&l L %
Transactions of the Chinese Society of Agricultural Engineering

32k Ho Vol.32 No.9

2016 4 5H

REM CT R A FEHEH R ER R IR A RIS HHE

BOAM, AL, x|EW Y, R BB
(L. P E RN BRI K ORI 5T AT 3 1 R Rl S PRl R S se s ==, e 712100;
2. PHALARMRBHE R R R e, W 7121005 3. PHALRMABH K 2K AR, #¢ 712100;
4, PERBREERKF RS A2, dbat 100049)

W OE: T T AR FIRE R AR T 3 R AR S R (R R, AT SR A A CT HeREH 3~5 mm L35
A, FREUT 3.25 um I3 HERM —4e GG, JEN BT G AR B A R AR FLBR A M AT =, BT T ¥
FE X AR SR (R, N THEARMSE) IR RS M IE . 45 R3RN, PR gl Pk S A0y 8
Fem T LAY S EMBIRAOKEYE (P<0.05) , KT 18R E. SHHIHALBAHLL, AR 1 R ARl
BB, KFLBRRE (3100 pm) o 3K EYFLRREE > BB I T 2006, 23%A1 24%, 173 FE 4k KR40 3 K5 Wi by HEAR 23 a1l e
KT 2%F1 75%, H&HEhr —H M ERNEE (P<0.05) « AN THEARTHFAZRIAN LRSS T ARG (5
LA SN T 70%. 88%F1 43% LA M FRAIK T 4%H1 92%) , HFRERPIAFAEE SN, ZREFE (P<0.05) . 2 JB4EH
30 Mt R At R AR Ak 1 e A A R, AT Dk 2 XA R A R R B R T B e AR, TS AT e SR

May 2016 123

ORI ER 2 5

KA. B3E; BB BMRAIE; EACT; ety HEkE, #1amK

doi: 10.11975/j.issn.1002-6819.2016.09.017
PESES: S152.4 XaktrERS: A

YEHS: 1002-6819(2016)-09-0123-07

B %, TR, XEW, KEE, REE AR CT IRARERK KSR TIRARKMEEEFEN]. Rl TiEF

R, 2016, 32(9): 123—129

doi: 10.11975/j.issn.1002-6819.2016.09.017

http://www.tcsae.org

Zhao Dong, Xu Mingxiang, Liu Guobin, Zhang Rongrong, Tuo Dengfeng. Characterization of soil aggregate microstructure under
different revegetation types using micro-computed tomography[J]. Transactions of the Chinese Society of Agricultural
Engineering (Transactions of the CSAE), 2016, 32(9): 123 — 129. (in Chinese with English abstract) doi :

10.11975/j.issn.1002-6819.2016.09.017

0 31 &

TR R YE R LRI RER AL . VRO LR AR
S R ITTI IR, JERAN A RVREE PR R Wi 1 18
MALERE . REKPES JEIEERSTE, SEVPi 3R
A0 i () R b O A e ) R
T, A 338 AT SR AT B0 R 23 A1 DL S R e M A Ok 1
A S T LS A AR, EI 8 e P R AR A
B SARR AT, JCHOZ R T R A P i S R 1
ZE S, MELADK 23 R 442 e R PR IR SRR +
BRI E ) o A LK ISR . IR R I
WIS, TSI L At ek 2 s N DR g,
N T BRI s b o M B f R B R, i
111y SE N AER S OF A - SR B K, A7 b AT 2R A
W BT R BT 5

Wk E I 2015-12-24  f&iTH . 2016-03-07

RETH: ERXARBEILESTH (41171422); BHEIERLE T /E L 15
(2014FY210100); HREFEEAHFHTH (KIZD-EW-TZ-G10)

fE# i B &, B, R =TI, WA, REAFREE S K&
AT Mg R ERLEBE KR K L AR RERF ST 2 L R - 342 i
S ARO[ 5K S0 Ee =, 712100, Email: zd518pp@163.com
MOBEVER: XIEMN, B, Bk, BEoTR, A, BTy
WA e R ERNEBE KR K LR RERF T 2 L R 32 i
R AR [E 5 5 0, 712100, Email: gbliu@ms.iswe.ac.cn

http://www.tcsae.org

HI 3R R S I RIS R K S e, LA Ry
VRIBRA], AR EL I A R P 5 M PR
AR, DLHSEHUT 2313 (computed tomography, CT)
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1.1 RXEHER

L1 DA I A Rl i N7 5 7 v A I e
(36°43'11"-36°46'25"N, 109°13'46"-109°16'33"E) , Ja& it
TG+ VX, SR AR 8.27 km?. HIFSTIX BT
ST, FFHS 8.8°C, I LEM 159d. L4
P34 R A 505 mm, B RN A B AR 4K HLAE N FE AN,
I 60%LL LIFWAEFAE 7—9 A4y, HFHEKEHN 1010~
1400 mm. 3N E R R E AL, IR

bhie 72, KLWKRM™E, ZHIEHHR AR E TG S)
)2 BRI, R0 SR T S i, PEUES R SE™
RN, S ZaER AR, LI “CEPHEMK T
27 scit, ZXIAESERE/UELWE, HIEAR
PEARIE o h i,
1.2 HHEESHERRME

TERFFE XN, ARSI SR AR . AR DL A 1 ]
FPIRGL,  DLSCRIPERIARZ AR A S5, e s A e AR A
HURMRE TS SOAH IR, BB AR, AERRYYS 23 a I H AR
Hiih Cnatural grassland, GL) FI A T.HEARM Cartificial
shrubland, SL) . [R5 & AH N K38 (slope cropland,
CK) TENXTI . FEHBIEARRAE WIEE 1.

FT 1 HEMEAKH RABW T
Table 1 Geographical features and vegetation characteristics of sampling sites

Vegetation
restoration time/a

VK52 FEIR itk e
Altitude/m  Slope aspect

Geographical coordinates

b3 FEH E TR
Treatment Sampling plots Main vegetation
CK Bl Slope cropland 3¢ Setaria italica
GL FARE L Natural grassland BRATE  Artemisia sacrorum
SL ANTHEAR  Artificial shrubland ¥4 Caragana korshinskii

0 1266 19° 36°44'39"N 109°14'35"E
23 1283 23° 36°44'05"N 109°16'27"E
23 1264 25° 36°44'36"N 109°14'32"E

TE: CKOAXIHE, i, GL b RN, SL A NTHEARM, .

Note: CK is contrast, and it’s slope cropland; GL is natural grassland; SL is artificial shrubland, the same below.

2014 4£ 8 H, 7ESAEHIEEN 3 4 20 mx20 m HF 5T/
X, FERN/NX WA B AN, REELE 0~20 cm +FF.
BN RER G, ARG DU A EICGH S
FERIRA NG, AT 456 2% IBAE PR
DUFEI TRFIRE SO/, Gl B 3~5 mm 1SR A4AE 4 4]
RAR SR B 7O G 3, 3233 it 5 mm 5741 3 mm
i, AT IR E, 5Pk, KT,
FH- e A3 A . R AR e PR Le Bissonnais
PN MeERE AP, R4 S A B EAR (mean
weight diameter, MWD) . 3% E KA )k, Bk
1 RR FH 9 [ 1 7R SCA BT MS2000 3806 1 G 5 5
A WK A TR A A A NG . E CT 4 2 w35
I ARALE 40°C FHET 24 h, FFE TUKHH 4°C FI-AES
1.3 CTHMEGER

T A () A BRI, AN AR EEBEALIERE 3 A 3~
5 mm B MEET CT #130. FRAFES CT Fifilire
IR X SR G B A W s 2 N D' TR ) S B
(BL13WLD) 58, T REREE N 24 keV, 73 #F2 3.25 um.
OGS Ah 1.8's, FEM G SHMIEET 24 12 em. BERE S [
ELEFE G b, FERGAEACTIT AN 0 2] 180°4) 1 liEk ,
HRAE 720 RBE G . SRJEFIH BGIE PITRE B4kt
TRGERE, KHBESBOEEEE#ERAY 550 5Kk KNK
1024x1 024 15311 32 {7 tiff AR EIG, PRl
b 8 A tiff A% IS, KPR G 0~255,
1.4 BEg4bE

T G V) BEAG  Ab B D K 41 58 4R = i 445 4 4wl 4
. E AR Imaged1.48V #AE5e . AW RAR CT
IR UG R 2 B 22 5, B 55 R Imaged #0441 Normalize
i AN EUE AT A — AR AR B kT 38 G 1 LR 4 IS i,
B HY A S A v ) 5 43 500%500%500 447G (R 1.625 mmx

1.625 mmx1.625 mm) BEAT IR 34 o AR MG 4K
SrENE TIEA R T OCHE, AR Sy B VAR I
& AR 20 A 8 S AR KT, O R AR K P 15,
T A F Ry CRAORT A RSk &
fE) « RIEREFRILBR . AWIICK A RBIETE, S
S 1) L 38 FLIR P e 52 R o B AN TR 1 2 B A
BG Atk )E, BIRRN = g5/ nT AiLiE L Imaged
3D viewer fHASEIL (LK 1) &

[, XT3 #0500 AR, FIH 1maged it 4
FFRIRALBRSE - FLBRR /N APA o3 0 4 52 R FL B i
T PEP LY B A LR b 4 4554 <30 pm,
=30~75 um, >75~100 pm F1>100 pmt®, SR 5 2
X (DO RIFABIBR A (F) P,

F-A (1)
A

o A R FLBREFATRERAARI R AR, 1T A LB SR
T FZFLBRIEAR R AR LB =28 JZY (F=0.5) ,
ARFE (0.2<F<0.5) A KA (F<0.2) P, =453 E
AR T R ) B AR S S A R, Y
HHOGRINZA LR, HEEAT 2 5 3 ZH.
FLBR RGP K H Rk B FE(E (Euler-Poincaré, E,) K
Fam s WA B /N D) FL B 2R 450 343 1 ek e 2,
1.5 Fitsah

K SPSS20.0 Zi vl 43 A1 42 X0 AN [ F 4 Pk 52 - 458 141
E RN R A Rl = Ot NS I I 1)
(ANOVA) FiZHELE: (LSD %, P=0.05) .

2 HR5HH

2.1 TREEHRERN TIEBLIER
IBPRtE RS, LR B L T W AL
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(k2> . 2o 23a gk, Lsicbit (CKO AL,
FAREHL (GL) FIANTHEAR (SL) Wdm T A bk
MraE, HPRRER A B 22 B2 . Mk n, &

SEAERHG, i HERRACFR RS (MWD) B
I, AEP AR R AR R ZE R AN B (P>0.05) o ARif
FERR ST R P ST PR R B A2 (P>0.05)

F2 TEEHEETHIEELER
Table 2  Soil physical and chemical properties under different vegetation types

Bl kL Kk Bk A HLRK HE S R AR
Sampling plots Sand/% Silt/% Clay/% SOC/(g-kg™) Bulk density/(g-cm™) MWD/mm
CK 61.7+15a 275+15a 10.7+0.3a 3.04+0.38 ¢ 1.19+0.02 a 1.05+0.27 b
GL 63.5+4.2 a 26.1+3.8a 105+1.1a 4.28+0.21b 1.12+0.08 ab 2.21+0.29 a
SL 63.9+4.2 a 26.0+3.4a 10.1+09a 5.98+0.40 a 1.09+0.05 b 2.31+0.21a

Ee SRR FREROR KA B 225+ 2% (P<<0.05, LSD) , I,

Note: Different letters following values within the same column indicate significant difference at the P<<0.05 level (LSD), the same below.

B 1 RRARARW A AR LR W AR — Ao Z L2 M
Fig.1 2D and 3D visualizations of soil aggregate structures of soil
aggregates under different vegetation types

2.2 TEHABRKILBRERILBEX NS

BT ARG 25 CT G HER N 3.25 um, JITLIA
AR KT 3.25 um [MFLE. MEBKE S, GL Al SL
Ab P ) 25 B s T T A SR A S LB, 23l iR CK AR
P T 20%F1 70% (£ 3) . i) GL Al SL Ab¥E 3 [ 2R

PRFLBR A 22 0D, 23 k> T 68%F1 62% (£ 3) .
Bl 2 ShZead G BT A3 2 0 AN TR AR A - S8 P SR AR FLBUR
INIIATARIL o 24 B FLAE>100 gem FRIFLBREE (31 R FL B 1
83%0LL I, H GL F1 SL 4bHi%: CK AbEE4: I3 & T 23%
1 88%. X5 IR 4R = 4E &5 i B s —3 (K]
D o X F 4 mfL42<30 um F1=30~75 um 15 2 FLIR,
PR R A i 5T A B S N TR b, SR SL A B gk
DFREE T GL ALEE . EAR PR iR Mk S X L AR
>75~100 pm HIFLBREE KT CK b3, HEZERA
B3,

10.0 ¢ 0CK BGL mSL

FLBEJEE Porosity/%

30 =30-75 >75-100
i fL{Z Effective pore diameter/um

1 CK. GL F1 SL 43 B A SRi L . RARFEHIR N THEAR . AR - RERORTE
P<0.05 /KT EEREZE, TFH.

Note: CK, GL and SL represent the treatments of slope cropland, natural
grassland and artificial shrubland, respectively. Different letters represent
statistic significance at 0.05 level, the same below.

B2 FEAEER B RARILIR K oA
Fig.2 Pore size distributions of soil aggregates under different
vegetation types

2.3 TIEABRIKFLBRFZARGFIE

-3 FLBR AR S 2 -3 (K R ERS, Jn L
KA FUBR i T HA K FLEER AN, A R T /K 0 S,
WIAEAE, T e A AR K 5 2. Rl Pk 2%
R - B RARFLBRIRES IE W B 3 B, AR 2
MU T BERARSFLBUBAR 20 A o 98K AR LR A 1 358 [ 2R 4k
FLBRI FEZ, T LB KLk 81%, H GL Al
SL AbFRAEE CK AL 43 sll4d i T 24%H1 43%. 1 FiL I 284 Al
ANFROU LB AT FLIRE 00 A S i dse X 5 1
MER LG8, BHE R R, T R k=
AT L A AN I FLBR, IR R A AL
g A
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B3 TRRAEAREA 3% A RARILRT KA
Fig.3 Pore shape distribution of soil aggregates under different
vegetation types

2.4 FLIREHIM D RERFNEBRSE

h T HE L b SRAE 2R A L B &5 A4 11 52 A% S5 R S
P, RLBINTILREES L SR BR PSS
& 3 wl%n, HIRARFLBREE WM o e 4E 5oy 2.77~2.89
2 I8], GL FI SL b4 CK ALER)» AL T 2% 4%,
A LR S s T IR R AR A b, (A
RN ZefIRa5E . GL FI SL AbFR R RRRAAE A T
CK A3 (P<0.05) , 43JlJds> T 75%F1 92%, W 1
WRAZAEHRE T BIRARFLBUE W e s, BRIk 7 F
PRI . BeAh, o RFLBRAT LB A2 T 82% L) I,
LB P I LG AN T O (363D, — 7 TR A 2R
PR FLBR I 28 2 v FE ST 1R, ) — 9 TRUE— 20 00E AR B
PRILNS R ARFLBRZ5 A IR S R

*3 TREEHTEARKILREREHSH
Table 3 General properties of soil pore network of aggregates
under different vegetation types

pon matme TR ey gy AL
Sampling Total Fractal Euler e
number of 3 Largest pore/

plots  porosity/% pores/10° dimension number/mm

volume total/%
82.1+4.9b
87.4+2.8ab
94.2+2.3a

CK 13.940.5c 20.5+1.2a 2.77+0.0lc  2.3+0.5a
GL 16.7+0.6b  6.6+0.7b 2.82+0.02b  0.6+0.2b
SL 23.6£0.9a  7.7£1.4b 2.89+0.0l1a 0.2+0.1b

3 it it

PR R et 7 R 3R T, i b g R G
(RREA S LIRAS IS . AT RAFIA IS5 K 4 fe
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KRR 2] L3, $m T BB & &
I ELAE3E 398 SR AR 1 B A P ™, ATt
sSSPk R I TR AR AR
M2, AEFFHRAE LI K 2B AL RE D 1, 3 K
LHEAE N, LEAATR AL BT PRy
JE EAR (MWD) EECR, BT BRI E Phlids . R
RGN TREAR S P T LR PR AR ENE (R 2)
(I PRV S 2 1) JF8AT % 22 5% (P>0.05) , WL
AT I S A R AR E M e 8 S et S SRR 4%
B, SRITA ) R4 S AR AR A B A 1) St i) LB
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B4
Fig.4

BREARMKEIRE L 5T LR A BB 0 X Z
Relationships of total porosity of soil aggregates with
fractal dimension and with Euler number
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Characterization of soil aggregate microstructure under different
revegetation types using micro-computed tomography

Zhao Dong™*, Xu Mingxiang™?, Liu Guobin**, Zhang Rongrong?, Tuo Dengfeng®
(1. State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Institute of Soil and Water Conservation, Chinese
Academy of Sciences and Ministry of Water Resources, Yangling, 712100, China; 2. College of Natural Resources and Environment,
Northwest A & F University, Yangling, 712100, China; 3. Institute of Soil and Water Conservation, Northwest A&F University, Yangling,
712100, China; 4. College of Resources and Environment, University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Soil aggregate microstructure is a crucial factor that affects various soil physiochemical and biological processes.
Vegetation restoration is expected to improve soil microstructure, yet little is known about the extent of changes in soil
aggregate microstructure. X-ray micro-computed tomography (micro-CT), in combination with image analysis techniques, can
provide three-dimensional (3D) data of porosity and pore size distribution, and is therefore useful to better investigate the 3D
microstructure of soil aggregates. The objective of this study was to evaluate the impacts of different revegetation types
(artificial shrubland, natural grassland and slope cropland) on the aggregate microstructure on the Loess Plateau using X-ray
micro-CT measurements. The sampling sites were all located close to the top of the loess mounds with little difference in terms
of aspect, slope gradient, elevation, and previous farming practices. An area of 100 m x100 mwas randomly selected for each
site and within this area 3 20 m x 20 m plots were selected for sampling. Three samples of soil aggregate (3-5 mm) within 0.20
m soil profiles selected from each site were scanned at 3.25 um voxel resolution with SSRF (Shanghai Synchrotron Radiation
Facility). Segmentation of the grayscale slices was performed using automatic Otsu thresholding algorithm, and the threshold
values were carefully chosen based on visual observation. To avoid edge effects, the sub-volume of 500 x 500 x 500 voxel
(1.625 mm x 1.625 mm x 1.625 mm) was extracted for further analyses, representing an inscribed cube of the aggregate. The
3D pore structure was constructed and quantified using the digital image analysis software ImageJ. Aggregate water stability
and other soil properties were also evaluated. Results showed that soil organic carbon and aggregate water stability were
significantly increased, while soil bulk density was significantly decreased under both revegetation types (artificial shrubland
and natural grassland). The surface soil texture showed no significant difference for different revegetation types. The total
porosity of the aggregates was increased by approximately 60% and 20%, but the pore number was decreased by about 62%
and 68% respectively in the artificial shrubland and the natural grassland compared to the slope cropland. Vegetation
restoration affected the pore distribution of soil aggregates, which on the one hand promoted the proportion of >100 um large
pores and on the other hand decreased that of the pore size classes of <30 and 30-75 um. Revegetation significantly changed
the pore shape of soil aggregates, with a shift from regular and irregular pores to elongated pores. The fraction of elongated
pores was dominant in all soil samples (on average 81%), and the order was artificial shrubland > natural grassland > cropland.
The 3D fractal dimension and connectivity of soil aggregates showed a higher value in both revegetation types, suggesting
pore system was improved after vegetation restoration. The total porosity, macro-porosity (>100 xm), fraction of elongated
pores, fractal dimension and pore connectivity were significantly higher in the artificial shrubland aggregates compared to the
natural grassland aggregates, indicating that the soil structure of the artificial shrubland was more developed than that of the
natural grassland. That may be due to a higher organic carbon content and more developed root system under the artificial
shrubland. The 3D fractal dimension of soil aggregates showed a curvilinear positive correlation with total porosity, however,
Euler number showed a curvilinear negative correlation with total porosity. The fractal dimension and connectivity showed a
high sensitivity to the change of soil structure, and thus could be used for evaluating the soil quality during the revegetation in
this region. These results from this study can help understand the soil processes and may be used to quantify the effects of
management on environment. With the development of computed tomography, it should be widely used to investigate the soil
microstructure in more regions; and moreover the process mechanisms of soil aggregates also require further investigation.
Keywords: soils; aggregates; image processing; micro-CT; microstructure; revegetation; hilly-gully region of Loess Plateau



