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and Hydropower Research Institute, Wuhan 430070, China)

Abstract: [ Objective ] Soil aggregates are the basic units of soil structure, and soil organic carbon (SOC) is the core of soil
fertility. However, the effect of freeze-thaw on soil aggregate stability and SOC characteristics in black soils and the influencing
factors remain timidly understood. Thus, this study utilized the rare earth element tracer technology to investigate the turnover
path of soil aggregates and the quantitative characterization of SOC under freeze-thaw action through indoor experiments.
[ Method ] Black soils of cultivated and forest lands of Heshan Farm, Nenjiang City, Heilongjiang Province were used for this
study. The experiments were set up considering several freeze-thaw cycles of 0, 3, 6, 10, 15, and 25 through indoor cultivation.
Also, the dry and wet cycle method was used to label the soil aggregates with different grain sizes (5-2 mm, 2-0.25 mm,
0.25-0.053 mm, and < 0.053 mm) while the rare earth element concentration was determined by Na,O, alkali fusion method. In
addition, the aggregate turnover processes, the changes in soil aggregate stability (mean weight diameter, MWD), particle size
distribution, aggregate turnover paths, and SOC under freeze-thaw cycling were evaluated at the different cycles. [ Result ] The
results showed that the freeze-thaw cycle accelerated the transition between neighboring aggregates, which led to a more drastic
transition from aggregates of various particle sizes to those of 2-0.053 mm. With the increase in the number of freeze-thaw cycles,
the MWD and 5-2 mm aggregate content decreased gradually while the 2-0.053 mm aggregate content increased gradually. The
turnover time of soil aggregates increased with the increase in the number of freeze-thaw cycles, and the increase of 0.25-0.053
mm aggregates was the most significant. There was no significant change in the SOC content of the whole soil after freeze-thaw
treatment. However, as the number of freeze-thaw cycles increased, the SOC content of 5-2 mm aggregates increased, and the
SOC content of aggregates of other particle sizes decreased. [ Conclusion ] Therefore, the freezing and thawing effect affects the
intrinsic process of soil structure dynamics by intensifying the destruction and formation of soil aggregates in the turnover process,
reducing the stability of soil structure and changing the SOC content. The results of the study further revealed the microstructural
evolution characteristics of the black soil under freeze-thaw action and its quantitative characterization of SOC, thus, providing a
theoretical basis for the in-depth study of the turnover of black soil aggregates of various grain sizes and soil structure changes
under freeze-thaw erosion.

Key words: Rare earth element (REE); Black soil; Aggregate stability; Soil organic carbon (SOC); Freeze-thaw cycles; Turnover
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Table 1 Basic physical and chemical properties of experimental soil

X BB A%
Faiy FH [R5 7K e
FHF AT FPHEEER Soil particle composition/ ( g'kg™') A HLAx SOC /
Bulk density/  Field moisture pH
Land use patterns ~ MWD/mm (%A bp A Fiki (gkg")
(grem?™) capacity/%
Sand Silt Clay
i v 2.5240.16 1.31+0.05 28.53+1.68 55.4+1.20 593.4+1.00 351.2+0.80 29.724+0.89 5.56+0.10
M 2.95+0.03 1.17+0.10 31.31+£3.74 101.4+1.00 617.8+1.50  280.8+1.00 35.27+1.21 5.49+0.04

e R EORE M ELFR MR 2 . Note: Values are mean + Standard deviation. (DCultivated land, @Forest land.

B 0L 3L 6 I, 10 I, 15 YR 25 Ik (i
4 FCO. FC3., FC6. FC10, FC15 il FC25). 434
TERE SHAE PR UCBO B KB BORE , BURE i R v A4
A 3 REEFE, REHITIR R 2R G T
A 45 CHUARHET, o kits .
1.3 REE Wri25NEF &

KA TRIGAbRIC X TR, SRR
P R R 1 A AR A S vk FE 24 500 mgkg ' 4
¥ ERE T M USRS (5~2 mm, 2~0.25 mm,
0.25~0.053 mm. <0.053mm) %Ik, it h A, B,
C. D, 4l AR oo R SRR TRRIC,
A. B. C. Dp5lx ez s (Nd), 2 (Sm). i
(La). %L (Gd)o 53 25 04z A R AK 4 5] 3 A #E
R b, FZRIKmEE B KE N 150 gkg ', R

Jei ¥ 2 BRI s 0 2 AR R A HZE I ) £
B L, R T) S BRI R RIR S S REE FRic i)
A REAE T T 24 h, FFEEZB-TEFSIK,
PR EREE T 60 CHUARHET 24 h, J3 0l % g
RARTE, A EbmC R A, RAEZ 15 g T4F
A, BATFHABRMEAEEFE, @ iE A8 s
1645 85 TR B3 {Y ( ICP-MS, Flexar LC-NexION
350X, M) BME, LIHE S ARiCR#R A SR
S PIUG REE e B o #2 BRI 3R 2 0 A id He
FEUEAT S50 . ATk DU FP RS 0% Sm. La.

Nd #l Gd WS IETTIRIC, S aiEH T
99.99% . i - %A ALYy ) OB 9 6.5~7.6 mg-m >,
P ER (D50 ) K 3.2~52 um. # LITEARIC
(9 S EE a3 2,

%2 #LTTE (REE) WIS SRERRICKE

Table 2 Background concentration and labeling concentration of rare earth element (REE)

L HuA I REE # ik & REE #rid #k
Land use Background concentration / ( mgkg™") Labeling concentration / ( mg-kg™")
patterns A B C D A B C D
it
5.77£0.48  26.25+0.03 6.33+0.67 28.94+0.41 335.50+1.22 424.434+2.01 422.89+0.99 336.59+0.83
Cultivated land
PN
21.55+0.22 8.38+1.00 5.67+0.88 29.93+0.77 317.43£1.03 367.15<1.77 243.60+1.45 408.64+1.25
Forest land

H: Fh A B, CHDAMNERRKBEE (5~2mm), NHEME (2~0.25 mm ), HH A (0.25~0.053 mm ) FE#R (<

0.053 mm ), i £ TE R (9 R FH NapO, Bl 12, S A-HE S AT 50 2 R BREHEATINREIC R, fE R TR o R rh B o B B b i 2%
Note: In the table, A, B, C and D denote large aggregates ( 5-2 mm ), small aggregates ( 2-0.25 mm ), microaggregates ( 0.25-0.053 mm )
and sticky powder particles( < 0.053 mm ), respectively. Rare earth elements were determined by the Na,O, alkali fusion method®”!, and each

sample was prepared by taking 2 soil samples for measurement as replicates, respectively. Data in the table are means + standard deviation.

S g4y
1.4 Eﬁﬂ/ﬁiﬁﬁ‘ i MWD = Zrl_l_Jrr,XWl_ (1)
VA 5 R e PR A 19 4 8 RO 2 T 4 LA a2

(MWD ), MWD fi#R, 3R - 58 R E . Fh, MWD MR ERER, mm; w NS
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N C;OSX(VO—V)XIO_3X3.O d b 1-j-h-k i
(g~kg_l) = — x1000 (2) f e c 1—1—k—i
(3)

Kb, ¢0F 0.8 mol'L' (1/6K,Cr,0;) PRiEIFTK
MM, mol- L'y W 45AR2S (IR i 52 i T AR 1Y
FeSO, AR, mL; k AR - # slipt+ 4 1) 25
VR RE S E S AR FeSOL AR, mL; m AT
THRE, g
1.5 TEARGEARBEESHITE

XiF T B SR A4 J) et A R LR A e fR A AR, R
BT R B 5 v 8 I B B Wi [, 22 IR Peng
FUOET REB 7R BT SR AR R sl s 1 1%
THEAF RN 4 Fhom Bk AR Y F IR R 4351 o K A 3R
. ANATRAR . A SRR R R KL, I2/E A (5~
2mm), B (2~025mm), C (0.25~0.053 mm ) FI
D (<0.053 mm) k%, @& 1 /s, A. B. C. D
DURh P RARTEAE a~f 1Y 6 PR HAEA g~1 1 6
FRIE B2 o 5~2 mm F RIRBEFEIE B 2~0.25 mm
R kid R A—B.

Breakdown £
Formation

{E: A, B. CHIDZ5EmRKBEERE (5~2 mm), /M
BK (2~0.25 mm), GHIRMA (0.25~0.053 mm ) FIFBHAL (<
0.053mm ), &} a~1 1) 53 3 K7 W SR K 14 J] 5% #5642 . F 7  Note :
A, B, C and D denote large aggregates( 5-2 mm ), small aggregates
(2-0.25 mm ), microaggregates( 0.25-0.053 mm )and sticky powder
particles ( < 0.053 mm ), respectively, and the letters a-1 denote the

turnover paths of the aggregates, respectively. The same below.

K1 AR R A

Fig. 1 Schematic diagram of aggregate turnover
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Fy - L c T, =K, D (8)
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e
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K, A, B, CHI DWW BIH ma.  my.
me il mp 2R o MRAEE 1 R BUBHRIE M K, 5557
IS P SRR B A 5 R B o~ L 3R SRR T 00U
FAF, IE(H (F>0) Fon7eE sor ) TR R 2R
W2, H (B<0) FoRTERRETs 1 b AR A 1
BEZ,

FRAC TN 1 2 1y I 1] DY 10 5 ) 1] 3531
M Tia\ T Tic M Tip 7, XoF IO A Jo) 2 33 423 J31) )
Teas T Tre M Top 327, AL TR A % B S5 I AT Y
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PR E T Z5 AP E ( Duncan ) i A7 50E i 2
FZHER TS . IR Origin 2025, 43 Mt
SPSS 27.0. I FEE J V- YIME AR R 2=

2 45 R

2.1 REE #Ri2AI1T1%

8 ) SR A T (1 R 45 i BB 5y A AT SR AR 11 B
AR, SEONE ) 52 56 i AR v BT AR S A5 2
(%E . REE 7 SRR 3 ik S 5 P {8 =[] 1)
SRR SRR ST e, T A AT R B YA AR
5 e E A RT AT . R 2 B, UE R
B R*=0.994>0.9, W] NS0 BOHE AL BE =, WU
55 SR ] A 2P A DG OC R ARGF, Ui id i REE 7R
7 % e R T - 398 PR R AR Y & A8 fk, REE R
B ARAE ARSI A AT AT H G

140 |

1oL 370974 2x+0.084 4
R*=0.994 2, P<0.05

100 |
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B2 VRAE S 5 A R A 150 00 1 5 S A 4845 ith 2

Fig. 2 Fitting curves of predicted and measured soil aggregates
after freeze-thaw action

2.2 AEFBERT LEFRREHN MWD fIRiE

VA i)

& 3 A, B VRAK B SEIn, HF L FbR
i MWD ¥ S BUGI A IS A3, (HE &k
B > (P<0.05). #EHbE FC3. FC6. FC10
FFC15 Bf MWD 23 5IFEAR T 2.4%. 1.0%. 8.2%FH
5.2%, MHLFE FC3. FC6 il FC10 Af MWD 4351 [%
KT 3.2%. 2.0%F1 1.8%, BFHb7E FC15 J5 MWD JF
I, ARHUUJE FC10 5. #Fir) MWD #51
A, FLI/ NS B3 (P<0.05 ).

WL 3 ARiAR oA AR A T L & B0 Bl 4 1 il
AR YB3 N, AS [RPRE AR T 3R A %) I it 40 L 52
P B E AR, BATS, 5~2 mm F/NT
0.053 mm 1R M5 15 43 b2 B e/ 5 1S
By, 1 2~0.25 mm F1 0.25~0.053 mm [ Rk
I S A 0 JE e e (P<0.05 ). o, N
0.053 mm FIRAER IR EE (P<0.05), Hk
J& 5~2 mm Fl 0.25~0.053 mm HIEME, i 2~
0.25 mm PSRRI A LA /N BARTTS, /N T
0.053 mm FREMARLBEETE R % (P<0.05),
Il B S it 5 5 R A U 5 484 o A SR A o o
e B RAL, FRTE FC1S RRERIRAR (F%
X7 34.0%), MMAE FC10 BFFEIE R K (KT
47.9% ), WFh 1A s KR MRS A SR 4 be
B4 Frs s 5~2 mm PR IRTE ZR g 20l fiE v 35
PR B ARG B 34 ( P<0.05 ), R Ak 7E FC10
R IR e K, 43 T 17.1%H1 30.0%, #f
HiAE FC15 Bk 2 e/ ME (17.8% ), #RHi7E FC10 B
K E R /IME (50.1% ); X F 2~0.25 mm FIR &, #
iy FUMR H 7E R AT E8 0 9135 I G 3, $FHLAZE FC10

x3 FRFEMEBEATLEMNTHEEER

Table 3 Mean weight diameter of soil under different freeze-thaw cycles/mm

o LY VDN
FCO FC3 FCo6 FC10 FC15 FC25
Land use patterns
#FHb Cultivated land 1.63+0.00Aa 1.59+0.01Ab 1.58+0.01Ac 1.45+0.00Ad 1.37+0.01Af 1.39+0.02Ae
McHL Forest land 1.214+0.02Ba 1.17+0.00Bb 1.15+£0.09Bc 1.13+0.00Be 1.14+0.01Bd 1.12+£0.00Be

. FCO, FC3., FC6, FC10, FCI15 Fl FC25 7 MR /R ARG REL 0, 3. 6. 10, 15 F1 25 K, RIFIA KRG Fh:F R M — 0k

FRE PR BT AR L3 A O i) 22 5 B3 (P<0.05), [T ARG 7 88 38R [l — e st 1T D7 27T A [ 2R Rl 0 20 o i) 22 e 1 3

(P<0.05); T, Note: FCO, FC3, FC6, FC10, FC15, and FC25 denote the number of freeze-thaw cycles 0, 3, 6, 10, 15, and 25,
respectively. Different capital letters in the same column indicate significant ( P<0.05 ) differences between different land uses for the same
number of freeze-thaw cycles, and different lowercase letters in the same line indicate significant ( P<0.05) differences between different

numbers of freeze-thaw cycles for the same land use. The same below.
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Fig. 3 Particle size distribution of soil aggregates under different freeze-thaw cycles ( a. Cultivated land, b. Forest land )

AR R (BN T 4.0% ), MRUb7E FC3 A 38 i i
K CHINT 2.1%), SR, BEFE VR ALEFR OB
— WA, 2~0.25 mm PR R TR A 5 s T
F%; 0.25~0.053 mm SR AAE 7R mh G P00 A v S 8
SR BN S, BEHLAE FC15 B e dpe R (i
KT 21.1% ), MU 7E FCO B R e KO FEK T 13.3% );
FEA R AR A SRR 5 2 3 b AR A el i v b R bR
M — A (PRl FCLS, Ml FC10 ),
WAk, FEBgeRiAR A R I, B AR AR AR AR
N & 5 R 17.0% ~ 25.5% . 63.8% ~
70.0% . 8.0%~ 12.6%A1 1.6%~2.7% , M 5.0%~
11.2% . 69.2%~72.3% . 15.5%~21.7%H 1.1%~
4.1%. Z5 L, URAMIGIA B ERFART 5~2 mm F Rk
FUNTF 0.053 mm B RIAR BT E 40, BT 2~
0.053 mm PR T Eor e, RIS, FERaLIE 2R
OB I MWD 3 8 B A o X6 T[] — VR ARG R
Hb A2 20 A R MWD 19728 4k B i 51
23 ARFEMBEATLEARGCHEREEZESAE

R

SYHTIEL 4 AT, RmLEFE R IR T 2 4k
R B R AR 2 B A e e . VRRLIE AR E T 2~
0.053 mm HRIRAGIA R, £ F] T/ NARAK A TE 5 LA
LT 5~2 mm PATERR AR . Bl & VR BlAE A K
BBEIn, 5~2 mm HRIRA BRI IE N, T
TE R B WAL (P<0.05); 2~0.25 mm HRIKMH)

T AR S LR 3 1, {F LT o3 1 1 i B
W (P<0.05), HIEBFRIZRKFBER; 025~
0.053 mm P B AT il R A i 2 s, (B
I I 1 RO E(E 2 R F i3 (P<0.05); /N
0.053 mm  F IR 4% Ak S P AR (9 R A BUE
K T BRI R A BUE , /T 0.053 mm ]
BIRMIE BRI B3 . FERRIEAR S, 45
BLARTE S 3 NG R R 1 K /N3 51 . B>C>A>D
D>C>A>B, H 2~0.25 mm Fl1 0.25~0.05 3mm 1%
PRIIE BR I KRR, B, FE R AlIE 2T
& REAR A B A ] 2~0.053 mm H R IRRIAR AL
ke, oM 2~0.25 mm B RIERHEL, X T
AN HOR SR, BEHE 5~2 mm FTR R0
RS Tkl T LR M AR T Mkl ; Ml 0.25~
0.053 mm PR IE BRI s 35 = Tk b . 9,
MH/NT0.053 mm ARG ARIE AL 0.25~0.053 mm
Bk (D—C) EAlik 77.6%, &N 54.3%, ik
1 D—C Heh 52.8%, KT AR F AR
SRR BRI % (£ 4), B TR
EERUEL B IE TN, 457 420 P SR AR 1) JR) s 2R % T s/ N
JEV I I ) S 4 K ( P<0.01 ), [RIES, XoF b AR BT A5 0,
/NT0.053 mm PR R am/)N, SRR,
2~0.25 mm B R ER K, AR . it
Ah, TR T LU A ), X T 0.25~0.053 mm
VIR, b 0 ) 2 S5 T bR 19 ) 2 %

http://pedologica.issas.ac.cn



6 3] REN RN FTH IR R BRI E BT URRAE R S s P SRR e AT AL ) AR 1 1773

FCO FC25
N A
4\" z/u 740
w7 '><\ NV
Cultivated land \ /[ & ol 340

72:0

A A A A
19:0 020 1240 0:0 2140 0:0 12:0 020 1620 :
60 B 4:0 5+0 B/ 1:0 740 R/ 140 5+0 n/ 00 50
)M(Hﬁ 0:0 \ S 5+ / 3 101 >< 9= \ + + 1051 020 \ 181 >< 61 1:0 111 s
C 4 30 C 3+0 »

Forest land 140 c 3t 1-0 ‘\ 2441 3t0 C
38+ 50+

e Wik Rom BRI 1, BUER R B RIEAS{LA, B8 %. Note: The arrows indicate the direction of aggregate migration
and the values represent the rate of aggregate change in %.

Kl 4 AERRERIEER T A 3 P SR AR A e 7 ]

Fig.4 Schematic diagram of soil aggregate turnover under different freeze-thaw cycles

R4 BREFRKEREREERE

Table 4 Turnover rate and turnover time of aggregates by particle size

A H A Rt JE%%# Turnover rate / % JE 1} [E] Turnover times / d
Land use patterns Particle size FC3 FC6 FCI10 FCI15 FC25 FC3 FC6 FCl10 FCl5 FC25
b Cultivated land 5~2 mm 1.279Ca 1.695Bd 2.718Ae 3.076Ab 1.552Ac 78Be 59Cb 37Da 33Dd 64Cc

2~0.25 mm 1.991Ba 0.408Dd 0.335De 0.915Cb 0.524Cc 50Ce 245Ab 299Aa 109Bd 191Bc
0.25~0.053 mm  4.321Aa 3.185Ab 1.550Cd 2.433Bc 1.099Be 23Db 31Bb 65Ba 41Ca 91Ca
<0.053 mm 1.028Db 0.570Cc 1.884Ba 0.202Dd 0.090De 97Ad 175Dc 53Ce 495Ab 1116Aa
Mih Forest land 5~2 mm 2.628Ac 1.041Cb 0.787Da 0.556Ad 0.068De 38Dc 96Bd 127Ab 180Cb 1468Aa
2~0.25 mm 1.032Dc  1.155Ab 1.209Ca 0.376Cd 0.151Ce 97Ac 87Dd 83Bd 266Ba 662Bb
0.25~0.053 mm  1.952Bb 0.812Dc 4.677Aa 0.147De 0.335Bd 51Cd 123Ac 21De 683Aa 299Cb
<0.053 mm 1.441Ca 1.056Bc 1.375Bb 0.535Bd 0.378Ae 69Be 95Cc 73Cd 187Cb 265Ca

PR R E F Rk FRIR [ — SRR P R AN [RDRL AR ] 22 57 8.3 ( P<0.05), [T AR/ING SRR IR Al — R AN [R] k fil
EFR R B 0] 25 57 8 3% ( P<0.05 ). Note: Different capital letters in the same column indicate significant ( P<0.05) differences between

different particle size for the same number of freeze-thaw cycles, and different lowercase letters in the same line indicate significant( P<0.05 )
differences between different numbers of freeze-thaw cycles for the same particle size.

24 ARFMEATELEARGCHEMNERES  WIREMEXN S E SR IEEE RN, Rk

RS FC25(0.02% ) FPHARIRT 0.05%, BIERREEER

B 5 ok T H BRI BT 1 AR 27~0.25 mm R ARAYHIXHE AL FCO T 4R 7E IE
AL, SRR Sa) s, Ef#on S CRNZRI, FEVRRUS )& B AR, Ao
AR SAR L, P B R e B o g, W FEn ERME (FCI5 8-0.02%), F{EBEARNIEME, Hhit
WERRRR A IR I ([ sb) s, g JUAE FC15 HiBlEARME (0.07% ). 0.25~0.053 mm
TRAGYIIRZSAR L, ARG e, i 6 8 SRR TR A 0 B e A R R R R A O
W22 Y P SR L R . ZERERE ) (P Sa) B, (P<O.01), ZEURRVR I A /NIREEHE N, FC3 2 FC1S
BE B IEFR BN, 5~0.25 mm H B AcmE  BOATUE, HEKRMEWAEXENT 0.05%, B
W, KRR R, i 0.25~0.053 mm FIBME RV IR (E Sb) b, BERE R RS N
SN I, A SN ( P<0.01 ), S~2 mm A RLAE AT R AN i e N E A, SR R
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/NEF (P<0.01), 5~2 mm P RASEI/ NG,
AR (P<0.01), ELFASRARMX L B FCOo
AN A, 2% B A R AR LIERE Oy 325 2~0.25 mm
P SR (R A 7l 0 P ot 2 b SR s/ N I 3 I P s/, R
Al I REIE R, AR AR B 2 o0 IR E

Ak 2% (P<0.05); 0.25~0.053 mm F1 B X
BRI/, B A R R B 1 R T 64 % o

a 0.20 -

=

VA SR AAAR X R o i
Relative amount of aggregate breakdown/%

—010 1 1 1 1 1 1 ]
0 3 6 10 15 25

HFHI—A FAE R AL Cultivated land - Freeze-thaw cycles

VAR A X R
Relative amount of aggregate breakdown/%

0 3 6 10 15 25
M G FRYCEL Forest land-Freeze-thaw cycles

INo T SRREIE T 10 ST B 1), Bk b ) G T st
TE FC15, Ml FC10. LA 40T, VRBLAGH s
TRARMEABERE, fE2E T 2~0.053 mm AR
Zil: =S NS 7 N i [ e 2 S U TSI N R TR T
SRR P AF T TR i e R T B e e 114 S AR A A i B 45
KFBEH, 22 UMb AE VR Al A v PR SR8 4% i) 2 2ot
HRIZL (P<0.05 ),

b)\a 012r —=— 52 mm —e— 2~0.25 mm —A— 0.25~0.053 mm
S 0.10f
z
S 008}
E
]}E = 0.06 |-
?.é 3‘330 0.04}
= 2
E 8 002}
T
=35 000}
il
= %’ -0.02}
S —0.04}
=z
g —0.06
= 008 ' ! L s ! ! |

0 3 6 10 15 25
HEH R FR AL Cultivated land - Freeze-thaw cycles

0.08 - —=— 5~2 mm —e— 2~0.25 mm —A— 0.25~0.053 mm

g
Z 006}
o
o
4
L -
1 2 0.04
& % 002}
= 2
>
Z3
=< 0004
& e
= =
= O — L
g —0.02
[
(5]
2 —0.04}F
=
Q
[
_006 1 1 1 ]

0 3 6 10 15 25
MHR AR IEL Forest land-Freeze-thaw cycles

I B EMTF AR RE F R OR B — SRR P OB AN [RDRLAR Y B RS AT (P<0.05), /NE FREFIR X R — KL T AR
U RGP U B S 2 P 40 #r ( P<0.05 ). Note: Upper case letters in the significance letter markers indicate significance analyses for different

particle sizes at the same number of freeze-thaw cycles ( P<0.05 ),

of freeze-thaw cycles at the same particle size ( P<0.05) .

s

and lower case letters indicate significance analyses for different numbers

TP SR AAXE R A (o BERETT R, b, SRR )

Fig. 5 Relative formation and fragmentation of soil aggregates ( a. Breaking direction, b. Direction of formation )

2.5 AREVRBER THIRIEERIE

HIZ 5 AT, A AT HLAR Y & & BEE TR Rl R
ISP AS B35 . B Al B 4 B AT BILBR 5
W, HERKZLRRN, Prfes
4 WURRAR PRI AE R, BN 0.96 gkg !

MHFE FC3 Fl FC10, ZEfL BN 1.42 gkg ' it
E o s E NN i 5 N E AL S bk L Ly N
B RLARAT AR 1 1 B 5 VR Al B ) AR AR AN ]
XFEL 6 43 BT AT & AR — 5 3 TRl P e 4 il o 2 1Y) 3
i, 5~2 mm F R B A LK SR Rk
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x5 AREMBATEZLENHR (SOC) SERTNK
Table 5 Changes in soil organic carbon (SOC) content before and after freeze-thaw/ (g-kg™)
AR Iy
FCO FC3 FCo6 FC10 FC15 FC25
Land use patterns
BEH Cultivated land 27.03+0.04Ad 26.24+1.30Af 27.20+1.88Ac 27.4242.28Ab 26.96+0.96A¢ 27.54+1.70Aa

FKH Forest land 33.55+1.79Bb 32.13+2.36Bd

32.72+0.69Bc

34.14+0.84Ba 34.12+1.39Ba 33.68+2.03Ba

W WEEMFRAR D T R 5 RS S RE R R R — R RGP B AN R) 4 R O =R AT (P<0.05 ), [FAIAT/NE FhEFR
7 [] — = 3 R 5 20 AS 8] U B A7 2R vk B0a) 19 & 38 4 43 BT ( P<0.05 ). Note : Upper case letters in the same column in the significance letter

marker indicate significance analysis between different land use patterns under the same number of freeze-thaw cycles ( P<0.05 ) . Lowercase

letters in the same line indicate significance analysis between different freeze-thaw cycles in the same land use psttern ( P<0.05) .

a) 34r b) 40 —a—5~2mm —e—2~025mm
| Aa —A— (0.25~0.053 mm <0.053 mm
Br A oAb Ab  Ae
321 36
~ 34t
T 30+ T
2 2 nf 2
2 &2 30l
O 28F Q
2 | S ) Ce
0 S| I 261
& 26 &
E B 24r
= =
= N =
& 24 T 22+ Da Db Dd Dc
I 20 De Df
22+ 181
| 16 F
20 1 1 1 1 1 1 | 1 1 1 1 1 |
0 3 6 10 15 25 0 3 6 10 15 25
YREMEFRIKEY Freeze-thaw cycles RGN R EL Freeze-thaw cycles

K 6

A FIURERERR T 4 Ri4 SOC S i L (a. FFHL, b. M)

Fig. 6 Changes in SOC content of different particle sizes under freeze-thaw treatment ( a. Cultivated land, b. Forest land )

FEA P SRR 52 1 35 /N 5, > VR i 34 fm 39—
SE R SR A AL S SR B A, SRR AR B
RAEMAE . 5~2 mm HRIESEE NG/, B e
FC15 ik 3wl 29.91 g'kg™', AkHLTE FC10 ik %)
FifH 32,57 gkg s 2~0.25 mm, 0.25~0.053 mm £/l
/NF0.053 mm A RARI e kN5 38, B b i/ ME
16 FC15, {R¥KH 26.08 | 30.81, 22.40 gkg', #k
Mot/ MEAE FC10, 4K M 25.13.33.90.17.98 g'kg '
UEAh, HEH AR 2 BOR AR TR IR AR E S 3 IR
R AE IR S AR AL AR R o X TRl — A O
K, 0.25~0.053 mm FIREA PR G HRZE, HIK
5 5~2 mm HERK, /NTF 0.053 mm FRIEA PR
S TR R, RN T
0.053 mm K SRARINH AR A HLRK & 5 1 T8
M, BRI HLAR AR A R T

2.6 ARGERMERTLEARECAESHENKRY

HEXXR

WE 7 Frs, PR IR 250 b A e & i 5
AT SR A &) B i R B A G (P<0.05 ), 5 1A R AR JR %
B[] 52 TEAH & ( P<0.05 ), 5~2 mm BRI 8AH Pk
SEYEH 5~2 mm B RBIEMBEL &L 025~
0.053 mm P EAK[6] 2~0.25 mm FHRIKHIE 8L E
A, LHIERIRIRMIE K, M RECH 0.890, 5
AR AR A SRR B JA o) ) 52 FARH O (P<0.05 )5 2~
0.053 mm K1 ARG MLk & = A2 AL 5~2 mm
PR R 2~0.053 mm PR BERE 5 5% G
%, %5 0.25~0.053 mm FHERAKH 2~0.25 mm
BRI B R 56 (P<0.05), 55k Bk i) ok A1 58
AR TR BRI 2507 A2 11 JE) A st ) S TR AH O ( P<0.05 ),
2~0.25 mm ARG I Y 671 AH 5C R 8053 51 —0.966
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2,
¥

—0.847 F1-0.949, 0.25~0.053 mm 1 B A 137 ) 57 4
KRB H-0.966. —0.925 F1-0.996, Hi# Y IEAH
K ZBTE 0.848~0.932; /T 0.053 mm HIRIKHA
ML S S 5~2 mm FIRMER 2~0.25 mm HERAE
BB REF/NT 0.053 mm A RAK AL 1l 5 6 AH 56
(P<0.05), Hah2nyJREafEIFl 0.25~0.053 mm

/T 0.053 mm FYRERE 52 TEAHOC ( P<0.05); 4=+ 1
A BB 5 5 /N AT SR A o A P SRR A e e | Bl A SR A
T S AT SR AR 118 2 ol R ol P 588 g ] 2 s i) 22 £ A 5
(P<0.05), AHXZE(E-0.905~-0.703, SiHIHRIE
T /I AT SRR 1) T ol Bl 1T 508 42 1y i) 238 522 TE A G
(P<0.05), FEFREIHIH 0.972 F10.829,
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PPLS

H:: Bas. Bec. Bep. Bac. Bep Al Bap Form KR4S A RREE AL B/ INRAR A AR B BERE 25 Faa. Fep. Foc Fea Fos Fll Fpa 7R
VKA PR BRI A Ok A% A B A B I 5 SOCA . SOCs. SOCc. SOCH Fil SOCq 43 IR FE & hide H B AR & £ M DI & 15 Toa
T T M Top ARBS R RIRNY R EE I Tias Tip. Tic M Tip (REBEBLARH RAK D RGBT ] #f3R P<0.05, MHXHRZE . Note:

Bap, Bsc, Bcp, Bac, Bpp and Bap represent the amount of breakage of large-size aggregates into small-size aggregates; Fga, Fcp, Fbpc,

Fca, Fpp and Fpa represent the amount of formation of small-sized aggregates into large-sized aggregates; SOC,, SOCg, SOCc, SOCp and

SOCq, represent the organic carbon content of each size aggregate and whole soil, respectively; 7ia, Tis, Twc, and T;p represent the turnover

rate of each size aggregate; Tin, Tig, Tic, and Tip represent the turnover time of each size aggregate; and * represent P< 0.05, and the

correlation is significant.

& 7

N[ R RAR PR 39 P SR A5 AT WL PO AH G G 3R

Fig. 7 Correlation between soil aggregates and SOC under different freeze-thaw cycles

3 3 ®
3.0 FREhE X 4 15 B B kPR e A B T

TR RGP 1 R 2 5 Rk fi A K o R BAR
AR TS 50 - LS R R 0, KR VR AR FH R - 4
SEA A AT . DRI A R R ARG A 2~
0.053 mm KRR Z 2, Il T 2~0.053 mm
RIKPI A RS 5~2 mm FAREFH/NT 0.053 mm 1)
BERE, [ MWD iR (% 3), X SmEmt!

5T U5 5 A R AR 0 4 398 K AT SR A AN I - fie g /1N
AR . MWD JB/NESSIRAHRL, 5~2 mm IR K
W EBK, TERSENT RS BER 2~
0.053 mm AR, JoHIE 2~0.25 mm FARMA, i
/NF0.053 mm PR A R 2% 11 AR A ) 17 BE 45 2 B
BTG SR M R R AR I S ARAR A R AR
JoT it A RO AR AL R A R AR RO K 2 —
FREEJE KA AR AL (B 3), 33X AT AE A I R il G
PH B (AR Mk s i ik B — e R (AN b R
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15 ¥k, MRl 10 W), -3 R AR 0 B FUE it T
FasE, BUEF, RAR AR TR o BUE e T
FARE o 22 ) U RV FE Ko - 398 P SR R ) 5% A BT D 553
VR G A A v, 9 DA R R 1 ) s sk i) R 3 A
20~500 d Z[El( 3 4), & F Wang 5P 1 41~
168 d, AT HESZ A A SEEHE 5~2 mm AR
KA, 1 Wang ECOR) S b K H R RN KT
1 mm P A A
3.2 ARMERAXN TEAREEVERNE N

Sl VREE IR LR IS, A AL S BT
2.43%~14.12%, {H SR F A HLAK & 2 28 40 AHXF
BN (F5), X5 DeLuca %5715 B9 4 Bl IG FR1E
FAE 3G B B B TG S5 R L A ML ) R A
F A R RS 1 2518 — 3K . Martine ZEP8fF 5% & B
RO A2 AT SR AR AE R il ok R R A B
e FEABRR Y, URAE R S0 g R AR R
RO AT HLRK , X AT ARG 3 7K A B8 A R
WA PR B B 2, AT T3 5~2 mm FI R K
A HLAR S BB I (B 6). AW/ NS R o b A%
RIS HAE FC3 VR AR (&6 ),
A 2 5 Rl P A 300 3 K 43R 285 A sl Ak o R 1
eSS R AN, AT LB R AT RS AR X 552
HEBT R RE ., VISP A NEBIER T A
BLB B 225 A0 AE K AT R AR R A R AR v, 523045
(& 6) FW 5~2 mm il 0.25~0.053 mm R
AWK S ERZ, JLHIE 0.25~0.053mm F R,
PR I AR S 56 MG 2 2 DAk A R AR i T XA 7
33 FREATIEARGCHWEAZSENHREN

HIBX &

g AR (B 7) RIS KA ALK AL
5 A SR i i R DA O, U 5 K R AR
T 1 070N AT SRR B T 0 DA % ) 3 ek ) S5 3 B AR
Wiesmeier 45501 % B f A 5 (A R AT HLRR B0 i 25 5 T8
B PR AR, T R AT SR A B 5 3 65 /N AL SR A A AL
M. Park 2509 & BUAE VR ALVE AR 58 R 1A R A
R RO AL Z AL T . 3 ML A1 2R
TRTE Jad 72 P B B2 A e 2 4 ) A LR o L
SEPEHT, ARk R A PSR, T AN AR AR A 1A
BRI R T Y ER LR, R A DL
G2 A WA o i, DT RS A HLRR A A 1D
o B AR TN - 49 AT TR R 1) JR B R e A LR B4

A RS E M o PR VE FH A A ek A SR A Y 2 A A A
B, A5 A SR AA AT B R R B A L. IR Ah,
VAR R L 30 30 3 A2 B G AR AR, B AR
A= PR A AL AT T o R, dE TR R A
PUBR AR RS B fk o st AL Mg T HLRR B9 &
AR E M

Gaji¢ EPYRFSE & B0+ A BRI R e 1% +
AR S o . SR R S L2 R BB
O SER AR (5, K6 FIFk 4) AT AIAR ML TE YR Al
PR PR R R ZL, R MORLAR S A . AN
T B 2 R X B A 10 R A A 4 3 5 B b
o X RRE ML AP U e U AE,
DMK T TR 0 E A PLT, XS AL A e
SEAE 1T RERC S, T B B R AR MR BRI,
FILLZ R, #fFHb - 1 rh i A7 HLTE AT RE LU e 1%
SAFTE, AR A R o TR AR, XA HILT
HA T IEEERE )T, A B T4 3R A R IR AR e

4 25 %

ARG LT R R ERE S N RG0S, X
VR T - 48 P SRR 1) J) 5 il AR NG ML 5 AR
53T s (1) VRAMEIREEAR T 3 AR AR I RS 1k
Wit % v 1 PR A i, AT SR A X TR AR
[Fi) B R Rl o8 8 A R A SR et ook R i 1, {12
PET 5~2 mm FREBBEER/NT 0.053 mm AR
WHRE, FEELEH N 5~2 mm F/NTF 0.053 mm
BB W 1] 2~0.053 mm H IR, 1eoh+ 15
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VR AR Dl 4 A LR A S S 3, {HL G R
ANTRPRLAR A RAR A AR 5 it BB VR AL FH A 38
5, BR 5~2 mm PR RS HLRRZ B0 i s A kA
VA SR A WLAR 75 ok b o [R] e AT SR A A AR 75 14
AR A, 5 P 5 S A I 420 AR A sk ) i AR OG . (3)
SRR L, R AR R OGR4 5 B, VR A
1R bRl - 1 R AR J e R SRR B,
Pl &t AR A Y W E PR TR . URAZ DT S5
B W G20 3 — 25 i Ay + 25 4 B A A2 A 1 W AE i
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