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Abstract: [Objective] The plough layer of fluvo-aquic soil is shallow, while the subsoil is hard and compacted,
exhibiting significant structural obstacles. Tillage and straw return are key measures for improving soil structure;
however, the mechanism through which the combination of these agricultural practices affects soil structure remains
elusive. [Method] Undisturbed soil columns (20 cm height X 10 ¢cm diameter) were collected from a fluvo-aquic
soil experimental site at the Shangqiu Station of the national field Agro-ecosystem experimental network. The
samples represented plots under rotary tillage (RT), deep ploughing (DP), and biennial deep ploughing (BDP), with
and without straw returning. X-ray computed tomography (XCT) scanning, ImageJ software, and machine learning
techniques were employed to perform three-dimensional reconstruction and visualization of the soil pore structure.
The effects of different tillage methods and straw treatments on macroporosity, pore size distribution, pore
morphology, network characteristics, saturated hydraulic conductivity, and air permeability were quantitatively
analyzed. [Result] Without straw return, deep ploughing and biennial deep ploughing increased macroporosity by
31.5% and 5.7%, respectively, compared to rotary tillage. With straw return, deep ploughing significantly increased
macroporosity by 92.9% and 68.4% compared to rotary tillage and biennial deep ploughing, respectively (P<0.05).
Furthermore, the hydraulic radius increased significantly by 53.8% and 42.9%, respectively. Compactness increased
significantly by 1.5 and 2.9 times, and global connectivity increased significantly by 12 times. Both saturated
hydraulic conductivity and air conductivity were significantly enhanced (P<0.05). [Conclusion] Deep ploughing
increased the hydraulic radius of soil pores, improved connectivity, and enhanced pore network complexity, thereby
constructing a relatively favorable soil pore morphology and network structure. This enhanced hydraulic and air
conductivity, significantly reducing the structural obstacles in fluvo-aquic soil.
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Fig. 1 The processing flow of gray scale images
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Fig. 2 Three-dimensional images (17 cm in height and 9 cm in diameter) of soil macropores under different tillage

treatments and straw management methods
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B O FLR B2 B IR B AR I 3 B BERHAR BRI RFLBREETE 1% ~ 8% [A]
Wesly, FEFFIEHE T ER I R FLB A FVREM AR FREECR, 75 15 om AAHIT
B (R, SR RIS BTG FREMEA . BRAETREH R LR (172 B i FE A Fae
BRFSFIE H R RRAETREN- 1. PREH-3 4b, FLRFES I RFLBE BB IITE 1% ~ 5% [A].
AT T bt SRRkl IR A B %) DR AL IR P2 B R FE AR A B I AR L BE R, 7E 1% ~ 12%2
BB BeAk, BN FEATE ) RFLBR B AEA R 1 2 5 0 B TR R bR AR B, BBl
FEHFE R, 7E 17 cm AL LA 22 cm AL H B T 32 2 O XUIEAE .

H5RFLBREEA L, I RALBR B B R B AR R RN . FEAFREFEE T,
ANTFIREAE A BRAEAN (R BE A HH A 2 08, LR LR i B o 7 [ 184 kb 3 5 KL
B B R AR R — 3 (B 4). RMATT S, REFHE H RSB R AN R R B R LR =
e T A AL B CRFLBRBCREAALE 1000 ~ 2000 JEFE ), HASLES S5 N SR BTt
B FE . (EAERRAE, /£ 18 cm ALFSFFIE FHC AR B0 AL HE Y 3 FLRR B Ab TG (EDIR S,
T Ak A R FLBR 250 A AE X AL FARAE . AT AN H AR P30 - 35 1) R AL B 25 = B VR FE 1)
BN TR, HAEANFRE BZETEH R RILBREE .
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Fig. 3 Distribution of soil macroporosity with depth under different tillage treatments and straw management

methods
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Fig. 4 Distribution of the number of soil macropores with depth under different tillage treatments and straw

management methods.

2.3 FEIHHMEAIEREFEEAR TIRALRANSH

TIEAFLAR K INEAS ARG A3 F A B AA RIBHE 77 0 F ) =4E gl S pos, 7EFG
FAEH AT, FEREANTE 12 ~15 em L2 HIL T BB FLEBR LR, 7E 15 em B
N SR ALBR LAY W /N T IR S B AR TR R . R REN N LI 2 A KR AED
FLBR, BEARLLBR R R TUR 0 T 138, fERS A HACEE S, Bt A R T AL 21 #E A ) L PR
FOP¥IE R, Hrh s L KSR IR %, £ 12 ~ 25 cm L2 W3] 2% 45
HIFLAR I R I FLER -

BAAHTm S, ERFACHAHE T, REITE 12 ~ 20 cm L2 FRFLIRE S5 hEdt &5
ERBCHEZES, 7820 ~ 29 cm 2B & & T FRAE oA SO #t a3 (Bl 6). 783 K
FLBRMALE S erf, IREHALEEFLAE>500 um [FFLBREETE 12 ~ 20 ecm 5 20 ~ 29 em L2 3R
HHEZ, H048% (12~20cm) EFFE 1.35% (20 ~29 ecm), T+ 7T 2.81 f%5. 7EFE
MIEH BT, AFRBHEAHE Z RIFFLE RN i Z R BE . WEAEE 12 ~ 29 om L2
(R R A LB BEAH BT B A R A et o0 ) S B 42 1 97.1% M 68.5%. Hort 12 ~20 em £ )24y
PR T 89.4%F1 60.1%, 20 ~29 cm + 20 HIFEE T 1 5L AT 69.1% (P<0.05).

it 12~20 em LEME, £ 3 MRIBRFIFLESH T, 65 ~ 200 um FLIE, IRENERRE
TREIATBER 2 0 B3N T 3.2 50 1.3 /% (P<0.05); 200 ~ 500 um FL42, 20723 m T
L3fEF LIS (P<0.05); 75> 500 um FLARAR H IRk, AT 0L, PREIAHER TR R iR
FICL R, FESEF T 65 ~ 200 pm FLAELL K 200 ~ 500 um FLARHIRFLBREE . £ 20 ~ 29
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Fig. 5 Three-dimensional images (19 cm in height and 9 cm in diameter) of soil macropores of different pore sizes

under different tillage treatments and straw management methods
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Fig. 6 Distribution of soil macropores of different pore sizes under different tillage treatments and straw

management methods

24 AEHELERFEFTEREA R THIEARFLBRFHE

W 1 Fion, FEREFTFANIE HANE AR EE R, %0 A 22 1 K FL B BE 357 /3 1 e A B AR
B RS FT A0 AL FE R IA B 5 KT (P<0.05). RIS, KIEE. R,
I3 T A B — PR A5 DXL R BE IR 3 IR 30 tH 3 R a3y, &% i) S PR AR P B A K FLBR B2 1) BT
BB, BARSNRE, ERFAEHAE T, HEEAHEKK 2 EM4EREENE S
TR K BRAFIREH, bR T AR AW by 25 ) A T e b S FR AR TR (P<0.05) . AHER TR #T
AIEH AL, FEAFIECH BRSBTS RFLBRRE S 2, HATAS S HEE L3R R FLRR
FHESH 2 MM ES B RE ., BN E, ERFEEAET, RS 4EEAE R T R
R SR, ol Tt 7 6.1% 10.6%. KITHEAR AT T 53.8%F1 42.9%, HHEL
FHRTE T 15 A5 2.9 15, SREEMERERS T 124 (P<0.05), HARSLRRIESES —
S8 P2 FE 1 T e #F A B A IR A o
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Table 1 Characteristic parameters of soil macropore

yhsil RALBRE® S HREEY YR EEJILA AR S ES il Sl i Rk %

Treatment MP/% DA FD SA HR/mm CpP r EN

CK-DP 3.67+0.67a 0.44+0.17a 2.58+0.12ab 5.21+0.63b 0.20+0.05a 117+35b 0.11+0.12a 142200+100712b
CK-BDP 2.95+0.51a 0.47+0.19a 2.51+0.11b 6.93+0.49 0.15+0.03a 104+22b 0.03+0.01a 180791+ 32933ab
CK-RT 2.8+0.57a 0.47+0.16a 2.60+0.04a 6.61+0.34a 0.15+0.03a 202+25a 0.08+0.02a 261889 +45979a
SR-DP 5.48+0.61a 0.53+0.10a 2.57+0.15a 7.53+0.44a 0.1940.02a 239+34a 0.12+0.06a 355618 +150600a
SR-BDP 2.66+0.50b 0.49+0.17a 2.46+0.21a 7.45+0.21a 0.13+0.01a 95+50b 0.01+0.01b 245950+ 21748a
SR-RT 3.11+0.60b 0.47+0.09a 2.54+0.20a 7.28+0.38a 0.14+0.01a 61+22b 0.01+0.01b 349214 +181878a

i ANFE/NG FRERIRA RS 7 0T A FIFHEA B Z 55 23 (P<0.05). Note: Different letters indicate a significant difference between different tillage treatments in the same

straw management method (P<0.05). ®Macroporosity; @Degree of anisotropy; @Fractal dimension; @Specific surface area; ©Hydraulic radius;©Compactness; DGlobal connectivity;®

Euler number.
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significant difference between different tillage treatments in the same straw management method (P<0.05).
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Fig. 7 Soil air conductivity and saturated hydraulic conductivity under different tillage treatments and straw management

methods
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TR R AR ALBR L 22 A A 3% IEA SR (P<0.01),
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3.1 AREIHMELIE RIEFTEIR S AN HIE K FLBREFAEAY $2 0T

AW FREY, METRFTAEE, FEFFERE M 2w 7 R KSR, T 7 RALERE
BEGREE AR AR M GR 1. B/ 3D, AROhEA T R EM L, M T N A KL
Mz (B2, B 5) o« Wang PR 5T T AR ACHEE Rl AR FLBRSE M, BF Fu gl R AL AT IR BIAE H
BN T WARZ IR ORFLRRE . RFLBREE DU M, X S A S s R ARG E e
GG e L2 AR . AURE B, B BT, FLIRE FREEL, M2, RRREw SR Z L
BERZETRANRSE, AR I, AR IIRAE, e RFLBED, M o
T LB g5 4 . FEARF T, X LR DL SR AR TR, PREHIEC A RS AT 4 H 5 3N T 458K
FLBREE (£ 1) LLK 65 ~ 200 um F1 200 ~ 500 um fLAZFIKFLBREE (B 5), X 5K &
BT 745 A — 8 IRBIRE S A S bs HIEPHZ S50, SR OCFUBR R, (i TR RS
TGRSR E, RHERERL, SEUREN RS ZH EE RN RESSER, fLE
BRI FLBR A A T AR AR ARG /N6 8. 270, TR A 72 A PR B C A RS A4 HH A B8 P FH 25O 2 A LTE
65 ~200 um 1 200 ~ 500 um [FJRFLBE bo Bbah, REPEBREFFRIALRZ, FEFFEEALRE RS
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TERCRFLBR, 380 3 A LR B0, BN AN S B T B B A fs R R A S A = S &
FMICZS B AR, K Lt T4k H AT A B R R SR o, mT DU R IRFLBR S MR E, S e
FLBRBEANSE R FLRRIE, 58 it . e BN R A BOHRE [ #HEa RE b RS AT R BHIE H e % 2L
B LIRHOLAS SN, FECEEEBR AL E RS, AN R B 2 ARIR S A HLAR A iE
ARG AE R0 3 rp R A SR AR AN FLRR, (e RIS M a RAF MR & T, A HDRHIR
A A Bh T Bibs T8, B0 IR ORALBREE . AR T, REFTIE B R R EE L B KA LR R B R
ARG I T B EME (B 3D, 256 BIERFLIRMZS I =4 G (B 1D FUARFER/NLERREL
BRI ) = 4E g (B 4) ATURBHEWT, A g (E vT fe &R FHE IR R 2 I e T RFLER, A
TN T IR RFLRRE . 45 1, AEFFARIE S mibs 139, $2Th 3 FURR B /O 2 it

AHEFE AR AN RS FEE R 7 SRAAS [ E AL B 3 FLBAF e s B2 (B 1. B 40 & 1.
EREFFAEH T, B RILIRE . KR, & RiEdtt B3 & T et g EnRs, HE%
B LR MEAR R E AR T e bR aE AR, X 55 EAEDIRT Qin ZEPSHRGE [ 7L 45 FAHZEL. BIHEE
AR IR BRI, N2 AT ARIE T, e 3 A WL A B, RIS RE S R
AIBAk, GBS, S FLBRRRAERT . T B A R B AR X I 5 X IR A (R B AR B AR T AR AR
R, — R BORE T IR R AR S A, AR T O T FLBR I 2530401, 255 K] 1 DL R IA
4, HTREFERBINRE LR PEFE A NG, ZARKEER R T L O S 0] 55 3 A= V)iE 3
FRAT IR AP FLIR, T REN BT R RSN T e, AL T - AR FLBR 451, A
FERSE RN FLERAT, M TREFFAIEH, FEFHE B A FBE 7 20 10 R FL BRI 22
FEMEE. AEK 1 ATLUE Y, BFHEH TN RERBAGERRILRE . KR, B%E. 2RE
WS R T — BRI PRSI R AR, HARFLBRARHIE S H0Y — e AR . 2%
b FEFFURBHIE FH O I FL R I T A R 5 P 8RR AE BRI T e b % B A TR0

N T SR TR R RS R B 5 3N A FEBHE A EE T IR LB S B, TR AN R FL B AR AE
S M NTERLR, A S FLBRRHES B AT T A Hr. B 8 ATEUE H 3K
FLBR B 5 B 25 1) S M FE FE A A LR AR E S B 2 A GG R, HEREHEREEE EMX
(P<0.05), FLRREHES4FREEEEREEIEMK (P<0.01), X158 FLER % 5 T LU A
THE L ORALBR AR P, e ah, L RALRR S 7 T e B TR AR G PR =y, (R IA 31 5 3 /K1
(P>0.05), X—EME EUHLRK S EEABK, SmAREE, HESTRMRE R, 4L,
TIRFLBR G MR IE S H 2 (B AP B B AH K R

3.2 NEFELEREFER A N TIRIEMSKER SRR

ABHTCRY, ERFTACHAE T, AFEBHET T LIEAEAN KRS SER Z B AR
HEFEEZER (P>0.05), HETRTAGH, AR EE R 7 LR SRR SR
AR, HBCREEw T e X RERE (B 7. BRI, AR REYS 225 om a3 £L
BREhkg, FEATR MR, LB R %, LA MR 2L, M REE KD B R il
(2436371 BT, FEREFTIE FH R TR 4055 - J2 I AR RS A S A AR 2R B8 A2 F SR [ [T AR
FLBREE BE i T BRIt K B AE R, ELTE 20 ~ 29 om 2000 (1 I HORALFR 2 B2 55 T 12 ~ 20 em 13
(1 KB 4> DLEWTFERT, R 8 b A RS A E 38 A R PR B AL, o8 H 3 AL 7>
A, TEREAL 2 LR gy, D 1 IR S OE U 1420281, Oy T REFEANRIBHE T 5
T EIRALBRE NS FACE R ST HIFEN, AT FLBR SRR IE S H DL S A Sk R0 s Rk
17 TR M. B 8 el DLE Y, L3RR GRS Ul R 50 B 4E 8.tk B
FESERHES U IR R, SRR, &gl 2 BB KM (P<0.05). XRM AL
B . A, EETEREMLF, BRAEA BT LI SRS TR R 8P, Sk 1,
REAT IR B FHAH AL T et L2 B R PR IE 8 25 4R T T R RALIRE (P<0.05), MmN 1 FLER k45
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ZERI L RRESE, T IR 1 RS AT SR AR 0 JE g e 42430, (G 25 3R T 1A KR S R [
JRCAAERIETE,  BRPK HLAFROHRIE 1 AS AT IR RIS 2 3R T T LB A B A E A @ I, 1 T FLER
IR 742, TR 1A RAF A LR AL B A H,  HEm R 1 IR KR E IR HRIE
TURBIE AR T R R WRE IR E A E YT, e 1 S Rk A AR AT KR
A XA — e B TR AR . IR S, FLBREE N R, 3R R K 2 IR I R 4,
PRIk, e X, AT K S SRR, RS AT IR B RH] = 2500 ) o R BCR B35

4 45 ®

ARFET X P2 CT AR e 7 B 40 S50 0 sl AT A% 4, W90 1 AR RS AT
BB 7 SNANHHE AL 38 LR FLBR S MR 2, 13 B0 N &858 FEFFRENIE HAA Buh ies 1 12
~29 cm HER LK), TEWINT 65 ~200 um F1 200 ~ 500 um FLAEHIFLEREE, 2T 7 LIEFLER
R e A PE, MTIRIER 7 AT R AP L3 FLBRE A, BEmdem T L3R S /KR SOE SR
SR, REERObNEE T AR R, b SR e B BCRL T ERE K SRR . R, A
TERFLBR R KT, URBHRT T 0 - S5 M B AS  8UR B .
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