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Abstract; Freeze-thawing cycle, the repeated freezing-thawing process at surface and a certain depth below soil due to
seasonal or diurnal changes in heat, is a widespread natural phenomenon in the soil of middle to high latitude and high
altitude. In the context of global warming, the extension and frequency of soil freezing-thawing cycle may be enhanced in
some regions due to the increased occurrence of discontinuous snow cover and rain-on-snow events. These changes in
freezing-thawing cycle may strongly affect soil physical and chemical properties, as well as soil microbial biomass, microbial
composition and structure, which in turn would have profound impacts on the key processes of soil nitrogen (N) cycling. At
present, available results of the effects of freezing-thawing cycle on the key processes of soil N cycling remain inconsistent.
The underlying mechanism is still not clear and the research methods need to be further explored and innovated. Moreover,
a comprehensive understanding of the key processes of soil N cycling in response to different patterns of freezing-thawing
cycle is not available. Therefore, on the basis of extensive review of the existing research results, this paper summarized the

research progresses and underlying mechanisms of the effects of freezing-thawing cycle on key processes of soil N cycling,
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including mineralization, immobilization, nitrification and denitrification, N leaching and gaseous loss. Additionally, some

deficiencies in current research were pointed out. The possible key topics in the future study were also suggested.

Key Words: freeze-thawing cycle; soil; nitrogen cycling; key processes; impact and mechanis
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Table 1 Effects of freeze-thawing cycles on key processes of soil nitrogen cycling from different ecosystems

eSSl ik VR W e rEH ke AR ERUINES Sk
Types Methods Temperature  Mineralization  Nitrification  Denitrification Leaching References
AR Forest F -13—5C + 0 + [32]
-5—25C 0 0 0 + [33-34]
L -3/-8—5C - - - - [15, 35]
-10—10C - - [36]
ML Grassland F -10—4%C + + + + [24, 37]
-18—8C + - [38]
L -20—20°C 0 + [7]
4¢ M Cropland + - + + [9, 37, 39]
L -10—5C + + [40]
-20—10°C + [41]
1B Hh Wetland F -10—7%C + 0 + + [4]
L -25—5%C + - + [42]
-20—5C - + + + [25]
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52 No effect

1.3 VRAl A0 1 S AR T A9 52 e

TSP AR R 48 S A 25T 5 IV TR 200 1 Y 2 4T 1 320 A SR A Ry IV ol R A R O . L TG T
FlOGT - SR AR A T 00 52 ) S AR S R P R IR i AR A A, (EIE RO AE VR A T 3w Al R A I 2 42
HHER , HHER R NOS-N St A —E SR 3Rk A 2438 SR R 28 7 B R 0 R s 85 F 1 1
P RSEATHESE, BN N [0 R R R A7 28 0 R 5 + AR AL R N . AR 1 AT LA Y BF AR
T2 RS0 1 45 R e W VRS 5t 45 PR S R G TR AL VE ) R 2R E I HIMEA . Yanni 607 %F
PAHT 3 X 0] B - SR AT 2 PRI S 2 B, G 22d B VR B RIS R RS ER AR S B R R T 59% , K
A Z 30 T L3R A B A0, TRIRE M, Zhang 2515 ¥ P 52 vl w0 J B4 SR ORI 2% L, - 38 et 1k 3ok %% i
VAR R AR T o LA 3 40 R 9 28 W Ak S R AN 32 VR s 5 OS2, B4, Nelsen 45" X 4b J7 I
AR S R GERY BT R, T IEVRR AR XA A A I B 52 AN (2 23X S A AR 2 e LA S S i A6 X NOS-N
T FEAT DG, DA T 22 300 2l P X e i A 23R T 52 ) sl AR A B 42

— BN VR R A T 3 g A A A A T A A e B R A
BB B X RS A AR UK, VRl S 5 I 1) I i R - SR A R P B 2 AR 449> 3 M i A 7 1
B Z BN RS REANE] , (FRVRAR SR A 58 4 436 Hodh A 053 1, Wang 551 & R4 101 0 2 S AL
1 & ( ammonia-oxidizing archaea, AOA) FIZ A LA E ( ammonia-oxidizing bacteria, AOB ) {3472 88 = O TE 1
H AOA MR IRZ R T AOB BYAE . BRILZ AN VRIS XS AT A P Foae ) 52 i ik 23 PR - S AL PR AN
=22 53 ) Clark 2694 BF5E & B, 76 K S DL T B8 st 26 M - 398 A0 ol Ak o R 2 398 I+ 3 A9 3.2—4.8 %,
Yannni % FE R+ X BT B, + AR 5 S 0 02 A 05 R 5 18 pH (35 DI DG, 38 il A8 s
BUAY pH (E N B2 X i AR 7 3 i — o B 3, R, B3 E A %) pHL (BB Ry 0 3 A s A v B

http ; //www.ecologica.cn



B
e

3172 2 SO Eire 40 4

1.4 URRhsg 83 3R AR PE - R 52

B E R R TE T AR T IR EE (NOS ) 1 R F 32 1R 58 WUV W A FH DAR S Re i O 7R, &
SET REHRIL, R F B RIER . O R £ B0 4 A58, 4351 S AR ER A SR Nar ( Z
LA narG ,napA) , WASFRER I I Nir( ZRfSFE N nirK |, nirS) , — %8 AL Z L JE B Nor ( ZitS3E A norB, norZ ,
gNor) ,—BA AR J5 R Nos (i FER nosZ ) AL . BUA MY SR L 2 A I 2 5 A FE N TRl R E A |
SN N, = A v RS FRER TR AT A e i T s e L A 0

RASSEAERT B TR s I8 55 2 3R - SR R AP b 22, E 52 T T 5Ery X Fhilmg IR
SR IABE SR R ARAE T van Bochove SEA5BL T 8] 2% 14 00 A7 a0 2 0, o7 5 25 ol 2 g A5k S5 456
32%') PO N,O HE™® SR RN A TR L URA SR — 5 T S A A R RO (1 191
U, Mergel 257 SR 242 T3 IEATHIFGE & B, Bk & B 35 271 10 S il AL 200 1 880 B i 5 Christensen 257 )
T 25 3% BH SR AT Bk B A - R S5 R B T 40% , T - HEE Al ) 2 VB34 hn o 59 — 7 T o il
T R RS A 7 0 3 S 1 5 R AR W IO R R R T RS R e R v S A A TR (TS PR R A R ) i
PR 2.5—4.5 5 FR LRl RS B A O R AL R

- VR Al S R O ) 1 SR A P 52 SR AR T, AR R 22, VR RIS VR TR B S R R SR R
e, RS AR A A ANAR A AT T S A R AR B, B RN A R It R, +
SRR I SR A T30 T BRI (] PN DR MRS O, JHAUR, R AR o R A [] - S % B2 1) S i AV P i B A7
FE—E 255, Jacinthe 25 AT HIEIFAHRE & B, AR A AC B G , 5—30 om BV BE A4 S Al Ak S PEOR R AR
A5 0—5 em )2 A SO AL B M 2 TR . PRI, AN (] 358 5 b g SRS A AR FH 32 9 ol 28 5 1) 52 il . A
JIT AR, van Bochove %51 3015 4345 14 48 A B URIIF 5 6 I, A0 50/ N Y - 198 PR R A S i Ak o3 R A%
BRI BRI 40%, fefa, TEAN R 18 8 B N 00T, Ui il 28 85 1T A 2 5 30 8 45 04 1) ) PR g
IR, AT PERRHI, LA - HEFLBR R A AR Mk, i S R B AR AR b S AR VR,
1.5 URRhsE N SIS A RS

A R A HEBOR AU S BRI R A A A 35 2R 2 — | R T 4 3R A AR 18 Ak
RIG YA, OSSR EEALHE NO N,0 N, Al NH, |, 3= 23 i + 3 Fh (RS Au Ve T e ms A Ve RS 25
SRR B AR FE R R RS b T 3 NO N, O FI N, A HER HL ), Bk T - 3 | 3R e R
R 2 R4 B Tt 2 (R B 2 A EAEF . HRGSC TR Al s B %t N, A NO HE A 5 iR 55 A e /0™ %+
B NH 5 % (5T 5 B4R rp T vk - A Bt AR < A b 10 | i G TR Al S B et 358 N, O HE IR i A A
FEMXEZ

fEAL RN SR AR AE TR AT LA™ 28 N, O R B By Rl A2 & 2 H OB R A4 R slE N T 82
)R85, 3 R AN AL AR RS AL VR B T 45 AR R A ET . H TR 2800 58 I\ R S Bl A/ P 4k il 52 1ot
TR N, 0 Ay EZRIECSO (U 4.4%09 N,O HEBCE R IR TRYAAER . i TERal A F T e B A Ik
KRR AN AU RIR A SRR GE M B 357 51, 1 HLIE T (e + SR A W s Bl s -
S YIRS SR ARl 145 N, O HERCHE It 40 Regina %570 X254 KA AT IFST W, AN N,
0 REHECE 3.3—18.9 kg N hm >, 5 & AFHEHUR AY 53%—81% ; 1) I SR 57 2 W 7 6k oy € 5 ) R Al N, 0
HECR LM 0.3 kg N hm ™, i @AFEHERUR ) 63% 1 R 2 ATLUIFE Y, KA I 5 205 S 1 2 W VR 5 B 2 {12
I N, O HE, AT BUE ARl X IR N,O B — DB LR, (HIEC A W A RIAE S RS MR
BLAAET N,O HERUW G B IR AE R 22 57 . WAL G 2 B 3 il R b N, O HECE 2 X HR A Y 1—
10000 17 , BFAMULIN 25 KRR AEAE R K22 57, H Al R N, O HEBC T 2.5—173.3 fEREET

T P 2 S ) R R A T L (1) AN (R B R AR Ry (RS IR URZE IS R Rl 22 45 ) X 4 N, 0
HECA SRt 277 Koponen [ BIF 7 285 S 22 W, V4% il 5 B2 100 1) - 98 N, O A4 B4 HE Tl 2 7 R 445 1 A

http ; //www.ecologica.cn



10 4] TRUC A R R SRS 1 SRR B S H e R ) S W) 5 ML 5 2 S 3173

—15°C B B8 5 T - 1.5°C Ab B R 31 N,0 HERCE'™ . Teepe Ml Ludwig AYBLIIIR 56 25 F F0A , VR 45 sf [ia] ik
K, N,O MHERC AR — kU, 55—k R T MY R] (4 N, O HEBOS K 5 ik 25 T 22 UK VR il 38 8 LA 11
N, O HERCHE e B /N, e FRasE 0™ . (2) YRRl AR IE T HHE2SR R | BRI A AL
PR St 5 38 N,0 BUHEICE ¢, Teepe Fl Ludwig & BLA @l 3¢ B 2 (i 1800 N, O HERK &3 I, i vb + 0
B N,O HERCE AR B E . Nielsen 45" HF5T 3 I 7EVR Ml s2 Bt B rP AU AR 1198 N, O HETCRE A 2
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BJE N,0 EERAT 0—5 em )2+ G2 X N,0 HEHGA T HE— 8758, van Bochove %5 A\ 4%
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Table 2 N,O emission from different ecosystems by freeze-thaw events

Rl 244 The condition of freeze-thaw

B3] ik N, O ik ik

Types Methods VR T 2 R Jis) N,O emission References
Temperature Depth Length

FEMK Forest F -1C 10 cm 5m e m [34]

-9—18C 0.5—1.5m 3m W [57]

L -5—10°C 6d Hahn [71]

-15—25%C I m a4 [51]

-3%C/-13—5C 14 d > [72]

L Grassland F -20—10°C 10 em ly e hn [14]

L -8—8C 5d Hahn [60]

-20—20C 5 cm 4d e hn [42]

-20—10%C 35 ¢cm 2d Ham [41]

4¢H Cropland F 0—40 cm ly e hn [70]

-8—19°C 2.5 cm ly Hahn [39]

-5—0C 5 cm 3m A [73]

L -1.5/-15—4%C 5—14 d e m [74]

~15—4C 21d K [58]

-16—8C 15 cm 28 d i [10]

e Polar region F -11—0%C 0 cm 5m e m [37]

L -4—8C 154d e hn [30]

FEHL Wetland F 0—1.5m 8 m Hadn [75]

F. 840N 35 371856 Field experimenl;L:%W*ﬁw\ﬁt«%} Laboratory experiment;d; K Day;m:H month;y;ﬂf Year

1.6 URihzg Bxd 3R R MR 0 52
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PRRR AN B MEAR R A T IR S50 A 25 S 2R BH | R R A P S — 35 IRV 2 S 1240 31 R 29.0 1 54.0 kg N hm ™, 433l &
XFHELLAY 1.8 .3.4 %, Joseph Fl Henry"* Xl e 4 F A= 45 R G MM 98 K B0, Ul 5 B S8 - 39 v 4 NH-N A
NO;-N iz 2 A o X IR 2 2 £% . Gao 451X 63 i 5 VR A S R AH SE AT SCHEAT meta A3 M AOSE SR B | 1
AR B3 ) NH, NO; F1 NOS ki 5t 0 5l fnk E 48 0 18.5% ,18.3% 1 66.9% . Hif N — R FNWF 5 IR,
VRS 218 i - e T v LR AT MR AR R R IR R R SR R T R
A2 R A R], - GOk 2 FORTHES ], SR SR FLBR LE, 2 T2 i 88 R 3B i R 4R R i - T AlLS
AFEMIRBL S, HOR, KRSl 3 P i S i CHL R S TR, gl s B S R E s R,

http ; //www.ecologica.cn



3174 JAE = 40 4

Freppaz 2" A VRl SRS AT LAGE HEA AL TCALI (A b JSORAN BT A B NHG AR i, 2 5 25 L S i
NH; WREETHE . Matzner 25 DA hy g LLRIAG AR b DX SR AR AR ) 00V 1, 2 phy T VR Rl 5 T i
LRI R SRR DR R W], TP DL AU IR I LT AN 2 RS B s, i A R
PRAAEE T HHE NO; WIRTE & FAE S R D WE K™ 3 512 S R G BRIy H 38R R A R ik
AKX,

VRES IR VR Rl | VR Tl R a8 R - B B A R R ) R R R A R R
Campell ZFEMHATETR AT IE R, F B URZS A0 3 (- 15°C) T ARAR L4 iy NH & Bl 5—o 5%, £
WA A5 X AR AL 2R L BT R, R W v B S B R R B T T R, TS A B AR L T
X P b - ST b 5 i - S A 9 S B0 9 R i S B Tt P A A DL AU R O A, Yu S
TEZRAL = VTP A BIE ST A B - HE R AR R 1 5 VR A TR A 5%, £ = Mh L - 38 PP (Y NH-N 1 NOS-N itk
TR 2 PR RTINS A L b (I KL R AR S BRSO R
SRR/ T SRR RS B I T R R Bk

2 FEXBHNTEREBAXBITENR IS

2.1 ORRl A AR b R R B IR O X AU P 5 )
2.1.1  HIES5

VRBEVE T L5 AR A W R A7, 2508 R A AR S 4 A HE 91 e A= AR AT R A g R - A R i i e
FIAEXS T IS AU R R R SV E TS 0 AR S5 # A 30, Rl 7 25 ek 28 - B Rz 1] 1) HE 571
4, DR Xt - 338 PH SR A Y R/ NI G e 7= AR s B i 10450 van Bochove I Oztas %5 A IF 5T 26 W , T
HeRah it LR b vk b BB I 23T TR RURE 55 UKL 22 (8] AR 56 245, i O - S9 P SR IR A s e DT o JEL A 1
AN AR SR R S Lehrsch 45 & 30 VR Al sS85 T (0 0 N SORE A ) v 25 K /INBDRE SR B8 R 440 5
R IR R R MR IN  3X F B P IR R A B IRANS VR AR FHAR G, 16 5 + 1 5K i
SEMAT O — ROl UL, R Al 2 B IR - R AR A AR TR B, M P R R A7 ) A ke R iR 1
SR R R U] - 9 AT SR AR R A T R

B AT SR AR B BB , 8 v S A0 S IR B0 )35 A LB R TCAIL 80 H TR 45 T 3 i 1 0y B T s 2 i e
R SN T IR SR — T T R TR S M U REAE D O R A Ak
AR, AN A IR VRS R A N E IR AR AR 5 — K T HLAR R
R YA, AR E I AR E T, P2 AR AR 2 1) NZO:M” » van Bochove 25T H A5 R G pd b
FELE R L AIE F1 5 T A LB i ARG
212 THEREE

VRRIAS R 23 T IFIRL B S Ak SRR Al AN B HE X B S AL R A AR T 38 23 U LI W 75 45
) CE R ZREERITE VRS | SR R4 52 e b 3 R SRR PR OGS R e R [R] Y R K R o VR TR
SEFC IR EE A EE R — A, HEE RS0 A 3 AUE PR 0 5 e R TR PR VRS AL B T BE B
SN RIS URES IR Ry —-25 CC R, THE HHER RS 09 B R AR B R T YRS IR -5 C Y VRl AL 2
Neilson SEXTBRMAR RGEIF5E R, LIRSS (-10°C) A HEF (9 N, 0 HERCR B & T4 (-5—0°C)
ARFEPY; Callesen 25 & BUAE i B S FER AT, A R HEH () NOS-N AR I 5 18 5 = ik 13.0 kg N
hm™, BEAN, VR 250252 M - 3 RU0E B 10 DB DR, 18 NHG-N A SRR B Iob i 7 il k2 1) i/ T
N

— 7T TR AR N IR RES XS AR A A T i Ao S 2 0 PR SRR, 5 S i g R R
WG 2—5 i WE S ARZEIG I 2—3 A5 . T HEERHLA S AT A A TN AR i kAR
A B RO AR A R 3R R KB | Groffman 25V BIFFE 26 I | R s i 38 p NOS-N (1997 5% 4

http ; //www.ecologica.cn



10 4] TRUC A R R SRS 1 SRR B S H e R ) S W) 5 ML 5 2 S 3175

% BRI, WA WFFETE ), MRS IR A —15°C B, A bk 1 T HP B RO U 38 e i, TR 485 TR SR —25°C B, 4k
R PP B R A X IR IR T — i YU B, AR A T R e A b NHG-N BB 5 — 7 TR
MRIR IR 25 1 SR E IBE T, S BG4 - S A W B A T % I X A R R B 4L SR T i 7 A R
M, NI TR I 5 r S Ak I 6030 Pl A JH A P il 3 1 I T R R 2L, R s/ 19 N, O B A I, 3 i i &5 A1
FIRARHERC ), (SRR RS BRI SR E S s 1k, 8 B R R T o°C S0 F , A= Wt Rl 25 4k
SR %, MARIR T AE SRR MK C A1 N ARG 1R
2.1.3 +HIKS

e - R Rl R AN IR AR AL IR PR R KA R BB 0 A B8 AE AR AT RS
R AR KRR, SR AR R R K 1 R4S RGE RS 2 T AR B 3R 2E 1) R R,
TR K TF R 18 R 2R (0 R A2 LS T 30K B RS oMl i 2K | SR %
B ASS BA 2x (1 397 T AR L FLBRLRE S M R S/ R AR 1, 3 S ) 3 A S S K 20 e Y
L BEE SRR, HIEBK R B BN T, T B, R S B R i B B
BN 5%—10% K5 +3535 ZBOE KT 3—10 1%, B EHOKSE 7 3@t K T B o5 g st 3—s 5,

et FE b I E K & AR R A LR RGN EZEIKN N 2 —, FERIAELT 6 A~ F .
(1) 25K LIGE A M6 51, i T3 R BB AR IS AE K S PR B PR3 i DA = A R0t K o 2 EF
TUAE s T B R, R IR W s AR BREE M N T RE L T A ORI RE R S A, &
W78 512 B EMBE AR TR s BEs mite SOEARER (2) K& b /R F AL IR A G
KR, BRAEOX MBS RS RNITE W, R I FHRE 3K A3 B0 T B A B R
A, 3% 5 Zhou %5 K FHILIFRARIO B I 25 S — 5., (3) B 7K 50 8 5= A4 I AL A Ak 3 R B S B2 {1, Breuer
2OV BIRE  BR, AK S B N2 4R BERS AL A B0 BEAT 2K A S i B — 2 AR R R IR 2
HIREAAE AT, (4) BERE HHEE KB A8 A0 I B Ak R AE K, Teepe Al Ludwig' '™ BB 7¢ % £ 3 N, 0
FOHE R e Bt 138 FLBK 5 i ETHMHE AN (42% < 55% < 64% ) o 3K i T 7K 73 i o 0 0 398 13 AR L
I3 rh Y S0 TR RS T 2 SR AR . (5) B3R Iy 2 i S AR RE L, VRRE S 2 S BUK >
KA AR 4G IR — 2 UK AL | 1 PN K o i T R S OBk PR AL Tk IR A R R T R Ak
iR, (AR VKA E— e R RS N,O Bk i SRS N,O HERCR A 2™, (6) il
R A EROKPEFIK B B, 23 S RS AR KB T, 350 2 T B o A RO 1R A 2R AE
0k PN B BT g AR SR T, B K SRR MO
2.2 URERACH: AR v A I 2 e T A X R PR 5

VREMAE R RN - A P o A el A R IR X6 3 R 2, EERBAE LU 3 AN (1) HRpiAE
FHAE BRI 0, a8 A R AR v R A MU A HLZ TR B8 )2 , 58 T e A JEHL
Ao 18 T bl R Rk U2 (2) BIEREE I & S EOEAIRAE TS, 1 3 b gy
AR R KEREIE R IR AR A BT R (KB I AR T A 43 i RS W s B R /N At )Y 4 sk
+Herh NO; A1 NH] SRBERY ) (3) BRI AS B BA S5 IR R W fLaF AR Ak i 4T
B P R AT M AL e s e s A A R RS A R R AR A T A
VRO S R R AR 25 5, AT R I 8 Y5 B 1) SR A0 i A e )1

R AT IR AT R L4 DA R A K R TR TR AN A R A R AR (1) 2
FE PR IR 25 M A A A G R 0 0w g, U R JC LA R R Ik B Bl i
e A HEP R AR A S R, R, KA NH,-N Fil NOS-N i A+ 38 {2 dF i ml HIE A R e
PRAERTT R, U A R RS A R T b AT ki B, Campbell 5 {iff FH 48U TR 007 AT AP 9 46
B LT B AT B9 38 NO; e ZRA A B Pk A F HHERI RS /E D L Ba Al s B N R R AIARSE T st T
SR R IR IR B R T I B SR 2 S R A AN B A T R R Ak

http ; //www.ecologica.cn



3176 JAE = 40 %

VEFRIHEAT o DRI VRl Se B TS R R IA R AN SRR G ) D], 1T I R R e A SO S Rl i A= S &
Gi 7= I RIAE DG A 25 R ST RE RN IR S5 1) Gt 1
2.3 URRh A A A SR AR WM o A X U B ) 5 i)
231 HHERCEYEREUL

A Y R P o B 0 B R Bh T B AR A s e ok U — R E T, Dorsch
SEUU S0 4 B R, Ve VR B A A D T TE AR RS B 0 A e TR R A TR
Christensen %57 38 13 SE 2% 35 X A= WA= W e R AT R 98 I6F 2 B, 7 R Al 2 0 ) 3 W K 2000 T 449%—
50% , F 3B URZE S 200 B AU A W DD T 40% ., Feng 4500 3 i 4l A AR 1 R 00 7 A R ST 4R L 1
—15C MR, BRI/ T AR A AE PR 200 52 2520

TEREARR S DI, -3 A Wi A BRI LU 7T . (1) TS UREE I a] , UK TR 123 38 Bl
240 00 RS A0 B8 ) LA 153405 , AT 5 R A B P T 25 R A R AR L R VR S 2 1 rhoK 34 il 4t il 1
HINB B S F V-7, A M S S M R AL, A MR A2 45 . Mikan 50 WF5E R 90, 24 HHEIRERE S -10C DT
I, A A B ME LA AE B Bl R e (HX P B AN S B G R A Fr st ik S8, — J7 T PR A LT &
SR B R AE G TR AORE A SIS VR, v AR LA AR S — T, B R S R R
B, A ) 23 RS AR PR BE O (AR T R RS R T R B SE T AR W e AR
(2) RS 2R RECUR A5 I BT B R 0 3% 43, 14 0 38 vp (98 80k J5, DA T 8 e Bl A A 1) PRk A K B
B A AR AR WA A NG PR A R A T 0K g R 3R X R S R R B T SR S TR A N
Grogan il Neilson % AHF 5248 | R @l 58 B 5t i A= W AR 9 JL-F- A B " X — 55 Koponen
ST YF IR 2 A F A 25 R G RIS A 45 SR AR — B, R B RO e 8 3 o 4 B B I T (R A B 1
FH1, TR, Freppaz &8 7 I TEZ AT MR T 7 36 1) b VRIS BR & X b A W i A e R s, H
T X o 22 5 S PR 1 ANV A, AT BB - S AR o0 FE VR b X B IR BEAE A G, 2 I VR S8 AR R 4 38
T A ) S AT T 45 R A AR Z A e v, BOZ i — DR
232 LIEGUEY ISR U

URRNSSE U T Ko i R A LSRR TRE S5 - G A W LA A A7 i P58 25 A X it A= W 4
JRRNEE A A SRR M 5400 A W VR UAN B R 3 (70%—90% ) , LUK J& U2k 1T, BRI AR X 4 /01
e PE IR R Al R b, R SRR R T A R W R 2 AP 2 0 4 TR DS AR B e
G, AN ZERE R 5 E M R Z20 FRE T Wang 2518 FE MR R BT 98 o | 5 H R Bk i A ¢
A AT T (AOA) A AL AN T ( AOB ) ~F B2 147 Fir [AIC, 21 4hE % L 38 T R fe R INF, AOA 0t B Wi
AOB, T 7EAR X I W2 1) 1= 45 rh ) AOB Bt A X e ey o it PR 7 T 8 ek P AR g A A T 25 TR R 25 i AR rh g T, i
MRS RN SR DAAAIE Y L — MOk UL, B Z R R I W e (0 2 RN S5 4 A i 25 53 ) BLRRI 7R 46 Kl
ERAE, AN ZE SR B In  Lipson %51 X 5 FEREA) E 17 (1) DNA 2858 WP o8 6, & b iy 5
B/ 20T HO (A B BN, LB IR R 00 338 7 HE AR T 58 . 5 M I, Staricka A1 Benoit ' X4 3 &5 Ui A
PIRIOIF ST 5 B, VR AZ R i T A T A v DG 3 Aot DAL T 28 W A [ A T 3 2% e 300 ) R R A R 2 T ) - 4
HAE Y SRR BB AR S R N, S B R RUE YT C/N BUNMY AR 2 (BRI R A ae 8
FLT A0 DA IR BT, B 22 I8 O RS HUVE T T DAVR AU 200 B8/ TR 1) EU AR

Schimel 1 Bennett' " A 5T & 31 3 0 Z A I A9 FR A28 R 2 K 2R 11 AR B A FH ( depolymerization ) , K4
TRREY R BRSO SE ) 38 5 ff RAE HAE SRR ] R B SRR o (IR | U R IR 5 ) &
JE SRR AL AR R LA, T Wild SEFEAUIR X A5 45 AR WY S B 1 e 2R 23 i TR A R X = B 1 R AT
BEA BN BB BB =L S FP AN SN EG , 16 55 2 5 2 1 24 Lo T B, AL B 4T 4 R AR T &R
S G VREE T AR e v o 0T R A BRI 2 S B AR i SRR i HLd b 2 2 LA ALY
ORISR % TSR VR I AR AR T A T

http ; //www.ecologica.cn



10 4] TRUC A R R SRS 1 SRR B S H e R ) S W) 5 ML 5 2 S 3177

2.3.3 T IEGIAE WA R ) R

VAR T A 3 o A0 = 458 P P AR AR RN 2 e T 1 T = 398 v %) B A 0 R e P G P e A s e, — Rk
U, SRR E R RE SEIE ARG, B A R R A, B PR R AR SRR L R A — R4S i
PR B A Y RIS PERE K . (1) YRRl T 3 - SN I8 UK B SG  (15 5% ALl Ve Ry il | 2T 4E R 1 | ik
Fit B A ol ATV B R B S T P IR 51 (2) B TR A S B i S 00 38 pHL i R, 7 75 2 S A S A
FEPE L 58 A He e (R XBIIRAE" T AT FE 5 H ol 25 SR B3 o b Jd 40 M T R AR b, LAy 26 -
I3t SR P S B O [ R B 0 e e 3 SO [R) - R AR B A R AN [ OC  (3) bR mY 1 SR B B 4
SR BRI 2 1) G2 W R R S S DA T 35 T S B S ME A BAR AT R TG . = | - S Rl A P AT T AN i
AEYREYE (1) IR ARG 1 2R IR e sl , EEEET R R0, — BLRZs 3 il 45 i il o PR 1G5
S SHEAAYUTE LB (2) GREEER & S EOREMAEYIIET ., X UEIET R RUE Y BRI A EHLA
SN e LR SR BUAL, vK S A SRR A B VR A 2 T A SR A RO
LR | X BEAT R 43 ANAURT LAAE R IR 1 5% A A S 2B o hn AR R, 3 ot Bl 2B i M R vE > A R
TR E A AR TR B A A & & Sharma 251 BYAIFFE b WA 5 H R Bl S A0 T A W 00 T
(CO, = HEMIBGIN) , T EC T N,O AR IR, — | VR Rl iR 52 0 on S AR RS 3 ry 388 o - 48 v 1) il
P i i P I IV P S ) 90 P S B D B iR A R A SRS M B B4 iR A R TR A LR 4 i
AL E s H RS IR, Y — R R R B R VE T RORS AR R, S 3R RN o, HEBCE T N, O
Hea s 2

3 BERRE

VRS S e 25 B X+ SR B A5 0 — PR, BV B F K o AR A 300 S A R il A T
DA 3o 25028 37K PR DL 55 - PR T PR T 52 W) - 38 254y K 78 3R o0 R e AL RN S W ke i, R TS e R
(R DB BR L2 AEER & © 10 1990 T Bl A 25 R GE AR R4 DG BEER T (AR A BT s Tk, (R OE TR
RS X IR R FACRIWTTY B AP — SR R, ERERIN

(1) ZENTRRBAU S A R BB A G B, TEPANS 0 25 1R 22 , 3 LS BURS B P22 , F LA H Al R il S
XA R FACRIPL TS LA S WIS vk o 32 o XA e i AR R PR I 5 1 9K 2640 T O VR R A A9
AT AR T P R Ak P ) LS T T LT A R B AN S 1 . TT L 2 RSO B ) R il S A
Uil BE e R, A i R, M SEPRAE B S A T, A i T B2 AN 2 I, il AR X e e, Rt , 5%
TENBAUBT IR ITIEA Rt — PR

(2) EA LT URR SN S AR TS C IR TR N, O HERCA AL ZEE T AEAS [ 58 45 SR AT A7
TEZES . BR N,O HERCHMA R A 55 200 (40 NO N, (NH,) 38 i) R SR O W AT A8 T HL R R A
AT N, O Heilch: 5 R HE R S AR TR B AT, XS RTARELAT T R Rl 7 v SR SRR 5 1 2k — 28
DAL, A BLH A T, AT R TR A PHLE 38 S e A LB R (I B SR

(3) TR B R R PP AL I A S . A WHTERBRT ik it AR s i A A A
RETY) IEARERIHINE 4 A Sk R B AL R A 36 o ] i A 9 8 B WP FEAHXE AN L, (AR R 2 1F R
REG AL A MBUE D BRSO R A BEERT N, HRTEZ 50T T LSRRI Jr Xt R R AL i 32
i i X 3K g R A pH B G AR AR S AR RIS R AN 2

(4) KT VRR BN TR E VI BT ST AN ETRA o H TR 2 [ SR VR Rl S % S B A s v &
e ARV S R 7 T R, AR e 70 A 3 DR R 1 S5 S5 K b o (PR R 4 s R Rl S 1) S R ATLBEAR 2>
M5 10 KT, A TR VR R A T AR T REIR DA R A 312 AL DI RE R U A7 B TSR R L3S B T AR TE
AR A B TRATRA PR AR S T S E P03 R R AL STk, ARA T T HE— P05

FEX LA EAAAE R IRLE AR ABFFE AT LU 3 AN J7 AT B fin e .

http ; //www.ecologica.cn



3178 JAE = 40 4

(1) R I 2 NI S 5 . (ERBRBALT R T T 2R R 2R B A 25 R G BEA T W TR VAN UR Rl
JRZEA NS A= A5 R GERAGER RSN o 1T DS M 0 I A S A, BT LI R A R o AR A IS FE A 52
b e =2 R e AN UM e TR A 2 IS v I 2R i SR e 2 ) R B2, R S A SR DU
)8 R AT O A B <O N 1l O ) 1 N e 2 o 111 D T B 1

(2) URR AT T A WIS T 2 2 B T i o A4 R RN 1 A W2 07 vk B RS G, A A
W2 etk AP MR PESE AT T R K R, AR ik S B 1 6T - SRR A W il AR % JFC 2 ) AT )
5T, T L Ao X 42 1) SR B A 8 S B ol A Oy I RE S TR A8 20 A B S AN Rl A b 24 A AL S A e T it
SEATREARAE O PRS2 T K SR R R T R T PR R M SRR e ML L A T T BRI 1 1)
AR,

(3) AR AL TEAE T T RS 703t DX - S URRAR Jg , A4 P 5 st i/, 33835 2 J2 R EE R o, 2= 4k
VR DX AR 5 3 20 T T R A S 20T STE — PR 2 W R oA 70 - 8 4l ) e TR 3 43 X
1 EHEIRERI 262 Tz B ERRAE T X AR S AT e SRR AR R E 25 R T A
BZ R, HATSC T URBAE SO S AYBIFE 2 v Tl | oy L ORI AT B I AR S B 26 B IX
1117 FP 243 LAt i DX oA T AR ) R S RRIAS R e S SO, PRI AN A e B R v A DX P A Al
AR AR R REE T A BE i DX, SR SC T VRl S ) b 443 8 il X - SR AT 20 ) B2 b A9 o b — 28 s

5 2% 3Lk ( References) :

[ 1] VE4kF, S, Fh Bl R ZE S+ RORBLE PR 1 R JOR R AR AT, 1L, 2014, 32(4) : 385-392.

[2] SEE, EEF, XHE, XWA, K, HIHE, TIH. AR EXEREER S R8R R, P EK LA, 2008, 6(5)
32-36.

[3] SongY, ZouY C, Wang G P, Yu X F. Altered soil carbon and nitrogen cycles due to the freeze-thaw effect: a meta-analysis. Soil Biology and
Biochemistry, 2017, 109. 35-49.

[ 4] Ewfr, FEF, Eotl, 23, BRI, Wade, FEEE. e xR A 3 R 50 IR PR OGS R 02 w800 B L. i AR 252
%, 2015, 26(11) ; 3532-3544.

[5] ZEiL, T/, T8, B, Sk, M4 gl 1A R AR N, O HER iy 52 m fF 58 9 . 88273l 2013, 50(5):
1032-1042.

[ 6] van Bochove E, Prévost D, Pelletier F. Effects of freeze-thaw and soil structure on nitrous oxide produced in a clay soil. Soil Science Society of
America Journal, 2000, 64(5) : 1638-1643.

[ 7] X80 URmiE X Aot 1 0 B LRI D] K3 RALIBRsE, 2016.

[ 8] Bk, Mg, 558, T 5. VRR SR TR MARSC A WA e P IS . 8, 2016, 47(5) : 1265-1272.

[ 9] Joseph G, Henry H A L. Soil nitrogen leaching losses in response to freeze-thaw cycles and pulsed warming in a temperate old field. Soil Biology and
Biochemistry, 2008, 40(7) . 1947-1953.

[10] Teepe R, Ludwig B. Variability of CO, and N, O emissions during freeze-thaw cycles: results of model experiments on undisturbed forest-soil cores.
Journal of Plant Nutrition and Soil Science, 2004, 167(2) : 153-159.

[11] Groffman P M, Driscoll C T, Fahey T J, Hardy J P, Fitzhugh R D, Tierney G L. Colder soils in a warmer world: a snow manipulation study in a
northern hardwood forest ecosystem. Biogeochemistry, 2001, 56(2) : 135-150.

[12] Yanai Y, Toyota K, Okazaki M. Effects of successive soil freeze-thaw cycles on nitrification potential of soils. Soil Science and Plant Nutrition,
2004, 50(6) : 831-837.

[13] WA, RRAE, EMH, L. HRRERX LA HUE RRCEM R R Rmr st . iRL, 2011, 33(2) : 442-452.

[14]  FEJ7Ub, BA0REE, 4K, TRIRAE, DR, 75 0 IR 28 5 fa) A A K R 3 UM HERICRA I B AR BE BTk, AR 252 Ak, 2013, 32(8):

1994-2001.
[15] PWjR, BHR, Wi, e, 20k, &30k, R E T T8I Ak b e 8 L BRI, AR AS3REE I, 2014, 23(11) :
1769-1775.

[16]  E¥E, XUF, EE, FEED]. FRulfE S g0 i C R UFT. 3 53 E SR8, 2007, 23(2) : 91-96.
[17]  BZE, Kty SRR GBI i Fe S ML PRE W #id iz, 2013, 40(1) ; 98-108.
[18] Gao D C, Zhang L, LiuJ, Peng B, Fan Z Z, Dai W W, Jiang P, Bai E. Responses of terrestrial nitrogen pools and dynamics to different patterns

http ; //www.ecologica.cn



10 #5 B S VR B AR ) 39 R R AR A S A R 04 5% ) 5 ML F 9 3179

[19]

[20]
[21]

[22]

[23]
[24]

[25]
[26]

[27]
[28]
[29]

[30]

[31]
[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43

[44

[45
[46

[47]

of freeze-thaw cycle: a meta-analysis. Global Change Biology, 2018, 24(6) . 2377-2389.
Kreyling J, Beierkuhnlein C, Pritsch K, Schloter M, Jentsch A. Recurrent soil freeze-thaw cycles enhance grassland productivity. New Phytologist,
2008, 177(4) : 938-945.
Henry H A L. Climate change and soil freezing dynamics: historical trends and projected changes. Climatic Change, 2008, 87(3/4) ; 421-434.
Hardy J P, Groffman P M, Fitzhugh R D, Henry K S, Welman A T, Demers J D, Fahey T J, Driscoll C T, Tierney G L, Nolan S. Snow depth
manipulation and its influence on soil frost and water dynamics in a northern hardwood forest. Biogeochemistry, 2001, 56(2) . 151-174.
Mellander P E, Lifvenius M O, Laudon H. Climate change impact on snow and soil temperature in boreal Scots pine stands. Climatic Change,
2007, 85(1/2) . 179-193.

PEYeAE | I, R a‘/\)uﬁ VRANASHE A MAR R R AL B AR 10, 2015, 47(4) : 647-652.
W, RE, WL, RT, AR, XIHk. FRAEE X € R A ) R ML S s . R S SR AR AR, 2011,
17(1) ; 57-62.
FEOHE, (ERBE, ZEA500. VRANGS /NG 220810 b 1 S GO Wi R BB M. I /R IR TR R 22241, 2013, 34(4) : 530-535.
Zhou W M, Chen H, Zhou L, Lewis B J, Ye Y J, Tian J, Li G W, Dai L. M. Effect of freezing-thawing on nitrogen mineralization in vegetation
soils of four landscape zones of Changbai Mountain. Annals of Forest Science, 2011, 68(5) : 943-951.
Christensen S, Christensen B T. Organic matter available for denitrification in different soil fractions: effect of freeze/thaw cycles and straw disposal.
European Journal of Soil Science, 1991, 42(4) . 637-647.
RES . 2T MEVR RO I /85 L AZ MR e A= s PR s [ D] HEZE . DU TR K2, 2009.
BARNAL. VRARASHE A MR R A ML R E SRR D] KR kR, 2004,
Grogan P, Michelsen A, Ambus P, Jonasson S. Freeze-thaw regime effects on carbon and nitrogen dynamics in sub-arctic heath tundra mesocosms.
Soil Biology and Biochemistry, 2004, 36(4) ; 641-654.
S, wiM, FEM, SEIT, F . AR L R SR R A A S i R AT, B, 2007, 16(6) ¢ 39-46.
Larsen K S, Jonasson S, Michelsen A. Repeated freeze-thaw cycles and their effects on biological processes in two arctic ecosystem types. Applied
Soil Ecology, 2002, 21(3) . 187-195.
Groffman P M, Driscoll C T, Fahey T J, Hardy J P, Fitzhugh R D, Tiermney G L. Effects of mild winter freezing on soil nitrogen and carbon
dynamics in a northern hardwood forest. Biogeochemistry, 2001, 56(2) : 191-213.
Fitzhugh R D, Driscoll C T, Groffman P M, Tiemey G L, Fahey T J, Hardy J P. Effects of soil freezing disturbance on soil solution nitrogen,
phosphorus, and carbon chemistry in a northern hardwood ecosystem. Biogeochemistry, 2001, 56(2) ; 215-238.
Hentschel K, Borken W, Matzner E. Repeated freeze-thaw events affect leaching losses of nitrogen and dissolved organic matter in a forest soil.
Journal of Plant Nutrition and Soil Science, 2008, 171(5) : 699-706.
IR, W], ESpa, R, TRML, RO R R AR L ek B R . RS ARA, 2017, 36(6) @ 1548-1554.
Brooks P D, Williams M W, Schmidt S K. Inorganic nitrogen and microbial biomass dynamics before and during spring snowmelt. Biogeochemistry,
1998, 43(1): 1-15
Zhang X, Bai W, Gilliam F S, Wang Q, Han X, Li L. Effects of in situ freezing on soil net nitrogen mineralization and net nitrification in fertilized
grassland of northern China. Grass and Forage Science, 2011, 66(3) : 391-401.
Wagner-Riddle C, Congreves K A, Abalos D, Berg A A, Brown S E, Ambadan J T, Gao X P, Tenuta M. Globally important nitrous oxide
emissions from croplands induced by freeze-thaw cycles. Nature Geoscience, 2017, 10(4) . 279-283.
Feng X J, Nielsen L L, Simpson M J. Responses of soil organic matter and microorganisms to freeze-thaw cycles. Soil Biology and Biochemistry
2007, 39(8) : 2027-2037.
Sharma S, Szele Z, Schilling R, Munch J C, Schloter M. Influence of freeze-thaw stress on the structure and function of microbial communities and
denitrifying populations in soil. Applied and Environmental Microbiology, 2006, 72(3) ; 2148-2154.
Miiller C, Martin M, Stevens R J, Laughlin R J, Kammann C, Ottow J C G, Jager H J. Processes leading to N, O emissions in grassland soil during
freezing and thawing. Soil Biology and Biochemistry, 2002, 34(9) ; 1325-1331.
BB, XU, 2R, 2R L R R R R T 1l TR B AT AR AE. JKFKHLEAR 2018, 49(4) : 90-98.
JRRERT, B4R, XIF, ZEME4r, T3, TRAHE L -3 A ek AR ED s, £ SR HEE2 M, 2008, 24(3): 1-6
FH 8% . RV X A R AR s2ma [ D], SR . Bl R, 2016.
Koponen H T, Jaakkola T, Keininen-Toivola M M, Kaipainen S, Tuomainen J, Servomaa K, Martikainen P J. Microbial communities, biomass,
and activities in soils as affected by freeze thaw cycles. Soil Biology and Biochemistry, 2006, 38(7) : 1861-1871.
Freppaz M, Williams B L, Edwards A C, Scalenghe R, Zanini E. Simulating soil freeze/thaw cycles typical of winter alpine conditions:
Implications for N and P availability. Applied Soil Ecology, 2007, 35(1) ; 247-255.

http ; //www.ecologica.cn



3180 JAE = 40 4

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]
[63]

[64]

[65]

[66]

[67]

[68]

[69]
[70]

[71]

[72]

[73]

FH B, S5 088, INSCHE. VRIMIE RO L3ERUE MY MLk, TLARRRLY:, 2016, 44(10) ; 438-443.

Saggar S, Jha N, Deslippe J, Bolan N'S, Luo J, Giltrap D L, Kim D G, Zaman M, Tillman R W. Denitrification and N, 0N, production in
temperate grasslands: processes, measurements, modelling and mitigating negative impacts. Science of the Total Environment, 2013, 465
173-195.

Campbell J L., Socci A M, Templer P H. Increased nitrogen leaching following soil freezing is due to decreased root uptake in a northern hardwood
forest. Global Change Biology, 2014, 20(8) : 2663-2673.

Nielsen C B, Groffman P M, Hamburg S P, Driscoll C T, Fahey T J, Hardy J P. Freezing effects on carbon and nitrogen cycling in northern
hardwood forest soils. Soil Science Society of America Journal, 2001, 65(6) : 1723-1730.

Yanai Y, Toyota K. Effects of soil freeze-thaw cycles on microbial biomass and organic matter decomposition, nitrification and denitrification
potential of soils//Hatano R, Guggenberger G, eds. Sapporo: Hokkaido University Press, 2006: 177-191.

Wang A, Wu F Z, Yang W Q, Wu Z C, Wang X X, Tan B. Abundance and composition dynamics of soil ammonia-oxidizing archaca in an alpine
fir forest on the eastern Tibetan Plateau of China. Canadian Journal of Microbiology, 2012, 58(5) : 572-580.

Clark K, Chantigny M H, Angers D A, Rochette P, Parent L K. Nitrogen transformations in cold and frozen agricultural soils following organic
amendments. Soil Biology and Biochemistry, 2009, 41(2) ; 348-356.

Philippot L, Hallin S, Schloter M. Ecology of denitrifying prokaryotes in agricultural soil. Advances in Agronomy, 2007, 96: 249-305.

TENBRY, 223025, bR, A1 i 30 SR A VR R 5 i SE R SRR S PR 240, 2017, 12(3) : 50-60.

Groffman P M, Hardy J P, Driscoll C T, Fahey T J. Snow depth, soil freezing, and fluxes of carbon dioxide, nitrous oxide and methane in a
northern hardwood forest. Global Change Biology, 2006, 12(9) : 1748-1760.

Priemé A, Christensen S. Natural perturbations, drying-wetting and freezing-thawing cycles, and the emission of nitrous oxide, carbon dioxide and
methane from farmed organic soils. Soil Biology and Biochemistry, 2001, 33(15) . 2083-2091.

Mergel A, Kloos K, Bothe H. Seasonal fluctuations in the population of denitrifying and N, -fixing bacteria in an acid soil of a Norway spruce forest.
Plant and Soil, 2001, 230(1) ; 145-160.

Ludwig B, Wolf I, Teepe R. Contribution of nitrification and denitrification to the emission of N, O in a freeze-thaw event in an agricultural soil.
Journal of Plant Nutrition and Soil Science, 2004, 167(6) : 678-684.

Risk N, Snider D, Wagner-Riddle C. Mechanisms leading to enhanced soil nitrous oxide fluxes induced by freeze-thaw cycles. Canadian Journal of
Soil Science, 2013, 93(4) . 401-414.

R, R VRRE T 3R 2 AU AR SHEBMSE . A= 3522%, 2010, 29(7) ¢ 1432-1439.

Jacinthe P A, Dick W, Owens L. Overwinter soil denitrification activity and mineral nitrogen pools as affected by management practices. Biology and
Fertility of Soils, 2002, 36(1): 1-9.

Davidson E A, Janssens I A. Temperature sensitivity of soil carbon decomposition and feedbacks to climate change. Nature, 2006, 440(7081) :
165-173.

Frolking S E, Mosier A R, Ojima D S, Li C, Parton W J, Potter C S, Priesack E, Stenger R, Haberbosch C, Dorsch P, Flessa H, Smith K A.
Comparison of N, O emissions from soils at three temperate agricultural sites: simulations of year-round measurements by four models. Nutrient
Cycling in Agroecosystems, 1998, 52(2/3) ; 77-105.

MR, wiltsr, SRR, AR, JRRT, kB, #EERZE, BIEAL. AR SRR RS LA SRR . A4 E R, 2016, 36(4):
1083-1094.

Mgrkved P T, Dérsch P, Henriksen T M, Bakken L R. N,O emissions and product ratios of nitrification and denitrification as affected by freezing
and thawing. Soil Biology and Biochemistry, 2006, 38(12) ; 3411-3420.

R, Frae, XIEM, ERW, D30, I % SRR AR AL b X 7 98 AUBE e R OS2 . PR T AR R F 4, 2012, 2(4) .
333-338.

RIH. GRRE XA IR K 53 25 (0 it 3 b B i [ D] KFF . BB B R (h ERFEBE AR L 5 0l A IS B980T ) |, 2017.
Regina K, Syvisalo E, Hannukkala A, Esala M. Fluxes of N, O from farmed peat soils in Finland. European Journal of Soil Science, 2004, 55
(3):591-599.

Kurganova I N, Teepe R, de Gerenyu V L. The dynamics of N,O emission from arable and forest soils under alternating freeze-thaw conditions.
Eurasian Soil Science, 2004, 37(11); 1219-1228.

Goldberg S D, Borken W, Gebauer G. N,O emission in a Norway spruce forest due to soil frost; concentration and isotope profiles shed a new light
on an old story. Biogeochemistry, 2010, 97(1) ; 21-30.

Dorsch P, Palojirvi A, Mommertz S. Overwinter greenhouse gas fluxes in two contrasting agricultural habitats. Nutrient Cycling in Agroecosystems,

2004, 70(2): 117-133.

http ; //www.ecologica.cn



10 #5 B S VR B AR ) 39 R R AR A S A R 04 5% ) 5 ML F 9 3181

[74]

[75]
[76]

[77]
[78]
[79]

[80]
[81]

[82]
[83]
[84]

[85]
[86]

[87]
[88]

[89]
[90]
[91]
[92]
[93]
[94]

[95]
[96]

[97]
[98]
[99]
[100]
[101]

[103]
[104]

[105]

Koponen H T, Flsjt L, Martikainen P J. Nitrous oxide emissions from agricultural soils at low temperatures: a laboratory microcosm study. Soil
Biology and Biochemistry, 2004, 36(5) ; 757-766.

KK, TEE, TRE, BEF. FWEHRAEITEEREM CO, .CH, M N,0 HEsh&. BRI, 2005, 26(4) ; 7-12.

RV, REYL, BAEYE, ZERE, Chen W G. BRER IR AN [ BE 444 T ¥R ARbR 8l A i A v S A 0 SRR B ). A 22 2k
2016, 35(7) ; 1807-1818.

AP, B, Rk, M, Guo C. VRS VRS, B IR X w2 28 DOIRHY ZRbk H e i vl 24 B AN 0 5 1 & N, O 1 CO, HE
RS, R ERRE . HiERER2E ) 2015, 45(11) ¢ 1698-1712.

Koponen H T, Martikainen P J. Soil water content and freezing temperature affect freeze-thaw related N, O production in organic soil. Nutrient
Cycling in Agroecosystems, 2004, 69(3) ; 213-219.

Wu HH, Xu XK, Duan C T, Li T S, Cheng W G. Effect of carbon and nitrogen addition on nitrous oxide and carbon dioxide fluxes from thawing
forest soils. International Agrophysics, 2017, 31(3) ; 339-349.

Oztas T, Fayetorbay F. Effect of freezing and thawing processes on soil aggregate stability. CATENA, 2003, 52(1) ; 1-8

Callesen I, Borken W, Kalbitz K, Matzner E. Long-term development of nitrogen fluxes in a coniferous ecosystem: does soil freezing trigger nitrate
leaching? Journal of Plant Nutrition and Soil Science, 2007, 170(2) ; 189-196.

Vestgarden L S, Austnes K. Effects of freeze-thaw on C and N release from soils below different vegetation in a montane system: a laboratory
experiment. Global Change Biology, 2009, 15(4) ; 876-887.

Matzner E, Borken W. Do freeze-thaw events enhance C and N losses from soils of different ecosystems? A review. European Journal of Soil
Science, 2008, 59(2) ; 274-284.

Campbell J L, Reinmann A B, Templer P H. Soil freezing effects on sources of nitrogen and carbon leached during snowmelt. Soil Science Society of
America Journal , 2014, 78(1) ; 297-308.

FIAT. IRASEAT AN AP BT R AR LR P AR MR [ D], KA. AR, 2015,

Yu X F, Zou Y C, Jiang M, Lu X G, Wang G P. Response of soil constituents to freeze-thaw cycles in wetland soil solution. Soil Biology and
Biochemistry, 2011, 43(6) : 1308-1320.

ARSI, EWAT, TV, AW e VR R b b S S A S B AR 1 . Ol B R, 2016, 35(7) ¢ 1360- 1367.

Lehrsch G A, Sojka R E, Carter D L, Jolley P M. Freezing effects on aggregate stability affected by texture, mineralogy, and organic matter. Soil
Science Society of America Journal, 1991, 55(5) : 1401-1406.

Lehrsch G A. Freeze-thaw cycles increase near-surface aggregate stability. Soil Science, 1998, 163(1) : 63-70.

WLres, ZRaut, IVE. TR £ CO, K N, O BERUUM RSl e. +4E, 2010, 42(4) : 519-525.

ZE 5. FRALE XS R L AR R AR R M X LU BEFE [ D] B . SRR R, 2012.

KPR, BEL, FEOEE URAEIE AN LIRS A B L TR B L. i MR 2l . MhBRBLANI, 2013, 43(6) ¢ 1904-1914.
BRUNEL. VRAME XS 1AL K A Wy 2 PR N S A £33 . 2ROl B2, 2009, 37(11) : 5054-5057.

Wang L Q, Qi Y C, Dong Y S, Peng Q, Guo S F, He Y L, Li Z L. Effects and mechanism of freeze-thawing cycles on the soil N,O fluxes in the
temperate semi-arid steppe. Journal of Environmental Sciences, 2017, 56 192-201.

AN, X, Bl TR AR AR AT SRR S IRER 2. AEAS 2420, 1995, 14(6) : 29-34.

Schmidt S K, Lipson D A. Microbial growth under the snow: Implications for nutrient and allelochemical availability in temperate soils. Plant and
Soil, 2004, 259(1/2) ; 1-7

FEVE, SAEYT, R P PRAE R 3B Gl R AR A S S B HE Y OC R R AR 24, 2007, 18(10) : 2361-2366.
Ff‘lwm m, S, KRB, 2R, VRELSR T K s RO T ET RS AR, K L ORIFRITSE, 2017, 24(3) : 70-74.

W, ki, N TRl P AR 7. UKL, 2002, 24(5) : 665-667.

ZERUE, R, BN, FEEYE. BRMAESRE LIE L [ RZ PR, AR, 2001, 21(7) : 1187-1195.

Breuer L, Kiese R, Butterbach—Bahl K. Temperature and Moisture Effects on Nitrification Rates in Tropical RainForest Soils. Soil Science Society
of America Journal, 2002, 66(3): 399-402.[ 103] JS %, FALTE. T BB BRAR I V5 4 23 ik S e RSS2, N A=
2R, 2018, 29(7) ; 2422-2432.

TRERZR, JuSCHE, BCR, JAM. ARA R TR CO, il i KT VRA A R A B Z R R, 2015, 43(28) : 190-193.
Urakawa R, Shibata H, Kuroiwa M, Inagaki Y, Tateno R, Hishi T, Fukuzawa K, Hirai K, Toda H, Oyanagi N, Nakata M, Nakanishi A,
Fukushima K, Enoki T, Suwa Y. Effects of freeze-thaw cycles resulting from winter climate change on soil nitrogen cycling in ten temperate forest
ecosystems throughout the Japanese archipelago. Soil Biology and Biochemistry, 2014, 74. 82-94.

Rivkina E M, Friedmann E I, McKay C P, Gilichinsky D A. Metabolic activity of permafrost bacteria below the freezing point. Applied and
Environmental Microbiology, 2000, 66(8) : 3230-3233.

http ; //www.ecologica.cn



3182 JAE = 40 4

[106]

[107]
[108]
[109]
[110]
[111]

[112]
[113]

[114]

[115]

Mikan C J, Schimel J P, Doyle A P. Temperature controls of microbial respiration in arctic tundra soils above and below freezing. Soil Biology and
Biochemistry, 2002, 34(11) ; 1785-1795.

hIR 6, REHE, G, SELG I DR Ml R M A s 1 MR T MR AE M B . TR X3, 2015, 38(6) : 1190-1201.
W, SRPCEE, SARE, BT NP R Ll Ll AR SR A B A B R PR R IR R . A RS AEAR, 2015, 35(15) ¢ 5175-5182.
2R, SRR, BRI, R YR A R R R AR, MURIRITIE R SE . ARBIESAR , 2012, 28(6) « 70-74.

XU 5 PR RO S L/ e LR L3 A M Z AR SE R [ D . %2 . DIl R, 2010.

Lipson D A, Schadt C W, Schmidt S K. Changes in soil microbial community structure and function in an alpine dry meadow following spring snow
melt. Microbial Ecology, 2002, 43(3) ; 307-314.

Staricka J A, Benoit G R. Freeze-drying effects on wet and dry soil aggregate stability. Soil Science Society of America Journal, 1995, 59(1) :
218-223.

Schimel J P, Bennett J. Nitrogen mineralization: challenges of a changing paradigm. Ecology, 2004, 85(3): 591-602.

Wild B, Schnecker J, Barta J, Capek P, Guggenberger G, Hofhansl F, Kaiser C, Lashchinsky N, Mikutta R, Mooshammer M, Santritkova H,
Shibistova O, Urich T, Zimov S A, Richter A. Nitrogen dynamics in turbic cryosols from siberia and greenland. Soil Biology and Biochemistry,
2013, 67 85-93.

T, MEE, /L, ZEHREE, EAT, ST VRAME T R AT TR X A S R IETCHL A A RS . RO SRRl
2015, 34(3) ; 518-523.

http ; //www.ecologica.cn



