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Abstract: [Objective IBiopores constitute a critical component of the soil pore network, exhibiting
significantly greater efficiency in facilitating the transport of water, solutes, and gases compared to
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nonbiopores. However, quantitative analysis of biopores at a single scale exhibits significant
limitations in resolving morphological characteristics, elucidating developmental dynamics, and
evaluating functional attributes. [ Method 1 To comprehensively characterize soil biopores
distribution patterns, this study integrated a 5-year rotational field experiment on lime concretion
black soil with high-resolution X-ray computed tomography (CT) scanning. The investigation was
conducted at three distinct scales: (1) large column scale (10 cm diameter x 20 cm height soil
columns), (2) small column scale (5 cm diameter x 5 cm height soil cores), and (3) aggregate-scale
(3-5 mm aggregates). We systematically examined the effects of different cropping systems -
conventional wheat-maize rotation (WM) versus cover crop rotations (wheat-Cassia occidentalis:
WY, and wheat-Cassia tora Linn.: WJ) - on biopore characteristics within the 0-20 cm soil layer.
Furthermore, we critically evaluated the applicability of each scale for biopore network analysis.
[ Results] This study developed an improved biopores segmentation protocol comprising three key
steps: (1) initial classification of pores into connected and isolated networks, (2) application of 3D
distance transform watershed algorithms to separate biopores and nonbiopores, and (3)
implementation of a Random Forest classifier leveraging morphological feature parameters
(blobness, sphericity, compactness, and plateness) for scale-specific biopores segmentation across
all three observational scales. Compared to the WM treatment, the WY treatment significantly
increased bioporosity by 237%, 243%, and 119% at the large column, small column, and aggregate
scales (P<0.05), respectively. Similarly, the WJ treatment resulted in an increase of bioporosity by
111%, 217%, and 114% at the large column, small column, and aggregate scales (P<0.05),
respectively. At the large column scale, biopores exhibited significantly larger diameters than those
at small column and aggregate scales, with mean diameters ranging from 1,444-3,374 um and
maximum diameters reaching from 4,792-8,854 um (P<0.05). This scale effectively captured the
biopores network architecture and directly revealed vertical continuity patterns throughout the 0-20
cm plow layer. However, large column scale analysis showed limited detection capability for fine
biopores (<60 um in diameter), reflecting inherent resolution constraints of the methodology. The
small column effectively identified medium-to-fine biopores (>30 um) and primarily correlates with
soil physical properties governing hydraulic conductivity and gas transport. Microscale aggregate
analysis can resolve ultra-fine biopores (>6 pum in diameter), with quantitative characterization
revealing these biopores occupy 21.6-34.4% of total aggregate porosity. Aggregate scale analysis
provides critical insights into root-soil architecture interactions and reveals fundamental
mechanisms of soil organic carbon physical protection within microhabitats. [ Conclusion] This
study demonstrated that cover cropping significantly enhanced soil biopore networks across
multiple scales. We propose that future research adopt integrated multiscale approaches to fully
unravel the spatial distribution and temporal evolution of these biopore systems.
Key words: Shajiang black soil; Cover crop; Biopore; Soil column; Aggregate; X-ray CT
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Table 1 Sample information and CT scan parameters at three scales

RUE Scale KEERS  CT H#ifX EEE P VAR ES JEHRIX I Regions of
Sample size ~ CT scanner Current/pA Voltage /kV Resolution /um interest
KAAE Large 7 20 em. Phoenix 220 230 60 18 cmy EA% 8.7 cm
soil column BEff10ecm  Vtomex S R [ A
/N Small 7 S em. vltome[x m 160 160 30 #3.9cm. HfF39cm
soil column HfE5cm 300 R B R A
[ 4 3~5 mm vltomelx m 100 100 6 B BIR AR
Aggregate 300
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Table 2 Morphological traits of biopore objects used for random forest classification

FFE Trait 7 X Definition FEIE Trait 7€ X Definition
[#He%: Blobness R, / JRR, ) FRILEE Sphericity 36mV 2 / A )]
St Compactness 4 3) BOIRTE Plateness IR,|/|R) )
V/EanRZRa

e BUR I GAE LB S BRI B AR, Riv Rov Ry 23 BIRRORIRERAR I =A%, HA R>R>Rse VAL A 5)
AR VTR L PRAAFI I SZPRE AN . Note: Each biopore in the images is replaced by an ellipsoid of equivalent inertia. R, R,
and R denote the three radii of the ellipsoid, where R;>Ry>Rs. ¥ and A are the real volume and surface area of each biopore, respectively.
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same scale.
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Fig. 3 Bioporosity under different crop rotations at large soil column, small soil column, and aggregate scales
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Fig. 4 Three-dimensional images of biopores under different crop rotations at three scales
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Fig. 5 Distributions of bioporosity with soil depth at large soil column scale
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Fig. 6 Distributions of the proportion of bioporosity to porosity with soil depth at large soil column scale
BEAk, AHECT WM ALEE, WY AP FIRTE AL R AR K AR
UL, 72 HIHEINT 134% 83.7%A1 86.0% (3 3, P<0.05); WY Ml WJ A2 5 £ 5L
B KALIRIR R 1 84.8%M1 53.6%(P<0.05). ifLAZ /A 1Ml =, WY A& Z 30 T 400~2500
pum A1 3000~8000 pm Vo [ N HIAEYFLEREE, T W ABEER N T 2000~2500 pm

3000~5000 pm Yo [E N ) AEDIFLEREE (& 7a, P<0.05).
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2.2 INEFERE TEYFLBRYFIE

INEFEREETR, SHEAH AL 27 2% (K 3b). 5 WM AHHEL, WY
Ab PR e T AR ALBR B A A LB S L, BN T 243%A1 161%; 1 W AREE I 4351
PR T 217%M 170% (£ 3, P<0.05). H—=4EEUEAT51 (B 4b), HAb3 35 ARl A= LR
RE, AH WY FWI B A I RO YFLRR . A, T WM BB, WY FiT W Ak
BT SR T AR KER. KEZE., RNREEAFEE (€3, P<0.05). HAL
B (B 7b), WY Al WI ALFRAE 100~900 um FLEEE B Z32TH T 220%F0 165%, H.
WI ALFEAE 1 000~1 400 pm FLBRAE BZE I T 267% (P<0.05).

R 33 NRE T RARRIELIEE 7L SIS 5

Table 3 Biopore characteristic parameter under different crop rotations at three scales

N3 bl A SLBRE S L KR RIMPUEE FH AR RREAR V5 58 4% B Mean
Scale Treatments Proportion of Length density / Surface area Mean diameter Largest breadth density / (1073
biopores/% (mm-mm-) density / /pm diameter/pum mm-mm-)
(mm?mm™)
KAk WM 6.50+041b 0.86+06b 0.03 +0.01b 1444 £453 b 4792 £ 848 b 7.79 £4.66 a
Large soil wY 16.7+3.22a 1.58+0.27a 0.06 +0.00 a 3374 £ 684 a 8854 £ 1435a 125+3.12a
column WJ 144+4.11a 1.17+0.15b 0.05+0.02 ab 2423 +£363 ab 7359 +920 a 125+6.10a
AN AE WM 1.61£0.36b 0.02+0.01 b 0.04+0.01b 449+123b 1283+ 153 b 293+12.0b
Small soil WY 421+048a 0.06 +0.00 a 0.12+0.0l a 555+37.7ab 2042+245a 73.5+343a
column WJ 434+0.61 a 0.07+0.02 a 0.10+0.0l a 657+111a 2162+497 a 62.0+8.77a
Zif 243 WM 21.6+116a 149+7.01b 0.56+0.19b 109+ 19.7b 242+562b 1365 £426 b
Aggregate wY 31.8+7.15a 26.8+9.31a 097+0.23a 156 £454 a 369+ 67.1a 2006 + 601 ab
WJ 344+ 116a 23.7+4.90 ab 1.03+0.20a 139+£23.6ab 362+66.5a 2445 £358 a

T AN FREFRIRE— RE A FRAE G ERAAE R EEZ R (P<0.05). Note: Different lowercase letters indicate

significant differences (P < 0.05) under different crop rotations at the same scale.

2.3 AR RE TEYFLBRYFIE

RBERET, SREAES AR ERMEHEZES (B 30). 5 WM A
FHEG, WY A W PR AE P ALRREE 52 T 1 119%H0 114% (P<0.05). HIZREN AL
PR 5 FLER FE B EE A 21.6%~34.4% (3R 3) . BAEVIFLIR =40 MM S, WY 1l W AbEE Y
VSRR R IUAR B S )  2 25 40, TTEE AR (B 400, B0 kI, WY b3
LB T3 EARFI A AL IR B B B 3 = T 43.1% 0 79.9%, 1 WI AL EE I AE )
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Fig. 7 The distribution of biopore aperture sizes under different crop rotations at three scales
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