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1.1 R = K HiE 4 IR

WFFE X AL T L P4 I ¥ T (111°65'80"E, 36°0221"™ND,
THERAOE L, ORI L. o R R
BRI 2 XS, TR 12.6 'C, 29T KEL
550~600 mm, A 7—9 A 70%, ERKEN
1875 mm. “FHITFEWN 220d. KIAHIEE ARG T
1992 4, {EPIRHFRH/INE-FOREFRAER, NE—h
BH4E 9 AJKEL 10 AHIHEFRN, 4E 6 ARG, MR
RGP K, FR—MBAE 9 HIRIGR. /INERHETE
A% 77 A, ATEE )Y 15 em. ERATEEZ) 50 em, #RFE Ny
25 cm. /NEEFORBERATF THEMIE SEL TR, K
HH/NE SRR AT N R, BIEHAE N 20~22 cm.
FRKFAE BT A B, (EVIRE AT ISR S ANE H o B AL 3 A
AR ANHERE (CKD 5 FEZEBEHFAE (NPKD ; A HLAE+HE
WAL (OF) o OF ACEEANUAE R/ N EEREFT . K
THE. FRFFHZT R 100 40 ¢ 45 [ EEITR A HER) R T
B, HENLRBEIAZI N 60 do AHUIEF . SR, S B
BIET RN 4500 5024 10.5. 18.5 g/kg. BT A HLAEH
AR S AR T AL A A B e B R AR (e P i, DRt
FATCH U AR 2 215 AL AR AR ) 75 o IR S0 FE AT
AR . /NEZEFE T 60%, FLAY 40%1E NIBAE T/
FIRFEWE . FKZILE 40%, H4x 60%/F NEET &
KRB o B AR A AR . A LA
A, JCiBME. T3 ETEIRE, GBI A R
i, JBARSE AT . BAARIACE WK 1. ANEALEN
XN 45.5m® (7.0 mx6.5 m) , /NX[A]EFEHLIX ZHHE
B, FAbEE 3 RER.

F1 TRLENERER (EXK//NhE)

Table I Annual fertilization rate of different treatments

(maize/ wheat) (kg'hm™?)
LRFT AR JEHLAE Chemical fertilizer HHUIE
Treatments N P K g:tgllalzlecr
ANt No fertilization (CK) 0/0 0/0 0/0 0/0
it A I
Nitrogen, phosphorus, and ~ 100/100  30/30 90/90 0/0

potassium fertilizer (NPK)
AU+ B
Organic fertilizer + nitrogen, 0/0

phosphorus, and potassium
fertilizer (OF)

9.1/9.1 53.1/53.1 2000.0/2 000.0

1.2 #HEEERGIE

2018 4F 6 H, diGWtitX#HZEREE, M E&/
XEE (0~10 cm) JuRENIETZ BIRE KA, AKX
KRG THE 2 kgo W FERT (9250 = T B Ak F AR X
T (FKRELN 2%~5%) « BUAT ERERGE T
5mm 55 3 mm §f, HARE ERERENIER 8 NERL
3~5mm FIFEMAE, 3 AT CT A, Hi5 MHTHE

REREEN . AP EAREREWR . KK T
TR, FARHT A ORGSR T B IFE T 4 CiK
FEHATORAE o IR T L AE T IS AR AP BT
pH 1 H pH i+LAE/KEE 10 2.5 Mi5E; HIEA LR (Soil
Organic Carbon, SOC) FENNFAH 145 1 A 4% iR H 4
ED e s BRI A R E AN E s IR A E
(Cation Exchange Capacity, CEC) H ZFE %N E; H
Bk FaE MM Le Bissonnais ¥EMIE, IR E 1
S EEBES (MWD, mm) &Ko, THEEmE (1)
MWD = i%m (1
K d, NEE i@ DTRMILE, do=di» d=d,.,, mm; m;
NE AR BRI R E B 0 N R E .
1.3 CTHESEGER
FEan A7 B UR [R) 2 4R 5 8 26k (Shanghai
Synchrotron Radiation Facility, SSRF) 58 . IS HUA:
HFHER 32kV, FER 4 um, BEERTEN 1.75 s, FEd
G HRMIRER N S om. 75 G K5 47 0~180°
SRR, AR 720 TR X S EE G . KRR EIGH
CT Program B AT EMGEH, RHIEKEREEES
FIFAFEAL) 800 Tk K/INA 1049x1 049 (B35 ¥ 32 fif
tiff A% UK EE G, Pk 4 8 A7 tiff % UK BE
EIE, KEAETEREY 0~255.
U UG AT DL A1 3R R = AR5 R R mT R4
E WA Imagell. 48V BAF5E . NIEFEAE CT U1
IR 25, 5 Image] B Normalize fir4-5} 1&]
Bt AT A — b . Ry 1B SR A IR, e A SR AR
HIAER Sy 500x500x500 (A7) BEATEUG M. XKL EIE
) A o RS e AT RO, AN R B IER
HRE e AT EUE —EDIE, T OIE SN AERIE,
¥4 3-DMA-Rock M5 LIEFLIE KRG TTESF S5
F, RS FLIREE I SEL, SIS S E R,
AL KB . FLBUSRRIR R, HafLig
TRES () HE PN () Fis:
F= Ij; (2)
o A, NALBREFAARFRERIR IR TR s 4 D9 FLRR IR SEI 2 1
Ho ZFLBUIR RECKHFLER 2 AFEY (F =0.5) « A#
A (0.2<F<0.5) AWEKA (F<02) =K. LR A
K LR ) B AR A S A A R, TRAR R
K2 MH FLER AR AT %200, AT 7T P FLRGUIR S s 45 K
55 %42 P i 2 [R] R 2 P BE B 2 bR s ST a3 LR ) 25 it
o PSR AAR LI 2 5 328 (A1 SR Ak FL Bl g = () RS ek
O A7 T IEFLBR AR FH AL N 28 R AT = A
AHAREOFLBR T 0w o 22 T i PR B Rl
1.4 Sh7EE
FT Gei 4 /E SPSS25.0 HiLL a=0.05 EAT /04T 45
BB EIE EFrififwZE. BT 208 (Analysis of
Variance, ANOVA) FT3RGAFAbHE 2 [A]7E A Ak da e
PEAFLIRAAE T T 2 2 5%, /EEIF Origin 2017 58/%.
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2.1 FEIHEAEALTE HIEE AR M FRAE BT E M

A 70 it A A S 48 = AR B P i 2R 2. 4
20w, HEAANAE 26a 5, M T CK 42, OF 4
P35 pH 42 % FFK (P<0.05) , SOC 5 CEC &#7t
w GRS RS, NP ARFR A B E R T T
13 SOC, 1H pH {H A1 CEC 5 CK 4 FEMI L Z R AR .
EAARAL R, IR ORYRLRI RIS B R
S, UK I AT X 3 R M I R S, MWD R [
Rfaetefabs, HEBK, RUIBIRERE ST
AHFFEF, OF 5 NPK Ab#H H3ER A MWD {85 3%
CK AP435 59.26%5 16.67% (£ 2) , XHIKWY OF
AEREEE T RIETE RS, T RIE RS T AL T
SeLEM I, S5 BT LI R T R R T R S
B, Zhou SR CT HAME FEA [FIF) FH 4EBR i /K A5
TR REE, ARG R, A PLIEHLE
(OF) 5HL (NPK) Ab#+-1EH %A SOC & MWD 4
FR¥IAE T X R AL EE (CK) 4%, JERHAET 26 a ) OF 5
NPK AbHE#4 R 3T T 3% SOC 5 T3 F R M fa e i,
1M SOC J& Al T3 R Bk R B e S50, 3%
H SOC [T TR A5 58 22 4k 1 SR AR Jl s ol 121 50 Ak s 2%
KRR, RET 3T A e gl Fy e v,
2.2 A [EIFEREEZ M R IRFLBRFIE CT RAE

B 1R =ASR A A E 2 4 R ) = T Ak B4R, =
Y B B B B AR A AR R AL AN g R 2
CT H# A PR A, AR R38R T 4 um HIFL
o WE 1 RTULEME Y, 5 CK ALFEAHEL, OF 4b#
- HEFL I X 4% B8 g i b HLAFAE 58 22 4K 1 K FLBR - NPK
AR HIEALRR B CK A ATl m, EinEA K&
OF WhH &, 45453 3, KA REIENE, OF
AbFE I R AR RALER (CHEALE =500 um) LLBS
S LB T S 25 0 0 4E FL B R A S 3 PR, b R AL R
Fefl 5 M LB % CK ACER BB N T 145.71% 5
23.84%, {HFLIREFEL 8.88%, iX 5 Peth 252\ 5T
gE IR, W TR B A A ALt A Ak B 4 3 4 S

2 mm

URFAE . NPK Ab #1338 [ SR AE KFLBR A . LI K
LIRS BT A RES, HERK CK AHAR
F. EFLBIR T T, OF AbEEFH BARS K FLER o5 e
it 85%, # CK AbFE 21.43%, F£W] OF 4b¥ 3%
BREEMFEINE 4. NPK 5 CK WH B LEZEZR. &
A S IR 5 2 W 40 3 M K RS 1 WL G ML e 1 358
K AFLBR G b s, SRS RAHAL, R OF b2
AT DA g 38 5 2 AL BRI B

F2 HIBEEARIBMR
%% 2 Basic physical and chemical properties of soil

g VIR A W5E{E testing value
Soil properties Initial soil CK NPK OF
pH {& pH value 8.65 8.73a 8.44ab 8.40b
SOC/(g-kg™) 4.42 3.96¢ 5.86b 10.66a
CEC/(cmol-kg™) - 5.13b 6.01ab 6.55a
Bkl
Clay content/% 14.63a 14.48a 14.77a
ML &
Silt content/% 27.53a 26.86a 26.64a
(2 A=
Sand content/% 57.84a 58.66a 58.59a
MWD/mm 0.54c¢ 0.63b 0.86a

I AEVNG FRMUEAR LB AELE 0.05 KPHAREER. TH.
SOC: ALK CEC: MM TICHE; MWD: FHEEEE. Fiki
kL. WL R R ARG B

Note: Different lowercase letters mean significant differences between different
treatments at 0.05 level. Same as below. SOC: soil organic carbon; CEC: cation
exchange capacity; MWD: mean weight diameter. The content of clay, silt and
sand is volume fraction.

Bl 2 AR R SO, B ER
<500 gem 0 FEI P, #4435 P SR A BRRAL BT AN B KA
YN CK. NPK. OF; fEZF3UE%=500 um G N, OF Ak
IR SRR B HLBR KT NPK AbFE S CK AbEE. 454
3, FXT CK AbHE, K OF AbHENT T3 SRR AL
P AR S KL SRER AT 7 R 37.16% 55 145.71%,
W OF AbF L3 BIZRAA RALIRA WL R EH . 255
FLBREE, RARFLBRZE DAL AR (B 1) g5 5] AHENT,
KA OF Absn] DAY T A LBt R FLBR T A, P RE
AR -3 WU et T b/ NFLIRD AR Bl & 272,

I

e
W

b. NPK

B 1 ARIAIE LR A = 4 TR

Fig.1 3D visualization images of soil structure with different treatments



5510 EARMGRE: I AE X AR P - P SRR G A A 5 R 1 () B 71

2 CK 5 NPK HOygika 5. oh, ARHK

®3 TRILCEIIRFLBRSFE - -
I NPK AbHE T 3ESLERES i BEAR b 5 CK AR FEAH LEJE W

Table 3  Soil pore characteristics with different fertilization

treatments ©ER
FLEEHFE Pore characteristics CK NPK OF 030 r
AALBE 3.5¢ 5.3b 8.6a —CK
Macropores (=500 um) /% z 025F e S{T’K
/NFLBEZE Mesopores (<500 um)/%  11.6a 11.4ab 10.1b g
S FLBRE Total porosity/% 15.1b 16.7ab 18.7a % 020F
FLEHCE Pore number 26354a  24850ab 24 015b gow_
R 00 750 L S
??JLIJ\'J RYFLREE L A5 19 15ab 9a 'i‘
Fraction of regular pores/% ;} 010
SRR 4oy A
T%MJJ?C FLBER EL A1 b 9ab 6a =
Fraction of irregular pores/% < 0.05
BAC T FLRE LE A5
Fraction of elongated pores/% 706 76ab 85a ok T : .
#5405 Path number 357496  28698c  55876a 1 4 5
g 1y FLER 5 1) ¥ Pore tortuosity/%
ST A 2
Meaj ﬁi%ﬁf;;/ m 148¢ 172b 203a
S B3 RRARLEE b E A
2L . .. . . . .
Mean pore tortuosity distribution 1.87¢ 1.93be 2.27a Fig.3 D1str1but1c{n. of Pore tortuosity with different
FLIE R Pore throat number 8 746a 4425b 3758¢ fertilization treatments
S b |
PR E A 2547c¢ 3 158b 3849 2.3.2 st 3EARARILSLGG BR

Mean pore throat surface/um”

it 2 LM BE R K. R RIE R IE S
Wl K M, XAFTHEDRANEM S 5. A5 FA F b B
TIEF RIS AR 4 FoR, =Rt AL EE
AL (R AR AT R R R IE S A, H =T
2500~3 000 um® =45 B KMl . S5EE%E 3 KK 4,
OF. NPK 5 CK #b B 113 ] S A4 LW 3% Th R P 38K UK
N: 3849, 3158, 2547 um®. ZECHASEIRE AT R H 4
BB R U R m A EIEE, RILATH#ER OF 5 NPK
AR EIRTE T A HEBIENE. BhAh, KW OF 5 NPK 4
HAE 5525 10 39 B R AR LT R AR B R
O3RN 51.12%5 23.99%) , I 53 BRAR T 3 ALk

RISRRRRRRRRRY

FLES ¥ Porosity/%

7
/
7
7
A

AR

S &S S S S $ Wl (B RIE M 57.03%5 49.41%) , KW OF 5
S A N e NPK ACFEIE W I T HHELIR e s rosc, ®
%78 B {2 Effective pore diameter/um B 26 a [f] OF 5 NPK ﬁﬂ}%ﬂ?ﬂ:ﬁé@iﬁ_ﬁ, %ET +
B2 TR LI E A bk 530 MsE 51T
Fig. 2 Distribution of soil porosity with
different fertilization treatments 5x103F CK
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2.3 A[EIHEREALFERT 4 3% F B A B M4 AE RO S0
2.3.1 s REARMKILET whE 9 Rh

AR, TIESFAER TIRT RILBZ 4,
E 5 LR il R DA B, B3 A [F] it AR Ak

w
X
<

N
X
=)

FLMEECE Number of throat

FU LIS i 2 A 0L, e 2 S 3 LR, 7 110}
5 i BN T 2.0 ISEEIN, NPK 55 CK ALEE B R 4R % 4L 0 - . :
I il £ MO ) Sk T OF AL R, 7725 i AT ST B hroat surfae arcamt.
ST 2.0 iF, OF &b U3 4% FL 25 i F (1 A1 0 5

W] & T NPK &5 CK 4b#, H OF. NPK fl CK A&bEEf) B4 RFRRAIZILEL A

Fig.4 Distribution of pore throat with different
fertilization treatments

SRS il BE 4y A 4.4, 3.0 A 2.9, Zhou Z5MIHF 58t
B AE S b 2038 b OF Ab 3 358 HoA 5 K i FLIR 25 o o
G4 3, OF Ab¥ 3% PR AR FLBR P19 25 #h BE 48 CK 2.3.3  xbE3E B BARILIRIEAZ K 0GBk

AbFR R I N 21.3%, RUK I OF AbHEw] DL 2 #n FUBR ) 42 K B S e 7 FLBR (R S, AL 1 i 458
IR R, BRI S A, ERS R My 7 K R IRAVSAR RIS R O SRR .
A E R BT DARE I 1 OF Ak 38 439 = 45 5L Bt K 5 fion, BEEMAEKERRN, =FAFRSEE A+
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B A M 38 R e DS R AR 4 95, Dal 25PO7E R
FLA B 7] it A 5 M) - 338 FL R AR Ak ) 9 P A9 31 12
BAGE S o =P Ak P ) e [ SR AR R AR K A A AE
40~200 um 2 [H], 3517 80%LA I, HH NPK 5 CK 4b#
I KA 43 8 369 5 287 um, 1 OF AL 4]
RARAE>1 000 pm YE FEAIA 7041, WHT OF Ab3 43 ALK
AR L KESIRSLIR 2, HUMEMIMR R AEKIE R
P EMERK AL N, X 5K 1 1 OF AbFE 15 — 4251
MR8 M4, NPK AbHE IR T AT 2Rl
W, HERA K OF HE., Z543%K 3, CK. NPK J OF
A P A SR AA AL BB AR S FE AR YK O = 148172203 pm,
R K OF AbHE T 88/K | A S B % i M 7 T 348 T
NPK 5 CK #b#.,

1.0x10°F
. CK
« NPK
» 8.0x10°F - OF
(=%
e o0
5 .
5 6.0x10°F oo
£ . ®
g
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z .
I8 4.0+10%F i .
EH A
2.0<10%F . e %
ot kY
0 1 . 1 \@mh«n‘ :
10! 10 10° 10

%1% K i Path Length /um

B35 TRERAEILESEZKE
Fig.5 Distribution of path length with different
fertilization treatments
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AW FEIET RS B CT (SR-uCT) BRI A
i AEACEE 26 a Jo IR S AREAT 400, it et (H
WD fEsE GESEE) i, BRI RInTF:

D KHIAR AL 5T, #hfLBRgsii =&
TSR, KRS HLIE (OF) AbERfE
B N4 3E SOC HE HIEM R MR, AR
FEARE T A 38 A SR AR 5 4 1) 5

2) OF Ab¥E - RAFLIRE, RALBRZ., KAl
M. CPFLRRE AR FRFLRRE . FLMkF 3R AR
LEMSHMEEE N, SHIREEKKCY 23.84%.
145.71%- 21.43%. 37.16%. 21.3%H1 51.12% (P<0.05) ;
OF Ab¥ W2 PR 1 LI LI S L3R, —F 8 CK
REFRFEE > BN 8.88%411 57.03%; OF % CK AbFH -1 [4]
FRFEEEEAINT 59.26%, F#FKW OF 4b#Af
BRI IR R R E

3) K BB A IR (NPK) H7E— &R AR
BT RS , B R R IR K AL | LR B
FLMER AL E S CK d#ERHE. K
I, EACEWT T X R B Ak B Ak it HLIE 1 D5 Xk
A7 Al it R HE

FEIREME, R SR-uCT HoARLE & B0 5t T35
GER o S BT T ST B, R Hd AT S8z 1) 3
gitmt AR Pk . B, BTHELCEE CT B #E
RETIEFEA NG ZEE TR, KEET/NCTEIK
HEAR SR IR AR R SR T S 3R R . Thik
23 ) AR S A A A PR ok, CT BRI
AR R AL S, H RS R ) 4 = BB
JREBBIEE XA AE KRS TR ME UNAR 5 YR — ot
OYENERI A B . N EHERG . ARSI IR A A 1S
B, WEAIBHAAR CT HARX 2 RT LI Rl TS 7
HERFH, PREGE RS SR IR A R
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Effects of long-term fertilization on the microstructure and stability of
cinnamon soil aggregates in cropland of North China

Wang Weipeng', Zhang Hua’
. College of Environmenta esource Sciences, Shanxi University, Taiyuan , China; 2. Forestry and Grassland Engineering
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Abstract: Aggregates are the crucial building blocks to form the foundation of soil structure for better soil stability. Moreover,
the pore structure of aggregates can pose a great impact on the transport and distribution of solutes and gases, particularly on
bioactivity and hydraulic characteristics. Many biotic and abiotic factors can also influence the pore system of soil aggregates.
It is difficult to detect the pore structure at the aggregate level so far. The abiotic measures can also be one of the most
important steps to determine the soil pore structure in recent years. However, there is still a relatively large current controversy
on the effects of different long-term fertilization on the soil microstructure characteristics (porosity, pore size distribution, and
tortuosity) and stability, due mainly to the different types of soils, fertilizer, crops, and tillage. Fortunately, a variety of
Computed Tomography (CT) techniques combined with image analysis can provide the three-dimensional (3D) distribution of
porosity and pore size for better investigation of the 3D microstructure of soil aggregates. Synchrotron-based X-ray micro-CT
(SR-uCT) can be another excellent tool for the higher resolution, stronger contrast, and faster scanning speed during
characterization. The objective of this study was to evaluate the impacts of long-term different patterns of fertilization (no
fertilizer, inorganic fertilizer, and combination of organic and inorganic application) on the aggregate microstructure of the
cinnamon soil aggregates in the cropland of North China using SR-4CT measurements. The soil aggregates with diameters of
approximately 3-5 mm were collected from the cinnamon soil with a long-term fertilization trial established in 1992. Three
types of soil aggregate samples (3-5 mm) within 0.10 m soil profiles were selected from each site and then were scanned at
4 um voxel resolution with the Shanghai Synchrotron Radiation Facility (SSRF). The 3D pore structure was constructed to
quantify using the digital image analysis software ImageJ. The locally adaptive thresholding was employed to segment the sub
volumes in ImagelJ software, where the thresholds were chosen using visual observation. The sub volume of 500x500x500 (voxel)
was extracted to reduce the edge artifacts for further morphological analysis. A systematic evaluation was made of the
aggregate water stability and the soil properties. The results showed that there were substantial changes in the pore
microstructure and stability of soil aggregates in the study area after 26 years of different soil fertilization treatments. Among
them, the indexes of soil aggregate porosity, large porosity, narrow porosity, average pore diameter, average tortuosity, average
surface area of pore throat, and Average Mass Diameter (MWD) increased by 23.84%, 145.71%, 21.43%, 37.16%, 21.3%,
51.12% and 59.26%, respectively, during the long-term chemical fertilizer combined with organic fertilizer (OF) treatment,
compared with the no fertilizer (CK). It infers that the long-term OF treatment significantly improved the microstructure and
stability of the OF soil aggregates. As such, the surface runoff was easily infiltrated into the ground to relieve the impact on the
soil matrix, thus making the soil structure more stable. There were similar microstructural characteristics and stability OF soil
aggregates under long-term chemical fertilizer (NPK) and CK treatment, but significantly different from that under OF
treatment. The finding can greatly contribute to quantifying the structure of the unique soil in the North China Plain. The
different effects of diverse long-term fertilization measures on soil structure can also provide strong support to the agricultural
soil quality evaluation and protection.

Keywords: soils; fertilization; porosity; soil aggregates; structure
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