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Abstract: [Objective] This study aimed to clarify the effects of organic-inorganic regulating material mulching on
the pore structure of saline-alkali topsoil and select suitable mulching materials for crop seed germination. [ Method]
Four experimental treatments were set up, namely CK (native soil), JX1 (composted cow dung + (a mixture of HA,
Ca0, MgO, SiO2, and Na.Se0s)), JX2 (spent substrate + (a mixture of HA, CaO, MgO, SiO:, and Na:Se03)), and JX3
(composted straw + (a mixture of HA, CaO, MgO, SiO-, and Na.SeOs)). A field operation involving digging
V-shaped ditches—sowing—applying amendments—rolling was adopted. Soil structure and its pore characteristics
were analyzed using micro-computed tomography (micro-CT) scanning, combined with field experiments and
mathematical statistical analysis. [Result] The results showed that all treatments reduced soil bulk density and
improved soil water capability and saturated hydraulic conductivity. Specifically, the saturated hydraulic conductivity
of JX2 and JX3 was 2.4 times that of CK, and their soil water capability increased by 17.8%—19.5%. In terms of pore
structure, different mulching material significantly affected the quantity and distribution characteristics of soil pores:
The JX2 and JX3 showed significantly increased total porosity and connected porosity, while JX1 had lower total
porosity; JX3 was dominated by macropores with fewer micropores, whereas JX2 had a more balanced pore size
distribution. Comparison of pore structure parameters revealed that JX2 and JX3 had similar values of fractal
dimension, anisotropy, and circularity ratio, but the Euler number of JX2 was significantly lower than that of JX3.
This indicated that both treatments enhanced the complexity and stability of the pore structure, and JX2 had better
pore connectivity. These pore structure optimizations significantly improved the microenvironment for seed
germination, thereby increasing the emergence rate and improving the seedling growth traits of foxtail millet, with
JX2 showing particularly notable effects. [ Conclusion] In conclusion, Organic-inorganic amendment mulching can
enhance soil structural performance by optimizing the pore characteristics of saline-alkali soil and create a suitable
soil microenvironment for crop seed germination. Among the tested materials, the spent mushroom substrate
residue-based (JX2) and straw-based (JX3) regulating materials showed showed the most significant effects.effects,
These combinations are effective technical approaches for efficiently regulating the microenvironment of coastal
saline-alkali soil and breaking surface soil compaction.

Key words: Coastal saline-alkali soil; Organic-inorganic amendment; Soil pore structure; Spent mushroom substrate;
Soil bulk density; Foxtail millet; Micro-CT scanning
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JX2—MR: HA: CaO: MgO: SiO;: NaSeOs=76.99: 6: 10: 3: 4: 0.01

JX3—CS: HA: CaO: MgO: SiO2: NaSe0Os:=76.99: 6: 10: 3: 4: 0.01
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Fig. 1Schematic diagram of field operation integrating the coverage of organic-inorganic amendment and the*“V”’-shaped ditch
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Table 1 Effect of different Organic-inorganic amendment on the biological characteristics of the millet seedling stage

biscd i i R Ex| HR7e EE
Treatment Germination rate/% Plant height/cm root length/cm Thick stem/mm  Root crown ratio
CK 54.6045.20c 25.3540.78b 8.4543.40a 2.3640.31a 0.05440.002b
JX1 58.50+1.30c 32.05+2.56a 9.45+1.72a 2.4140.45a 0.07240.001a
JIX2 90.0845.70a 32.35%2.50a 10.45#.91a 2.5640.47a 0.07520.005a
JX3 78.0045.20b 27.8540.79b 9.65+2.00a 2.4040.41a 0.05440.004b

i FSIARRNG FRER R AR A 2 5 53 (P<0.05) . IX1 (4:3+HA/CaO/MgO/SiO2/Na;Se0s) . JX2 (Fik+
HA/CaO/MgO/SiO2/NzSe0s)  IX3 (FiFf+ HA/CaO/MgO/SiO2/Na;SeOs) . F[A. Note: Different lowercase letters in the same
column indicate significant differences among treatments (P<0.05). JX1: cow dung + (HA/CaO/MgO/SiO/Na.Se0s); JX2:
microbial residue + (HA/CaO/MgO/SiO2/Na.SeOs); JX3: corn straw + (HA/CaO/MgO/Si02/Na2SeOs). The same abbreviations

apply to the following figures/tables.
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Table 2 Effect of different organic-inorganic amendment coverage on soil physical properties

et E2S- S LI GKE i T e e L
M Soil bulk density/ Saturated hydraulic conductivity/ j.:iﬁaﬂmﬁﬂ(i .
Treatment 3 Y Field capacity of soil/%
(gem?) (cm min™t)
CK 1.33#0.03a 0.0740.01b 30.42+1.12¢
JX1 1.1640.02b 0.0940.01b 31.2840.75¢
IX2 1.0340.02d 0.1720.01a 36.35+1.04a
JX3 1.0940.03c 0.1720.01a 35.8340.89ab

VE: FBAE/NG FEERRAS R AL A 2 53 2 2% (P<0.05) . Note: Different lowercase letters in the same column denote

statistically significant differences between treatments (P<0.05).
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a) Two-dimensional pore structure of soil

CK IX1 X2 JX3

W LEEE 0~3 em; AERRFLR, B aFRREE BB . SEBRFHRNSF 2 cmx2 cm. Note: soil layer thickness 0~3 cm;
white represents pores, black represents other solid particles. Actual planar dimensions: 2 cm >2 cm.

b) HE = AERE R LR S

b) Three-dimensional overall pore structure of soil

JX2 JX3
W LR 0~3 om; W ERRILER, M sURE s He B 0RL . SEBRR AR RE 2 emx2 cmx2 cm. Note: soil layer thickness

0~3 cm; blue represents pores, white dot-like represents other solid particles. Actual volume dimensions: 2 cm x2cm <2 cm.
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¢) Three-dimensional disconnected pore structure of soil

%

CK JX1 JX2 X3

. LREEZ0~3em; WERRAE, A6 mREREE B ARSI . SEhRAFURT 2 emx2 cmx2 cm. Note: Soil layer
thickness = 0~3 cm; blue represents pores, white dots represents other solid particles. Actual volume dimensions: 2 cm %2 cm %<2
cm.
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Fig. 2 Effect of different organic-inorganic amendment coverage on the two-dimensional and three-dimensional soil pore structure
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¥ RAFRERFA— IR FAAHER 2582 (P<0.05) . Note: Different letters indicate significant differences among
treatments within the same pore size (P<0.05).
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Fig. 3 Effect of different Organic-inorganic amendment coverage on the soil porosity of the 0-3 cm soil layer
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Fig. 4 Effect of different organic-inorganic amendment coverage on the soil porosity of the 0-3 cm soil layer

2.3.4 TIEFLBRESHIRFES B RN L R0 A R AL R FLRR S5 MR AES B0 B i (3R
3) , SEREH, AFAL PR TR R AL LRSS S T ae ket . N TE4ERE X2,
IX3 8 CK BEF &, /3 g 10.61%. 9.09%, 2B H B FLRR I 26 25 14 Foe M 5 5 A Mo
58, HPTAL B RIS (1 R AP 4R T, Sk FLER IR B TR A o AN [F) A 2 R R B2 400 e CK(0.83)
B A, U IX2 BB A ARAE 0.58, Ui WIFLIE@E PG 51200, X 5 v 70 T 4R BOR e R
R FEEA K. & a e EEA F AL B 488558, JX1. JX2 F1 JX3 ALBR % [ w250y
AL CK 215 4.55% 10.61%81 9.09%, FLEEZS 8] 73 A1 S BL7 M) PEARHE N 2 . HFIES
B SRERE A s, R R 5 S E e R IR R (=0.9629**%) , T g 5 HIRURLE M HES
TEBEXIARVETE A 9% 70 TR AEEUS B B R IR 2 U R (=-0.9856%*) , R W] T3 FLIRL,
RIS 28 M S5 A8 E PEFR T R AR B FLB R I ML R P 3G 5, X EEANRIAR R, JX2. JX3 AR
FOIBLLRAENSHE CK. IX1 ABEMAERE R R, —F B4R, St sR %
B, 8 IX2 BRALECR Z AR T TX3, U B AL P 8 s - 38 FL RS DR i R 2 1k ELAL IR KA
ZEEE A R, ARSI AL A B R, Ferb IX2 50 3 AL IGLE B B R BRI T
IX3 b,

* 3 TEAN-THFERIE S DIRFLIRE S R0

Table 3 Effect of different organic-inorganic amendment coverage on soil pore structure parameters

b Vagi% 244 J I 2 i ETEA
Treatment Fractal dimension Formation rate Anisotropy Euler number
CK 2.6240.05b 0.7440.02b 0.66+0.05b 0.83+40.03a
X1 2.6540.03b 0.83+40.05a 0.69+40.05b 0.7240.01b
X2 2.7340.02a 0.8740.02a 0.7340.00a 0.5840.05¢
JX3 2.7140.04a 0.8740.01a 0.7240.01a 0.6140.06b

VE: FPIARR/NE FRR R AR FE 22 7 5% (P<0.05) . Note: Different lowercase letters in the same column denote

statistically significant differences between treatments (P<0.05).
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JX2 AN IX3 AEEEES R 25 AR 1 R L B 1 IR KR (KR, RS N
BOK IR MR SOR B R E 25, H IX2 FR ) TR E R, PRI 5.8%; LIEYE



R S B T T RIAG, o IX2 AR IU A R, R CK $EE 70.5%,
PR SR E L S0 T oAb AR B, AT IX2 (BB EERL FEMAL B R IR SR A T
RIS . X2 AR B0 ROR T E R BRI 0~3 om RJZ LA, XU HIEA
SHRMRE AL, FEN 5 AT A AR AR AR B DU 3 ah ), 124 R 5 RRAE I T
— I RERMRA L LB R, AR NS e R A5 L 1 9l B K R 2324,
0 5 USRI T b 2 TAIE FRAB 2 )1 78 v SR D M - 3R AW FE G5 1R AR AT, it — 2B ESK iR
TEAE PREhS I - 3 R TP AR S RS 700 TX3 CREFTEMIRD AL PR K T PE R P ROR 5 1X2
KePEAR Y, (HEAEREHER 7ok S AR RIS F B T IX2, BARRER AR T,

3.2 Bl-FHLEEYIRE S TR FLBRE AR

3.2.1 FLBREEM 7 T R R IR S FLERES MR AR /T R B, X2 (B 5 IX3 (KRS
ACPRLEFLBRER . RFLBR o5 b i e 55 5 i, AHET IX (AR5 AR (CKO R R .
X S5AFEHADE I BRI X B AR s AS B A . BB FORFEATE S er4i R, K=,
TE AT FE A ORI MR P 4B 28, Rede 3 M SRR e IO 28 W) S 4 45 0, R R oK
FUBR G (26270, mT 2 2 R 5 10.2%~25.4% 1) 3R FLERE, 15.3%~30.1%[ K FLER L1,
185 I PR IE 28], FLBR R R 1 IA ) 15.8%~23.5%. 1M 21 254 LIS 43 fift il e 3 ik,
I3 PR A R R 5 B S e FLIR, BU0E IX T b HE ) /INFLIBR 5 b 2 85 38 o, e i Mt i 2 T 1290,
IX3 ALBR/NFLBR G LR B BRR T 81%, s KFLBRFEDIGIN, W] ReA2 EORFEFF 2 0T 1A 3 At
(1R) 8 S 0 1) [ SRAAR R0 T s T 350300

3.2.2 FLBRMRALIACERN.  RALBR LG 5@ M FE T (X2, JX3) W38 ot Tl
MNBRE S, RERFRAKE MR wse . A IX3 B/NLBR SR S 8- 3R KR 1T
B, YEARIGWLI, 7ER T T IR, IX3 AbFE 0~3 om HIBAARR G K EARE T IX2 F1 CK AbHE
I3 BB 11.9%F0 47.4%, SUEFFIA R MO EIEEIE A 2, M PR . ARG
PR R <V B SR S R SRR, 85T TX2 AbFE A B 5L B R S I FLBR R R AL S
VA, RO S 3R e RE D RIS T, ARG R0, IX2 A FRAS 1 H P I R
AL FEERRT 2~3 d, HEFE T HALATE 16.2%~41.3%. AR ERBHIEYIL G IE R A F
BIE SRR G 1R K

3.3 BL-ZHBEYRE S T HIRFLREEE

3.3.1 FLBRM L8 5 i et ShaE MR o s, RIS 45 SRR, A HL- LRI R 5 B
M HIEFLBR R A TARIE. Ho, TX2 (I 5 IX3 (KRR A4 4505y 7
IRE] 2.73 R 2.71 WIEAE, % TRAEE ST, VR T A SR FTAA MU B Ad = A6 (0 S G5 -4
HERAR, XA nr i i S S i e A IR R AL BRI BB, AatEs: CT it — 20
iE, HIEILBR A 4EES5>1 000 um FLERE 283 IEAHSE (=0.584%) , S5AEEILBFISE
BEMMR (=-0.632%) , X—E5KH, KL S HIRA SAE@E LR B Sk
BEA%, EIIE T RSB 780 LB M A R AGAE o EREPTL, r TR 4Ediim, T IRFLBRM 4%
(1) &5 P 52 e 1 NG T A

RIGLE R L, B BN R (CK) 1 0.74 $2F+ 5 TX2. JX3 AbHEf 0.87, XK B
TR FLRE AT R, FLIR AR E PR B 0, X — B S A - TOHLRE S e+ Cazt,
Mg KB HERE (HA) HIEEFAZ YIS, Gu ZBUE i JF 1 /1 B MEE (AFM) X854
52 i A7 LB 2 T KRR B8 (0 B AL E FEAIE S, 40 Nt A P A 11 FLBS 26 i 2 7 MOHLRE B (Rq) N 3.2~
3.5nm, 1fj HA 5 Ca>Z A WHAM Rq BEEFE 1.2~1.5nm (P<0.05) , X OHLH]Z Ca>
5 HA WAL A s, fEFLBREEMME B FIRE, M KIERICR RS . ot
BAT I SO SRR FER IR G B R B, Ca2ty Mg kb B n] B B 41T AL R R 2, P iE
53N 25.52%~30.94%- 17.46%~23.19%, #—LEIIE T A FHES T X FLBRE S AL B R
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ER . ARG R R DR, PR GEARFLBRR . 18 LR S TR 45 2 A 2 2 1R AR
K, KRB N 0.693. 0.758. 0.685, RIIFLBAIEA M B FIR, HAEAFLREE
L@ RGBS A FLZE 22 FLER X 25

3.3.2 FLBUEIEME S AR R IREI R R BEE FLBR N 4 AR e S T e e g, Kb B
1) BB BT HR R S5 B A, b IX2 A ER (1) BRIk 30%. BRI Rl T8 )5,
HPr&EER (HA) & &5#8%E (-COOH) M ik (-OH) , Silid Ca*. Mg B T
AR, AR/ ) - BERURL IR 45 T i Rs e SR A, 17 A1 SRR R 50 B Rz 1) 2 T i (1)« B8
ZEM A FLERE30, AR E L YOG R TIE MR, £ 0~1.5em 2 CGREWE SR
WEREELE) H, =025 mm FIHUES E PEF R 4R 5 LA T CR AT, $RTHREE N
2.2%~2.8%, S2ZMKR, <0.25 mm B S LB CK R % 35.0%~52.2%. [FR), JX2
F1IX3 PR I AN Sk R B ERTE, B CK 4R T 143.0%, X —45 R0, B BRI,
T IRFLBR B A, FLERN S8 SRR SRR X215 0.73) , RP+L
BEFLBR A () 7 G 5 . X TR A CT ik — e s, Bt A\ L83, HKA 44
AL R 21 T ARG I FLIR R G X P 52 I HES R F LR AIE 7T 28 i 3 1 7 1m0 1)
SRR, FEREBERIEIKFHEERN 2 5~3 5, RUHEMBERSRBEER, X5K
TSI 52 1R IX2/TX3 1) 15 %% 1) S PR E VI 5

4 45w

AHEFERY, AR FE AT BT B o, i R P Vi L AL B
gk PRIEDERR RS (bR T B R WA B EOR R AR . 3 M ERE A T RTIAE
REsEm 2 5 w2, BRIl Ca> . Mg %5 B 7ML /E I UB -0 ) 2 & ik, ki &
I L IRFLR S B F e LR SR . SIER, ALYk E 5 R R T AL
BRRGHI T TEARHE, (EFLER I 28 45K R M ANAR e P R 2 I ok A, LR I 5
LT IR K R BE ST [R5, % AR TR PR W B o HE L 2 P

LR EPTA, WEAE SR B R, AMURERRR LA E . SR AL 2% 4
Ve SR EE, IR H R KR SRR A, JHEA B SRS AR HL- TSRS (1
PR IR T B AR oA, SRR, AR IR . T R
4R, AR TR RETHIL-THRIELLARAL, IRAIRTTIH S LIRS E VRS IR, fi#
HrEIRALER S Nav CUFSHUE R ARG, I B 0 H SRR A E R, AT R A 12240
SRR S HEAE
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