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& E: WX RARIE M AR, ARG RN A A RS R R, A SCRI IR k4 (REOs ) 7tk
A, = AR, ARG EKE (50% KR (T50) vs. 100% HFHEE7KE (T100)) FRRIERREL (0
W 3WL 6K 12 UCF1 20 IR ) XFRISRMARIAR M . I AR (MWD) DL R R G R sm . 255880 Wl—
VIR SR, BB RBIEFR AN, MWD, >0.25 mm #1<0.053 mm 1 Z A& 5 B E R, 0.25~0.053 mm H R A5
HRFHI (P<0.05). 6 WIHEEMEIFG, T50 4bF R MWD S35 T T100 4bBE ( P<0.05), 5~2 mm F1<0.25 mm FZR{A
TR EZES . B 5~2 mm BERIRSN, TRAMEAEIE T, AHAIRI AT SR 2 (8] JA 6 51 R 80 o el — RS R R BT, 5~
2 mm IR 0.25~0.053 mm FHRRAYBERFEELE T100 403 N B3R T TS0 4b3 ( P<0.05 ). HRAEFAESE T>0.25 mm
BARRBERER<0.053 mm BIRIAMEZ, £ K 0.25~0.053 mm HRAKR B, HEIEFREFET, MWD 58042 H B4
S o TG, 5 A X A 2 2 SR G (P<0.05 ). Bl R AE PR BUABE T, 45 kA58 [T SR A RV g s i) 2
Ham (P<0.05 ). [Fl—VRAMEPR AT, >0.25 mm WIERIRAY FFZAT )5 T<0.25 mm AR, T100 23T (1 141 5 (4R 8] e fisf ]
0T TS0 A3 (P<0.05). 45 LRTA, VREIEER IR 1 ety b 5 7K f 3 1 5 i A SR AAHE B et R el 28 - 4Rt 4y 1
FarEte. AL AT Ry iE— PARFE RGN T 8 1 A5 A PR R
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Guangxi 541004, China; 2. Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China)
Abstract:  Objective To elucidate the effects of freeze-thaw cycles and initial water content on soil structural stability, rare
earth oxides(REOs)were used as tracers to separate soil aggregates formation and breakdown processes. Method REOs-labelled
soil was reformed and investigated herein. Two initial water contents(50% field water holding capacity(T50)vs. 100% field water
holding capacity (T100)) and five freeze-thaw cycles (0, 3, 6, 12 and 20 cycles) were involved in the simulation experiments. Soil
aggregates distribution, mean weight diameter (MWD), and the aggregate transformation processes were measured accordingly.

Result The results showed that freeze-thaw cycles significantly reduced MWD, > 0.25 mm aggregates and < 0.053 mm
aggregates proportions, but increased the contents of 0.25~0.053 mm aggregates under the same initial water content. After 6
freeze-thaw cycles, MWD was significantly higher under T50 compared with that under T100 (P < 0.05), but there were no
significant differences between the contents of 5~2 mm and < 0.25 mm aggregates. Except for 5~2 mm aggregates, more
intensive transformation between neighboring size aggregates was observed during the whole simulation experiments. Under the
same freeze-thaw cycles, the transformation proportions from 5~2 mm to 0.25~0.053 mm aggregate were significantly higher
under T100 compared with T50 treatment (P < 0.05). The freeze-thaw cycles promoted the breakdown of > 0.25 mm aggregates
and aggregation of <0.053 mm aggregales, thas leading to the accumulation of 0.25~0.053 mm aggregales both under T50 and
T100 treatments. Also, MWD was significantly positively correlated with the relative formation of soil aggregates and negatively
related with the relative breakdown of soil aggregates (P < 0.05). Soil aggregates turnover time remarkably increased with the
freeze-thaw cycles (P < 0.05). Aggregate turnover time of > 0.25 mm aggregates was higher than that of < 0.25 mm aggregates.
Comparatively, the aggregate turnover time was significantly higher under T100 than that under T50 with the same freeze-thaw
cycle (P <0.05). Conclusion The freeze-thaw cycles and soil initial water content significantly affect the soil structural stability
by laying affects on aggregate formation and breakdown processes. The results will provide a theoretical basis for further
exploration of the structural changes in Mollisols under freeze-thaw cycles.

Key words: Freeze-thaw cycles; Aggregate turnover; Mollisols; Rare earth oxides; Soil aggregate stability

P [ s 40 P+ R i AR A 1 853.33 JT AN, HidFErh, >0.25 mm A REEEW/N, <0.25 mm

UK T A ELE 14 BRCE RO 1/3 1R o
H, BMEEEZRETeNcRmaa M HE, K
1 et B < T R R A A O S 08 + 4
GhikgAs 5 20 22 80 ARCAHLL, B XHHE
1 A AR AR B K (2 il R ) B AR
ZARAb X b S A, A BRI ZEKR, VRAE
WHG W, dt— S mn L aEgs i Wik, wo
TR AE PR T A 545 48 1) 20 2578 A ok BEL 478 2 4 M iR
fo. FETHBkMb T B R X

398 A R AL S R S bR, HE
FasE v B R R HE T REDT . A R R AR Tk A
BIKFH R ER (MWD) #AF, KEFRED,
R R AE PR U EIORT 3800 4 5 7K B2 5% i P SR AR A2
YA MWD 9 FE R RS BT LA
PEFRIRI, T SO A I 1 i 2 v v R A 4
>0.50 mm FIREE R/, <0.50 mm AR5
Hahm, MWD R ; 1 Wang Z5PHRIETE 9 YA Rl E

IR, MWD 238/NE# 5 BT RE. X
2 U0 G S X B A H, gad 5 YRR Rl D)
J&i, >0.25 mm PRS2 MWD ¥ EFEEFFL. X
e B AU I gy — 3, SRR 30 WRZERLIE
IR B A VR ACEC B N, >1 mm R AR i
0 EEREAR, <1 mm FRIR S & WA, S8 MWD
TR, HixIRHEE IS K& B3 g im . i
Ay AR w1 SR - O IE R, AE 50% HH R HE K
WA, BEE GRRRKERIRE N, >0.25 mm AR &
SR ER I, MWD 2B LT 7E 100%H
EREK AT, B RARCE 3 N, >0.25 mm
ARG e, MWD B3 k. Haj, g
P4 it = HE4) 4y 157 7K 2 AR TR A B Y B0 e 7 5 I S
W, AT 2 R AT 4 58 P R AR AR 43 A R AiE N
MWD gha&454k, 20 T IR AE T H R RE
DI S O h A I VR 7 i s 5 w2 D)
BAAR NFEIR BB
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FTS -+ A4 ( REOs )5 +-HErh 15 B FE 1
B 5 B PESRIO 42, DRGSR R B X
53 PR ATE ORI . A 43 07 11 2R e
SLRO R REOs /REREAR, BIAJERHIT
B AL 0 20 A+ R PG
SR B SEIRLIE AN BLO VA0 2 L
BUEPER R IR AL W0 LR o B B 5T
LT BRSBTS L
FE UG R, BUER AR RS
ORI IR R R Fe B, 220 T SCBRA AL T
L SRS R CHVRRIRIRS ) AR . A
SCHARIA REOs ZRBRHEA , AR R kit T
VTR 5 U 8 L O SRR3R MWD
O, PR PR S T B . BT e
FIBh A S L LT, TP Sl i
VR EE T 3 2 AR

BB

1.1 i

AR A R VAR T (] S8 S ARk A O I AP 5 3y
(47°26' N , 126°38'E), fi TRILITA AR
i, HiAb /N2 ) A T S 0 L A, e TR
M X R 2k o AR Y SR ORAR 35 ROBUR 4 0 R
1.5 CH12450 C, FEHFEME N 530 mm, FHH
HEH 2 600~2 800 h, JCFEWIA 125 d, ZFE1PEGZE
KRR AR 11 AR ZRB4E S A T4, )=
REHEREAN 160~230 cm!?, B4R AL
100 cm® 3R T RERZFAR L (0~20 em), -HE
AR 5 A I A2y 1 2 B RO AL 25 2 B b o
TP . SRR I BREAY (—33 kPa ) 5 HH )45
Kk, HETRE A E . AR SR 5 A EUR

5 mm 45 . T35 2 mm B 5 I G A IR
Ji, pH KA 1:2.5 +/KHEAEMNE, 585
K WA VAN R, A HILJTR S R AR Ak
ME . HHERAR TR PE LR 1.
1.2 REEiEt

(1) # HE Y bric B 4l A . AR
EKJ lﬁlﬁﬁﬁi’ﬁﬂﬁ% La,05. Smy0O5. Nd,O5 il Gd,0;
Bt g E LA I AR A L, LA
>99.99%. REOs MY F-# E % (D50 ) 4 3.2~5.2 um,
Wik %N 6.5~7.6 Mgm >, +HEHH+EkY
La,0; . SmyO;. Nd,O; fil Gd,0; 1§ 5 1H 43 % K
41.72 mgkg ' 7.7 mgkg ' .28.58 mg-kg ' F16.49 mgkg ',

AW R IR AR ie 1) Hp R 4
AW B BRI R 500 mgkg ' LA La,O5 M|, 45
e 5000 g, AT 2618/K 1 1020 g, M4 3800
HEFREL 2.5 g 1Y La,O5 1 500 g 288 /K it & A W
YIS Wit T Rebric i B3, R 0 2 Ui Pem
e JE e A rp GRS B R R K R 60%, 3
Ahric HHEA B YR TR SR, 7R 4C4K
PR E 3 d LMK A, J5HBUROA 40°CHEA
gk 48 ho i 5 mm i, 153 La,Os bRic iy H4F,
it Elliott MR HfiAT RIS 1Z 0 FARic i AR [RIRLAR
AR VRIH T IE K 50 g MET A9 3 (5 5 mm )
MR T IE TFE 2 mm HAAH 20 cm 6 |,
TEZERK TR 5 min, K0T L TED, WEN
3cm, #F N 2min N 50 K, ZEshgER)E, RETE
i T L AR N 5~2 mm FAIRAK 85580 43 1A
PSR Y 0.25 mm, 0.053 mm BT 7, ZEhT
HAHE, RKAEF] 2~0.25 mm, 0.25~0.053 mm F
<0.053 mm Y P RAA . AR &R AR TR AR TITAE 40°C
THET 240, FRE,

, - . _N fiath
G, R RESAIIREN ARA TR MWD =3, === (1)
F1 X HIREAREBUMR
Table 1 Basic physical and chemical properties of the inuestigated soil

EERiIRT FH ] 437 7K A W hE Hy ki Bkl
T Al

soil organic carbon/ pH  Field water capacity/ Soil bulk density/ Sand/ Silt/ Clay/
Soil type

(gkg") (grem?) % % %
22 1 Black soil 34.76 6.78 34.00 1.25 9.87 54.33 35.80
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K, MWD R e HAE, r B i LR
(mm), ro=ri, r=re, wi RS i DT BRI
R R E

HoAth A £ 50 R bR ic i 38 P B R R 42 By
AR B EUEEATR REOs ARic I R4, Fr
FIFARYE JE G R S R AR R A L E RS
Fl—ASF AT, FTRISE] (A) PL Nd,O5 MR
i 5~2 mm FRIE, (B) LU La,05 AhRiCH) 2~
0.25 mm HIERME, (C) LA Smy0; FricH 0.25~
0.053 mm F1 %K ,( D)LL Gd,05 AHRICHY<0.053 mm
FRAR Wm0 B PRR%3 A PVC 14
h(EHBEN S cm, mEN 3 cm), BEHIAEER
1.25gem™ (F 1),

H—. ELE
Step 1: Blank soil

% 25 REOshric [t £4£(500 mg REO kg soil)
Step 2: REOs-labelled soil(500 mg REO kg soil)

?B W iiiiﬁ’fr%/f}?
Step 3: Aggregate separatlon

wal
1

MO

B:Nd,0O, B:Gd,0,

B:La,0;

UL EA AR
Step 4: Recombined 5011

F: A, B, CfID4r5IMtE 5~2 mm, 2~0.25mm, 0.25~
0.053 mm £1<0.053 mm A Z /&, Note: A, B, C and D indicate 5~
2 mm, 2~0.25mm, 0.25~0.053 mm, and < 0.053 mm aggregates,
respectively.

K1 e bRic e R A R
Fig. 1 The flow chart of the soil recombined by REOs labelled four
different aggregate fractions

(2) = N EREEPA RS . JE T AN A M SE PR

SRR TRE, R T 2R R R aA K, BP
50%F1100% H [ FF K &, 433248 T50F1 T100.
FH#E I PVC M) ( HE#85ecm, =3 cm) A
BB E KR, Bl PR EERRRE 55, P Sk 78 DR i i
EAUNMUR RS . Z56 Y LR IRTOR, X
B URGSIREE N-15C, fVRIREEAN10°C, 2 PVC +
AR IR SR A4 CF- M52 h J5, HERE e 2
—15°C'F11 h BRI S, SRIGHCETELI0 C 11 h
Bl RIS, UREIFNF-5 7K 53 I [A] — 3224 h,

VR ERRAE IR o T UK VR Rl Ak 3 FR O R A b 7
K RIS B E IR & K & 5 SR AlIG PR Ak
B, A0 3K, 61K 121K FIR20IK R RG34
AR EIANELE, 4304 PVC £4E. 51
FEHE0. 3. 6. 12FR20RIEATRALE, WA BB IR
IR I3AS PVC 4, JE A 40 CHERHE T & .

1.3 $5ERE

(1) i A Ao B2 B9 5 o A SCARL A 3R
PR B 0T A Y DN E R B A YL
0.125 0 g BRI R LRI T, SRIE A 1.00 ¢
ALY (NayO,) IREIFERMIIEE 025 g
Na,0,, HT 700°C 5 i frr b fRIE ML 15 min, FF¥2
HUE NI g I 0, SR JE A HOA BT FAOK
MIBEAR TR, BT 350°C 1 HL AR E AR AR 3 he 12
A, MEEE ST, Bt R PivE ik
B A WK 250 mL 2, 1% (i 20 40)
fiffiz (HNO; ) MEUiiE B ARNA 2 mL ¥
R (98% ), Z&MHKE R IR RS 10 ml 75 2 850
B, mERAE, LHRBERS SR TR BE L L
( Inductively Coupled Plasma Mass Spectrometry,
ICP-MS ) & .

(2) i LA DT FRid IR T
RAE REOs bridid REmIA R0, RITEN 25 1358 5t
EAYIERE b, HAE/EIEIF AT REOs S5 500 mg-kg
AN FAE O ARic TSR R, AR R
T LAY R BN

i L IC R AR IR AT ANT

%100 (2)

LRy = 1€ —CBC

A, LR APRICH R R B A dsic meE (%)
LC Mtric)m T3 REOg FUHEEE ( mgkg ™), BC %u
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AC N 3R T 2 19T Sl B RTR Ik FEC A
SE RN BE S 500 mgkg ! ).

T 0 [ R VO B 0 5 4 AN Big% N REOs i
5 RTPRIC 13N REOs JE & B8 Y HAE .
Horfr, MRS AR H R IA N REOs &, RIh
REOs SZFRmg & f, @it EHLIE REOs e 5
BB R 45545 h A R IR B ) H: REOs # 1
HRNVR 5% f5 £ 3 b REOs 9 5 5 o 12 07 [] Ac 28k
=, JWLH REOs 5+ 80k 45 & BE fy fis , Ui
BRiC 7 2 7E S 22 R Al A8 b BT ARG F SR IR R
AR T 5

F0 5 48P REOs TR MR (% ):

> wixC;—BC
= (3)

WR(%) = =5 ——x100

K, WR MR E -3 REOs AR (% ).
w; R 5 A A SRR R B L) (% ), CoMIR i s
REOs 7¢I BIR PR (mgkg '), n HARAESS
B (n=4),
1.4 HFREEAEER

AHISY 2 M Peng 25 IREOs 7% 5144 A1 5 1k S s
SRR 7 PR A T s e e B FL R st g o1, B
4 FloREERARRTEIRIE (B 1): A (5~2 mm B
&), B (2~0.25 mm FI &), C (0.25~0.053 mm
%K) D (<0.053 mm HIRAK ), Qi 2 B,
4 Fh AT RARAETE 12 S5 B6A2, 43 5 R R Ty ) /)
a~f 6 PR AL K 7 0110 g~1 6 Fpigis, i) ¢
ZWFE] £ Z 8] 09 £5 38 1T DLESS A B B B K
(-t ):

l-a—-d-f g J /

a l-g—b-e h k
K(t,-1)= (4)

d b 1-j-h—-c i

I e c 1-I-k-i

KL, K(trt,) WA, B, CIDM ¢, 2, ]
B E o3 b B AR 1R .

R ARDE (BD) 8B (BU) L, # £ 4
BRIl AL B, C 4140 R BE [ 4y LSk in R

BD(A) = (a, —a,)+(d, —d,)+(f, = f,) (5)

S 61 &
BD(B) = (b, —b,)+(e, —¢,) (6)
BD(C) =(c,, —¢,) (7)

(81, =& )xmg +(jy, = Jy )xme + (U, =1, )xmy

BU(A) = -
A
(8)
BU(B) = (ht2 _ht, )xmg +(kt2 _kt, ) x mp (9)
mg
BU(C):(itz _it])XmD (10>
e

A, ma mg me W omp WA RIK A, B, CHIDH
WG Bt . TERERE Ty, Tl ( BD<0) R/ AHXT
THIR S B AR BRI, T E(E R ( BD>0)
HRBE, RSO L, IEEERR (BU>0)
A TR G 550, BRETEZ, MififE (BU<0)
FRMERE

S HRIRI 1 2 6 BRI N Y J A% R (TR ) R

|%—%£ﬁ%%—%+@)

TR(A) = (11)
L4
g, +b +e —(g, +b +e )
TmmJ“ B B (12)
L=
Jj +h +c, —(j,. +h_+c, )
TMQJ” B L S Sy (13)
L4
TR(D):P”+k”+AV_@2+h2+%) (14)

L4

VL SR A 114 o A T T Ay G o) A S 3 0 190 2
1.5 HiEAbE

KHI SPSS 20.0 ZEit 3 M A S 207 22
43 #7 (One way-ANOVA ) F1 Duncan 7 #4748 [F] 4k
PR AN [FH8 AR Z 18] 4 22 5 B & A 3 (P<0.05),
Pearson A6 I~ 24 5 5 B A% 5 WA SR AR AH X e 5 9E
A B9 AHSE R % (SPSS Inc., Chicago, IL, USA ),
KA Origin 2017 ( Origin Lab, Northampton, MA,
USA) ZxRIBAF AR, BIR b8 P 5 E+
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PRAEZE o

UOTIBIIIOH };{»

—~umOpNEIY TR

. A, B, CHl D25t 5~2 mm, 2~0.25 mm, 0.25~
0.053 mm F1<0.053 mm A M, Fhf a~f JRWIERKE, g~1 2
U4 . Note: A, B, Cand D stand for 5-2 mm, 2-0.25 mm,

0.25-0.053 mm and < 0.053 mm aggregates, respecitively. The
letters a-f are breakdown directions and g-1 are buildup directions.

K2 PRI 5 At

Fig.2 The 12 possible transformation pathways among four
different aggregate size fractions

MR A, La,Oy A BRI [l i3 A i [l i 2R i
% S FRRE S , La;0;. Smy05. Nd,O5 Fil Gd,0;
BRI MR 25k 83.77%~129.80% . 89.26%~
123.88%. 91.52%~115.02%71 84.83%~116.40%
(£ 3), Fl—WHEKET, LayOs Fll Nd,O5 [ i
(TSGR AE TSO AL B R 5 12 YR R Bk 2] i s {543
Sk 129.80%F11 115.02%, Sm,Os IR FH A1 R AE
T100 4bFE R 55 20 YRR AlAE R 5 2 i = {E 123.88%,
Gd, 05 F G575 [ 28 7E TS50 A0 3R 45 20 IR Rl IE 3R
RE R E 116.40%, Al —VRELTEARELC T, TS0
AhPETR LayO5 (R 0% MICR KT T100 AbHE, i
Gd,O5 AW [P A AR fb R 3 5 22 A R

*2 HISEWWIRICEK R E R

Table 2 The labelling recovery and wet sieving recovery (%) of

REOs
N % o %
2 4B REO. Fic iR I Wk e
Labelling recovery/% Wet sieving recovery/%
2.1 REOs 510 U R 538 1% @ U & La,0; 62.87+4.86 91.23+1.09
ERSEE LR toR L TR TE E N (R SO 0324194 997334
WORN 62.87%~86.21%, MBI IR N 91.23%~ N0, 86.2124.06 101.32+1.16
101.32% (% 2)o Firt, Nd,O5 BYFRIC i 231 G40, 7234328 2024+4.18
*3 ARLETHLT YRR E
Table 3 The wet sieving recovery of REOs under different treatments
VRRLCER T i %
GO
Freeze-thaw Wet sieving recovery/%
Treatment
cycles La,0s Sm,0; Nd,0; Gd,0;
T50 3 95.54+2.30Ad 97.93+£2.67Ab 95.61+3.10Ac 94.49+2.29Ac¢
6 103.77+0.76 Ac 99.88+0.33Ab 92.81+4.28Ad 99.80+0.82Ab
12 129.80+3.08Aa 110.73+£3.28Aa 115.02+3.91Aa 114.41+4.51Aa
20 109.22+4.05Ab 112.66+1.86Ba 103.27+4.44Bb 116.40+£3.03Aa
T100 3 88.27+2.91Bb 93.2244.43Bc¢ 91.52+6.13Bd 84.83+6.40Bd
6 84.48+3.33Bc 89.26+2.12Bd 94.00+4.24Ac 92.26+4.10Bc
12 83.77+2.94Bc¢ 110.14+7.61Ab 104.23+1.59Bb 108.76+5.41Ba
20 96.06+4.47Ba 123.88+5.77Aa 113.23+4.80Aa 102.15+5.78Bb

e TS0 fUR E AR KR 50%, T100 3R A2 MR KEA 100%. ANIFKE FREN R —URaiE R BT, ORI R &K E
APRIAIAE P<0.05 /K-F22 R BAT B AR/NG PRy — LR IR KA BT, AR GRS BE 7E P<0.05 K22 5 HAT
WM. TR, Note: T50 represents 50% field water holding capacity and T100 represents 100% field water holding capacity. Different

capital letters indicate significant differences among treatments with different water content ( P < 0.05), and different lower-case letters

indicate significant differences among different freeze-thaw cycles ( P < 0.05) .The same as below.
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22 HFRERNEAREHESHREKBELEMN

A

Rl OE PR AR T >0.25 mm AR R
<0.053 mm SRR & &, HIN T 0.25~0.053 mm
HIRIRR & (P<0.05, % 4), 7£ TS0 ZbHE T, 5~
2 mm AT SR A B i B R RO BR R ER A B I R AT 5 5
50 HHEL, 5~2 mm Fl 2~0.25 mm B RAE 524
BITESE 6 RIS 3 IRIRRIIEA T B ERRILT 63.4%
F113.1% (P<0.05), 7£ T100 AL B R, 5~2 mm Fl
2~0.25 mm PIRIKE LSS 3 IRVRAE PRRS 1 3T
B (P<0.05), HRIEME 0 ALY 52.4%F
78.9% ( P<0.05), £ T50 A1 T100 4ZbFEF, 0.25~
0.053 mm HIRIELES 3 IRIREIGEIAAL BT i 351
i, HE A 0 AR TR Y 1.4 %5 117<0.053 mm
ORI 2 FEACE B AR b e (P<0.05 ),

] —RRE PR AL BT, 5~2 mm B BIESR/AZ +
R iR &K AR E m (P<0.05 ). AHLELT TS0
AhER, 2~0.25 mm FERR & AR T100 ZbHR T R
FONEIZL 50 WML, 25 20 IRIGRIE A S, 2~
0.25 mm P B EH7E T50 F1 T100 23T 43 51 K F%
T 6.6%F111.5%.5 T100 4L A H ,0.25~0.053 mm
AR 5 IR e TS0 AbHE R &5 5 0 AL,
283 20 IIHR GRS , 0.25~0.053 mm R A S
TE T50 F1 T100 Ab3E R 435038 fin T 18.4%F01 17.7%.
TEER 6 IRERREIRA T, AHELT TS50 Zb#, <0.053 mm
R RLE T100 AbFETF T REEIEIZL (26.7% vs.
38.5% ). AMATI T, TS0 Al T100 4bEE N MWD Fifi
R PR U ER R 15 ik 2 AR ( P<0.05); [A] — VR Rl
Wi, @& KE (T100) 4B MWD 48
]

R4 TERLET LIRFARKKZS%HF MWD

Table 4 Aggregate size distributions and MWD under different treatments

RR AL W R ok 43 A1 o

bust S e EAR

Freeze-thaw Aggregate size distribution/%
Treatment MWD/mm
cycles 5~2 mm 2~0.25 mm 0.25~0.053 mm <0.053 mm

T50 0 0.41+£0.11Aa 22.25+0.31Ba 41.91+0.84Ab 35.61£1.15Aa 0.34+0.00Ba

3 0.32+0.04Aa 19.33+£0.53Bb 58.06+0.76Aa 22.424+0.43Ac 0.32+0.01Bb

6 0.15+£0.03Ab 17.84+0.66Ab 60.12+1.44Aa 21.93+0.84Ac 0.31+£0.01Ac

12 0.13+£0.14Ab 16.93+£0.05Ab 55.93+2.65Aa 27.03+2.52Ab 0.29+0.01Ad

20 0.11+£0.13Ab 15.62+1.01Ab 60.33+£0.53Aa 23.91+0.71Ac 0.28+0.01Ae

T100 0 0.42+0.12Aa 26.41£0.41Aa 43.24+1.52Ab 30.05+1.61Ba 0.39+0.01Aa

3 0.22+0.13Ab 20.83+0.33Ab 58.82+0.81Aa 20.12+0.53Bb 0.34+0.00Ab

6 0.14+0.11Ab 17.14+0.22Abc 60.81+0.33Aa 22.01+0.94Ab 0.30+0.00Bc

12 0.21+£0.04Ab 16.05+0.23Bc¢ 57.3140.31Aa 26.5340.13Aa 0.29+0.00Bd

20 0.23+0.03Ab 14.91+0.27Bc¢ 60.92+1.02Aa 24.04+1.01Aa 0.28+0.00Be

2.3 FRLEIAYY LEEARKEARRENZ

R 45 ki 42 A R R o REOs ¢ J3 B st ] () 28
b, TR RBIRER AR (B 3). Bk 5~2 mm
AR ARAN, A7 Ab B vf AH 208 A 3R 1R 22 ] 1 B 46 o
HaR L (B 3). LSS 3 IRERRLE R R ], 7E R
Ji I, B—C fil B—>D Y # & 7F TS0 &b #45 5)
H 53%F1 15%, T100 ZbBETFh 60%H1 10%; 1ETE
W7, T50 43 D—C 1 D—B #YIE & 23 il
J 50%F1 5%, T100 4bHHh 56%FH1 7%, [A]— 1 1

WItG &K AL, FRAE S R T >0.25 mm ]
BAK BB AR AI<0.053 mm I RIKAI AR, £H K
] 0.25~053 mm K RIRR AR EE . 5 0k
AR AR I, A—>C . B—C BB HE R Al D—C 1)
TE 1 7E VR LA 0 A0 B R 3 RN ( P<0.05 ). LA
55 3 WHEEMERR T T100 AR K], A—>C., B—C
WY % 5 1 D—C JE LR A 53N 1T 17% . 13%F0
24%, FEF —RAEARECT , 5~2 mm HIRK
] 0.25~0.053 mm [T 54 1) 5 74 &2 7E T100 b FE R
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BEET TSO A, 7556 3. 6. 12 1 20 K % @l 1E
IREF, T100 ZbHF A—C MR 43518 59% .

T50

23+1 0+0

38+2 0+0

0c 35%2 0+0

7&/\
Ne
H
(=]
v¥) >

¥

4441 4£0

43+2 24+1

w)

23+1 00
511 B 0+0
3¢ 22+1 5342 4+0 0+0
150 C 5+0
22+0 50+0

oo} > 7
=
H_
o

=

H_

S

6c 23+ 1

v} @)
N
=)
i

o

H_

=)

21+1 0£0
49+1 B 0+0
12¢  29+1 54+2 4+0 0+0
19+2 C 5+0
25+2 44+1

)

18+1 0+0
57+1 B 0+0
20c  23+1 59+1 3+0 0+0
C 41
20£1 52+1
D

16+0

i
f

57% .52%F1 63% , ¥ 88 & T T50 A EE T 51% .
47% . 49%F1 57% ( P<0.05 ),

T100
A
26%1 0+0
28+1 4742 } 0+0
3242 C 7+0
\\\iii»_:iki///
D
A
2742 00
59+1 B 0+0
12+1 601 61 0£0
10+1 7+1
16£1 56+2

C
D

212 0+0
5743
212 53+£3 6+1 0+0

162 C 6+1

N

£

23+2 45+3
A
18+4 00
5242 B 0+0
28+2 53+0 4+0 00
C 6+1
25+1 49+2
D

15+1 0+0
63+2 B 0
21+2 56+0 5+0 0
19+0 C 6+0
25+1 44+2
D

F

0

3
J

. A, B, CHIDZAHftES~2mm, 2~0.25 mm, 0.25~0.053 mm F1<0.053 mm H{E{Lk. Note: A, B, C, and D represent
5-2 mm, 2-0.25 mm, 0.25-0.053 mm and < 0.053 mm aggregates, respectively.

P 3 R RATE PR AN )00 15 7K A BT S DA SR ) e e A 4 2

Fig. 3 Effects of freeze-thaw cycles on soil aggregates transformation paths under different initial water content treatments

2.4 FEATEIA LIRAREEX T ENZ0
Kl 4 Bon T 7R A T o] L AT SR A AR X
A AR b, SUER SR TR R 5 F
(AT SRR/, AR F R B R (1 4a ).
TCAE WA S KB AT, 5~2 mm TSR AR (14 A X

A R A PR OB B s, e, TS0 AN
T100 A3 T 20 HIAESS 6 YRS 20 YRR Al 211k 5]
Bl (0.03% ). <2 mm P A AT X B e i Fifi
P LA B B 15 o S 30 D/ N Bk B, AE
T50 1 T100 2R T, 2~0.25 mm FAH i fe /)N

http://pedologica.issas.ac.cn



972 + b1

=

61 %

(B ERAESR 6 RANEE 3 ¥R (0.15% vs. 0.09% ),

0.25~0.053 mm PR AAFXTRERE AR 3 WAL T i
ik (0.23% vs. 0.21% ). FEANFERIIG KBS, B
550 UOARIMEIAL, TS0 ALHE R 5~2 mm FRIKAGHH
PR RTESS 6 UCFISE 12 IRURRLIA BRI 135 T
TI100 4b#, HAES 12 WAH R 25 8K K
(0.01% ); <2 mm P15 4K 0% AH XF i o 12 3% By
T100>T50 ( P<0.05), HAFFILGE/KET 2~0.25 mm
H1<0.053 mm A RAAA B RR EABIAESR 3 RIS 6
WA N IR B R, 43018 0.06%F1 0.07%. 7E
TERy 1) L, IEAE S AR TR IR 25 A A SR A
ZTERL, G  HR AR RE (& 4b), 0.25~
0.053 mm PH R AR A AH X IR 1 f I R AT A )
JGEE AN, TS0 5 T100 ZbBEILEE 3 YA R IE PR AL BE
TR EREE (0.15% vs. 0.14% ); 1E 6] —ZRAIEFR K
BF, T50 ZbFEF 0.25~0.053 mm F BRI AHRHE AL
HEET T100 4F (P<0.05). ZREMEHEDE 5~
2 mm BIRIRAIBRE, 1228405 H3E00ia Sk E TG,

0.10

0.05F

5-2 mm

0.00

-0.05

0.101

L
LS

$

0.00

2-0.25 mm

—0.10

VR AR X iR

-0.20

0.15F

0.00

Relative changes in aggregates in the breakdown direction/%

0.25-0.053 mm

-0.30

RRMEA AR, Tewih & KkEZ>, MWD 5%
AR AT BRREDRRE AR 42 B 35 £R R DG (P<0.05), T S5AH
X b 4 1 35 IEAE G (P<0.05, 1815 ),
2.5 FRBLIEIAXY 15 A Bk B R AT iE A 3 i
TEE—WI R & KT, AR AR AT SR A i Jo A it
[F1] B 5 R RO R R B B i i (2% 5). A TS0
F, HE5 3 AHLEE, 55 20 IR ZRFLE L IR &k
1 SRR JE B 1) 2 S 38 i T 18,12 4% . 12.20 £
5.85 f5 1 6.33 fif o NS MRIAREENRRE |, <0.053 mm
VA 58 4 J 2 v T 4, 0.25~0.053 mm R IR R 2,
5~2 mm HRAKSAFE R . TEARRIWIG &K E
TLBRES 3 IRRALIG S T 19 0.25~0.053 mm Rk,
SRR JE B Rl £ T100 AbBE N 35 5 T T50 Ab#g
( P<0.05 ). FHELF T50 4b#E, T100 ZbFEF 5~2 mm
PSR B JR A N [RIE 28 12 IR AH 258K, 3 m T
1.99 f#%; 2~0.25 mm. 0.25~0.053 mm #1<0.053 mm
VAT SR A2 ) 2t B TRD ZE 55 20 YRS 38 31 Fe R 2218, 43 il 34
T 221 4%, 1.73 %5 H1 2.63 155 .

b)
0.051 —©— T100
- A T50
0.00
-0.05
-0.10
0.051

Ad N <A" B Ac Ab

PSR AAAR RS Bt
Relative changes in aggregates in the build-up direction/%

—-0.02 1 1 L I I

VRAGER L

Freeze-thaw cycles/IX

K4 A[EIAEHR -3 PR ARXS B (a) FUE AR (b)
Fig. 4 Relative breakdown (a) and build-up (b) in soil aggregates
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Mean weight diameter/mm

@
1
1]
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T50
0.35 0351
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= R =081 R =041*
& "
< 0.30 0.30 | . .
& . " .
0.25 . : - ! 0.25 ! - ' '
-0.18 -0.15 -0.12 -0.09 —-0.06 —-0.005 —-0.001 0.003 0.007 0.011
0.35 0351
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g T ’ R =0.86%**
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0.25 . - : ’ 0.25 ! * ! '
-0.24 -0.22 -0.20 -0.18 —-0.16 0.10 0.12 0.14 0.16 0.18
VAT SR A AR 1 e o SRR ARRT TR 1t
Relative changes in aggregates in the breakdown direction/%  Relative changes in aggregates in the build-up direction/%
T100
0.35 035
y=-274x+035 y=130x+038 " p
R =0.70%* R =0.72%
£ 030 030 |
N
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0.25 L L L ! 0.25 . . . !
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0.35 035 ¢
g y=-0.61x+0.26 y=139x+0322
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S030fe , = 030 | 043 .
(\Il - -I
' | .
0.25 . . . ) 0.25 . . . )
—-0.11 -0.09 -0.07 -0.05 -0.03 —-0.04 -0.03 -0.02 —-0.01 0.00
0.35 0.35
£ - y=-0.58x+021 y=0.66x+0.24 y
& R*=0.89%** R =0.68**
w
2030t 030f =
b
o ..
S
0.25 . . . ! 0.25 L . . J
-0.22 -0.19 -0.16 -0.13 -0.10 0.05 0.08 0.11 0.14 0.17

Relative changes in aggregates in the breakdown direction/%

SRR R

ZIESEN RO P TR

Relative changes in aggregates in the build-up direction/%

K5 AR HE R P2 B S P R A AR fe i 56 2

Fig. 5 Relationships between MWD and relative changes of soil aggregates under different treatments
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Table S Aggregate turnover time under different treatments
VA 3R s JE] e ik )
L VRl K
Aggregate turnover time/d
Treatment Freeze-thaw cycles
5~2 mm 2~0.25 mm 0.25~0.053 mm <0.053 mm
T50 3 44.34+6.63Bd 20.544+2.65Bd 14.45+0.45Ac 11.45+0.54Bd
6 209.45+23.35Bc¢ 50.45+5.21Bc 25.45+0.54Bb 22.54+1.54Bc
12 408.64+21.34Bb 122.11+17.12Bb 67.45+8.67Ba 59.87+4.45Bb
20 803.34+94.54Ba 250.63+23.12Ba 84.54+9.54Ba 72.53+1.54Ba
T100 3 88.36+8.75Ac¢ 34.87+3.21Ad 14.44+1.45Ad 13.92+1.54Ad
6 336.54+15.54Ab 60.54+6.71Ac 44.56+7.54Ac 44.45+8.45A¢
12 810.34+80.44Aa 172.14+20.12Ab 82.47+£5.45Ab 81.45+£10.54Ab
20 945.54+46.54Aa 553.71+47.74Aa 146.36+12.45Aa 190.45+29.54Aa
3 iF ©® WESFLBREL D, DUmcReaE 8, JF HBA BRI

A5 A = AL R O LSRR 91% ~
101% (% 2), X—4585 Zhang Fl Horn!"* 145 Hi i
84% ~97% , Peng ZFSIiFH Y 82% ~ 113% Al
Rahman Z5PUAGH) 82%~113%HMl, (HE T De
Gryze Z" 1) 67%~115%. X J&H N De Gryze
S0 o TR IEARIE AN B R, E Rt 0 1 A
s 1 Peng ZESVRELTEAGHA AT LI H REOs 5
MR R A G, DT B S R Y RDSCR . AR
RIS P AR IE R R T A R S B RS N N T
500 mgkg ', MZALFSPE R P RIREIRE, B
SR MR KT 100% . 45 936 B 2003 A Bl AT
A IR0 TSR KT 84%, IE WA 7 R B A 34 iod
1 REOs 1] URAF W Bt T A1 SR AR R i, 7 B AT SR AR
T RS AN e o e

A5 45 5 3% B VR A BR 4 2 2 #6>0.25 mm
P 5 4% 1) 1 3 F11<0.053 mm A SR 1A 5, shfidi
0.25~0.053 mm AKX ZH, FE MWD B 5 ZRil
PEAUEL R IEINmREAL (B3, B4 Fi%k 4), X5
AW FE 48 R — 205, VR A 2 2 B 1 e A
RIKMEENE, SECRARMABIE . &R AR
AR PR 235 R A N K SRR Ak, 3 1T 52 e - 43¢
45K, >0.25 mm PR AFLEREC I B2, 78
2 VR IR S, FLBR PR Y K 43 & A I R
K S04, H75>0.25 mm BRI R 2L 2L,
TR ol B /N A SR A5 17<0.053 mm AT ZR A4

W BFHVE L AT 54 BT A PH 2 S 1A R AR Bk
VA A4 L7 100 i A s A U2 s T BRAE TS0 4b
BT, salli BB+ MWD B % R Al 2R B 3 i 2
B ETHE TR X AT e R R ARG AR
R PR 2 8] 5 AT S M mian, ARIRS %
AET R RE R AT R P, B AL T Eh AT A, 8
i MWD B[R] G ARfR R 34T, AR 8 S 36 W 7E [+
—HREE RN, 5~2 mm HIEKE 025~
0.053 mm K RIKRY B RTE T100 AP T B Em T
T50 4bBE ( P<0.05, &l 3); 7E 6 IRGREIR G, TS50
ALHR B MWD {23 5 T T100 ( P<0.05, % 4), iX
590 SCRCEEPSIR RIS 245 AL, B2 0 0R S K Y
B, >2 mm FHRR S B E RN, <2 mm BIRE
S WERIN, MWD BEREAR. EXEBIRBET
FRATEMFIRGIRE T, &K BT AT A1 R 4
MR IR AE S oA . 28 B4 HE R AE PRI e K
B o+ HER P BRI i 24 5 T B AR S KR,
1o B K A AR A TR K R Ao R ok A L B S i)
RPN - MU R Bh 45 T AR, S R X
SGOPNR N N AE AR AL R E LT, i V)46
KR, LKL RS R
BEK A Z, TR R DI A 1 398 R Al
VERTEE Jyp B0, VRAKEE 7™, SRR 2 ] (1 b 45
FIAE/IN, PR OR B R 3, AT SR AR Tk P
TR

WIS AR T, SR A PRI R R R 11~
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945 d (£ 5), =T Wang 52519 41~168 d,
XA AE SN N Wang 252 5E dfi>1 mm 4 A1 5
T E SRR TR, HAf i 5 H s T AR ST TP i K
ARAK (>2 mm ), 7EGRBIEIHAARII>2 mm HRA S
HFEIRZE 0.1% (£ 4), FEE M REOs ¥ FEAS 7
PR, FF I 52 0 A SRR SR e i (B A AR AR
Hr, KRR (>0.25 mm ) A4 6 st i) v T (A 3R
& (<025 mm) (20~945dvs. 11~190d) (F 5),
il De Gryze U5 HIRUE 4 ok AT R A 1) Jo) e e K
AR (9~30 d 5 17~88 d), Peng 25T
e BT IR A SR A %) JR) s o () i B A SR AR (23~
179d 5 47~186 d), Rahman 2PN % b5
+ 2~0.25 mm FIRAR A JE 1) [EHE /N < 0.25 mm
BRI (68~143d 5 146~1 148 d). XAl g
AW FE TR B R AR & A, EVRAEAER T,
P S5 R O 25 5 R i o A AT 3R, TR e R AT SR AR G T
J Y B3I N SO = W <5 1211 i D P (T 985
AbAFZE rr, SNIEAT HLA B A P A A AR R R T
pNZIE JUNISFI A RN I N Wil N ZIE 2N
W, INPRILF L A [l — PG SRR AR,
5L A T SR AR 11 i) B o 1) i 57 R AT P8 0 B8 ) 348 n
WEERI (P<0.05, 3£ 5). X]HEZE— 7 & 7k
PO B4 o0 - AL B B ), AR - R [ R
FREE s 59— 5 VR ARG PR 52 0 T S Ak ) 4 5 245 4 F
TEPED R IR A A SR i R TR — VR Al
WP, BEERILG & KRG 0, PR A e i
i E] 2 2 B ( P<0.05, % 5). XA fE5 w0
AEKER T, K2t R4S 5 Rl Ak i i a] B
HH>0.25 mm FRAEEEAL R 0.25~0.053 mm F1H
PR s [A) B KA 56

4 & ik

AR BTG PR U ERORT 38407 G 1 7K 3 ok 5 i A 2R
TR0 TR J A e el A, 0 T 2 ) - 38 A SR AR e
(1 Bh A5 . FRALAE AL 2E>0.25 mm AT 544 1 1 e
F1<0.053 mm H SRR AR, f# 0.25~0.053 mm
RIEZER, B MWD FBL, HiZzA b #5245
WIIG S /KR RS . AT M BRI LR &k, K
WA S K EALFE TR 2~0.25 mm Fl 0.25~0.053
mm SR AR ) A R e B 2 PRI, 2~0.053 mm
RARDH XY B B E . MWD 5 4k 42 A1 3R

RO A A B 2 38 (ARG, TS MO T Al 2
FIEARSC . URERE R RE P, BR 5~2 mm FTRRSL,
FRARALAS AT SR A 2 0] B4 Jo e S A BRI B, i 5
SRR SOKEICC . BRI, URENEIA LT,
VLSRR J&) 2 ok ) B PR B R U, ST R 35 K
AT SR AR AR AT 0 . AREIEER S A 4h
BTN B L B A BB, AT
ZRNRWE SN, H— PRI B SLEORG T
TIEAE R S S R, D PR T T R A
A .
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