ab 6.93+0.13 Ab 26.5+3.3 Aab 35.244.5 Aab
GM-Z3 31.0+1.1 Aa 7.53+0.69 Aa 8.37+0.19 Aa 31.242.2 Aa 22.0+2.7 Ac

F2£53HT Analysis of variance

G NS NS NS o NS
S * * NS * o
G*S NS NS NS NS NS

T CKERAIERARE, Z1, 22, 2353 JIRFEIBO R s . I L IREEMEIR . WE. GMAMIFIRAIN | &R Rl K
EAFEEARERE (n=3), [RIFIEEREARRIKE F-R-FoR ] —FagRob T 4 R G0 BRI 22 5 3, ARG FREROR [ — R X
TR AL BRI 22 5 B3 (P<0.05)0 722000, G SOPBIRERAME S BRI, *, 3R AW 358)0.05, 0.01 23K
F, NSERALE.

Note: CK indicates no application of the synergistic material, Z1, Z2, and Z3 indicate Sesbania biochar, bentonite, and urease inhibitor, respectively.
WF and GM indicate winter fallow and planting green manure, respectively. Data are presented as the mean+standard deviation (n = 3). Different
capital letters after data in the same column indicate significant difference between WF and GM under the same synergistic material, whle different
lowercase letters indicate significant difference among synergistic material treatments under the same planting pattern (P<0.05). In ANOVA, G and S
represent the cropping pattern and the synergistic material effect, respectively; *, and ** indicate the effect at the 0.05 and 0.01 significance levels,
respectively, NS indicates no significant effect.
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Table 4 The pH and nutrient content of paddy field as affected by green manure and synergistic materials

4b¥E Treatment pH ALK Organic C (ghkg) 4% Total N (ghkg)  A%KWE Available P (mg/kg) AT Available K (mg/kg)
WEF-CK 8.15+£0.02 Aa 8.08+0.23 Abc 0.92+0.01 Ab 4.37+£0.27 Ab 64.3+2.9 Ab
WF-Z1 8.12+0.12 Aa 8.86+0.20 Bab 0.94+0.01 Bab 5.35+0.20 Aa 72.3£1.8 Aa
WF-Z2 8.14+0.11 Aa 7.55+0.15 Ac 0.88+0.01 Bb 4.33+0.18 Bb 69.5+3.2 Aab
WEF-Z3 8.08+£0.06 Aa 9.62+0.56 Aa 1.05+0.07 Aa 5.13£0.27 Aa 72.5+1.5 Aa
GM-CK 8.03+£0.10 Aa 8.63+0.30 Ab 0.94+0.03 Ab 4.77+0.43 Ab 63.5£0.9 Ab
GM-Z1 7.9940.06 Aa 9.88+0.21 Aa 1.07+0.05 Aa 6.37+0.58 Aa 72.742.9 Aa
GM-Z2 8.04+0.10 Aa 8.67+0.56 Ab 1.00+0.02 Aab 6.60+0.36 Aa 69.7+0.3 Aa
GM-Z3 8.02+0.05 Aa 9.55+0.17 Aab 1.06+0.04 Aa 4.83+£0.26 Ab 71.7£1.8 Aa
F7 224307 Analysis of variance
G NS * Hk NS
GxS NS NS * NS

TE: CKERRAMHIEARE, 21, 22, 235 DRERHIEA R T e . WL IREEHIGIR . WE, GMAM IR AN . AR5 2o sl .
EAPIEARERE (n=3), [RIFIEAR IS A RIS 5 B2 A — RS RO L T A& PR ER A BRI 22 53 28, ANIR)/INE B3R [ — e
TR BRI 2% 5 2 (P<0.05), WU 220, G S/MAMRERFIAE I LA, 0 BIFR AU 550.05., 0.015%.3

K-, NSERALE.

Note: CK indicates no application of synergistic material, Z1, Z2, and Z3 indicate Sesbania biochar, bentonite, and urease inhibitor, respectively. WF,

and GM indicate winter fallow, and planting green manure, respectively. Data are presented as the mean + standard deviation (n=3), different capital

letters after data in the same column indicate significant difference between WF and GM under the same synergistic material, while different

lowercase letters indicate significant difference among synergistic material treatments under the same planting pattern (P<0.05). In ANOVA, G and S

represent the cropping pattern and synergistic material, respectively; *, and ** indicate the effect at the 0.05 and 0.01 significance levels, respectively,

NS indicates no significant effect.
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Note: CK indicates no application of synergistic material, Z1, Z2, and Z3 indicate Sesbania biochar, bentonite, and urease inhibitor, respectively. WF,

and GM indicate winter fallow, and planting green manure, respectively. Different capital letters above the bars indicate significant difference

between WF and GM under the same synergistic material, while different lowercase letters indicate significant difference among synergistic material

treatments under the same planting pattern (P<0.05). In ANOVA , G and S represent the cropping pattern and synergistic material, respectively; *,

and ** indicate the effect at the 0.05 and 0.01 significance levels, respectively, NS indicates no significant effect.
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Table 5 Soil enzyme activities as affected by green manure and synergistic materials

Qb Treatment  FEMHAEHGPE Sucrase activity [mg/(g-d)]  WRAEFIG: Urease activity [mg/(g-d)]  BFFRTEG M: Phosphatase activity [mg/(g-d)]
WEF-CK 14.9+0.6 Bab 0.78+0.01 Aa 0.79+0.02 Aa
WEF-Z1 12.9+1.6 Bb 0.76+0.03 Aa 0.72+0.03 Aa
WEF-Z2 16.5+0.7 Ba 0.75+0.01 Aa 0.70+0.04 Aa
WEF-Z3 17.3+0.3 Ba 0.70+0.04 Aa 0.71£0.03 Aa
GM-CK 24.5+1.1 Ab 0.77+0.07 Aa 0.72+0.03 Aa
GM-Z1 29.1£1.0 Aa 0.76+0.07 Aa 0.74+0.03 Aa
GM-Z2 26.7+0.6 Aab 0.80+0.02 Aa 0.73+0.04 Aa
GM-Z3 24.0+£2.2 Ab 0.76+0.02 Aa 0.71+0.01 Aa

J7 254781 Analysis of variance
G ** NS NS
S NS NS NS
GxS wE NS NS

TE: CKEORAMEREL, Z1. 722, 2350 RSB IS B¢ . M 1 REG )

WEF. GMARIFRAIR . AR mIeapit.

E R I EEARHERE (n=3), [FIFNVEEE G AR KRS FREFoR [ —Fiaobh kL~ 4 RS SR IR BRI 25 5 B2, ANRI/ING 8 3R R — P A=
TFHARO A B R 22 57 B (P<0.05), TSI, G. SAMBIMREFAE G EE RGO REEON,, L xa HFoR HARV 5510.05. 0.01 8K
T, NSERAWE,

Note: CK indicates no application of synergistic material, Z1, Z2, and Z3 indicate Sesbania biochar, bentonite, and urease inhibitor, respectively. WF,

and GM indicate winter fallow, and planting green manure, respectively. Data are presented as the mean + standard deviation (n=3), different capital

letters after data in the same column indicate significant difference between WF and GM under the same synergistic material, while different

lowercase letters indicate significant difference among synergistic material treatments under the same planting pattern (P<0.05). In ANOVA, G and S

represent the cropping pattern and synergistic material, respectively; *, and ** indicate the effect at the 0.05 and 0.01 significance levels, respectively,

NS indicates no significant effect.

*® 6 JIRITHEAEMEA Norm &

Table 6 Load matrix and Norm values for each indicator

Tt H Item PC1 PC2 PC3 PC4 Norm{H Norm value

pH —0.474 -0.184 0.225 0.582 1277
A ML Soil organic carbon 0.876 0.237 -0.177 —0.018 1.931
4% Total N 0.842 0.338 -0.078 -0.118 1.886
H Wi Available P 0.162 0.660 -0.290 0.265 1.099
FHH Available K 0.303 0.122 —0.246 0.701 1.090
4= ¥k Microbial biomass carbon 0.164 0.879 -0.017 —0.045 1.290
4= 1% Microbial biomass nitrogen 0.724 0.114 —0.241 0.198 1.615
S-14 - 4% Mean weight diameter 0.682 0.022 0.072 0.240 1.499
27 Bulk density —0.163 -0.192 0.940 -0.001 1.241
FLBREE Porosity 0.167 0.195 -0.939 0.009 1.244
Wil K Phosphatase activity —0.155 -0.319 -0.432 -0.519 0.974
WK Urease activity —0.053 0.118 —0.013 —0.725 0.851
HEWENG Sucrase activity 0.234 0.853 -0.177 -0.202 1.342
FFHE{H Eigenvalue 4.553 2.016 1.573 1318

FrZFHAR Variance contribution rate (%) 35.020 15.510 12.100 10.140

i 25Tl Cumulative variance contribution (%) 35.020 50.530 62.620 72.770
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0.05 and 0.01 significance levels, respectively.
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