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Fig. 1  Major soil nitrogen transformation processes and related enzymes

R EALA N, O HEHC 5 e S H m] B8 B A I PL R, A7
B FRA R R Bl e 8 0 3R A0 8 AR R AR K
XA A A B B2 W, Xk T e 3 i AT L 4 e AT
A 980 A1 N, O HER DL K AR ot RS R G
RS K R AA B L

U RS A A R ] 455 2 A A 532 i

RA i TR 2 22 SO A AL A RS A R
Rt XA T LEARIREAT I 2B 4EER
GAMEAS T EE, B MEE W EIN R L
NH, = N 77 4= i 72 A R A W) b R AL 2% 908 35 1 FR
il 1 ¥5 15, 4K Wi, Schimel 1 Bennett i #ff 5¢ 45
T BRI AR e A R T A R R
RERMEA R B TR, HhERAREW (EA
J5T LT SR I SROME A ) d A SR AR T AR L AR
AR TS 5T (B IR | A B s R IR 55 ) 2 J5 2k
REFACT R EEAL . B85 L B A LU
fe @A A, (H— M 00 T K A DL B L 22 i NHY
- N HINO, - N (i (65 1 2 AL FaE 1k P4 i
B HGEMRRAT e, AT . 5R
WAk R OR A B, I 5 o AR A 4 Tk A Wk - g
TCALE M [ 7R (1 R A e i b S i ok 72 ) o

I 38 A I E — A ) P T B A R Al R
5 A i (), X — 16 bn BEBAF b S ket
A R AR D, 7E DL AR 56 T R R A
Xof - HEFR I3 R AL B R B AT 5T 7 AL AR R T
FRF LR (R D)
1.1 +HEMREALERT K. BFERNXE

R 2B A Yy (F 355 20 T TR M 2k T 5 ) 1
MRS A HLA ST O, DRSS 2 B R
T W 6 PR R B BBE T, DA 5 0 %5 i A AT
SR, A1 BF 5% % B, DY R O b4 36 Jm T3 A 60%  ~
94% W) Bl A= Al A7 3% B R TR I i Y A 3 BE AR 1
PRI B S B A7 T R A R I R
A, S fol 25 0 v A0S 2 B BT AR o R
Larsen 55" % B, 22 UK U Al 0 B AT 482 4ok 08024 00 e 9
ZER N C/N LB I OB RIS B 8 9 C/N LB
14 240 1 R %, R AR SRR W B C/N JE, X — 8k
R T A M6 Jo ML AR [ RE RE T ) LA AR —
SE T B 1 858 M P A0 B XU o AR, AR BT 5T
G URRAE RS RE B R U E W C/N
o, A AT Semf e th B B (H LK
WIRES W 2 B AEY R C/N H B 38K, U
TR TR A5 M 2 18 LU B O 32 9 7 18] e A8 AN M)
A 3 TR AL R HE Y RS R R R K



172 + bt

I
¥

il 50 %

AETE SR S5 50 A% 36 R A W0 3% B R T4, FE e 8 JL R
TR R MR - 5°C B 60, Stahli #1 Stadler' ™
KR KL 8% ~20% WK KBRS, I
S RHAERTT B R TOK & b s RS
KL B i G T R, Y R R R R T -
10°C 75 4 K B R oK A7 e o AL, 78 0°C L)
R AR A A s MR R TRk
et T FE RN S b v B Pk A0 g T 4

955 F% S B i, Clark 2517 % B, 72 K A LLF I E
N, 01 0 1 o R0 T R i Al R 9 BT R Y

3.2 4% ~ 4. 8 A% (ELJE DRV X ST R VR T A 2 0 45

WMEZAMR . SR, H A5 T R — =M XA [ 5
b - S RB A A T R AR o L ) F 5T A
FAXS B oAb, 78 R RS b id A i 2 — 20 W]
bRV A P OR ROk S R R S R
FRABMZ A o

1 FRMNITERZRAEENZG
Table 1  Effects of freeze-thaw on soil nitrogen transformation processes
R R TG 2R B Ak s R 1
BFgs 70k VRGE (BRI B3 HE Effect of freeze-thaw on soil nitrogen transformations compared to control
Study method Soil freezing( freeze-thaw ) characteristics R 45 Ak KAk
Mineralization Immobilization Nitrification Denitrification
) 2B Mild/4 m"™ + 0
kT % Mild/4 m" + 0
Snow
removed 2 Mild/3 m!?] 0 0 0
2 Mild/3 m!? 0 0
i 4 1 R K 4% B Mild or moderate /5 m!® + _
Sampling %P Mild/1 mE2! — + _
in winter ¥ Severe/1 m!t2!] + — +
2 BE Mild/1 d/15¢) 0 0 .
i B Severe/10 d/11° + 0 +
f1 4% BF Mild or moderate/133 d!'7! — — _
B Mild/1 d/1 ~211) — _
1% Mild/1 d/3 ~ 1011 ¥ .
= A i J¥ Severe/1 d/1 ~ 101" + +
Laboratory 2 Mild/10 d/1 ~ 3122 — _
simulation i Moderate /10 d/1 ~ 322 — _
¥ Severe/10 d/1 ~3122 — _
& ¥ Severe/1 d/11%) .
% Mild/89 %) — _ _
& ¥ Severe/1 d/11%7) .
i Severe/7 d/11%) + /—

T+ RGBT — R MR 0 REFTLH .

RAE (VR G RRAE — 31 AR TR B0 A SR R 5 0R R (K i R 4 e A R R R AT 4 %,

=5 ~0CHERE, -10 ~ ~STHPE . < ~10°CHEE) FREGFFLEME (KB L m M d FR) MEHBLIEHF R Note: Symbols of “ +7,

“—" and “0” denotes stimulative effect, inhibitory effect and no effect.

In the column of soil freezing ( freeze-thaw) characteristics, freezing intensity is

set to have 3 levels i. e. mild ( =5 ~0%C ), moderate ( =10 ~ =5°C ) and severe ( < —10%C ) ; for duration of freezing, m and d stands for month and

day, respectively and the number of freeze-thaw cycles
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Table 2  Contributions to annual N, O emissions during freeze-thaw period and possible mechanisms

g HHLER (g kg™") A A ) DTk {E (% ) AT fE ML
Texture Organic carbon oit Plant Contribution Possible mechanism

% 1 Clay 29.0 6.5 f7 % Forage grass 52 (2) [485
K Barley 52 (2)14

YR B4 Silty clay 18.8 6.1 K3 /1 H 3 Barley/ sunflower 36 (2) +(3)
He T F £ Loamy clay 31.1 7.2% F K Maize 20 ~63 (2)[50:
K 5. Soybean 17 ~41 (2) 150

13.1 5.9 K F/ /N Barley/wheat 11 (2) +(3) %]

15.0 6.3 K ZF//N% Barley/wheat 27 (2) +(3)L49J
Wb o A 4+ + & Potato 40 ~58 (2) 151
Silty clay loam 14.8 6.1 /NFE Wheat 42 ~53 (2)15
F K Maize 52 ~54 (2051

74.0 4.0 W& 2 2 Norway spruce 84 (1) +(3) 3
Zh3%E + Clay loam 57.8 5.2 i Hb Bare soil 76 (2) 1+
b 5 #h € + Sandy clay loam 20. 0" 7.0% IR Forage grass 0 ~81 (25
28.9 5.3 [ Forage grass ’ (2158
B i 4 £ Silty loam 4.80 6.5 E /KR Maize/ fallow 11 (2) 1%
27.0 7.6 oK/ KT //NFE Maize/ soybean/wheat 60 (2)05%
Hi £ Loam 36.8 5.5 #L i Bare soil 85 (2) 42
41.6 7.3 [ 7 Forage grass 13 (2) 13

W HH L Sandy loam 10.5 6.2 K3/ H 3% Barley/ sunflower 46 (2) +(3) %)

16.3 ~28.7 2.9~3.2 ML Z K Norway spruce 24 73 (1) +(2) 1)
20.5 5.9 fA3E Forage grass 7 (2)15%)
e £ Loamy sand 21.4 5.4 HE3E/IKIH Sugar beets/ fallow 76 (2)15%)
24.0 6.0 17 5 Forage grass 35 (2) [485
K # Barley 89 (2) 14

TE AR P B 2 F %2 £ 3(0 ~ 30 em) B S0 IE ITA5 , pH Jy Hy0 RARINSE , b ¥ Oy CaCly 4RI, " 50 UG . R N,0 KA
HEAC R o BEALEE AT - (1) ZRH-BEACHLEE 5 (2) SRS -5 S HLBE A (3) N, O 38 JEL g4l | HLEESF  Note: Soil physical and chemical properties

were obtained through analysis of soil samples collected from the surface (0 ~30 cm) soil layer and soil pH through water extraction, except for the data

with ¥ (extracted in Cacl, solutions) and * (approximate value). Potential mechanisms of large volumes of N, O emission during freeze-thaw periods are

(1) N,O trapped in and below the frozen soil layer and released from thawed soil; (2) N, O induced by circumstance and substrates; and (3) N, O in-

hibited by N, O reductase, etc

SR A B A PO AR, (1) B S -RE RCHL B« R Rl
I e b 3 I b 3R )2 Y S Ak S L
SHEIE IO B R Y BT R R, R
fif§ At ik B AT AT AE TR 2 A S ik AT, Bl K& NL,O 7
= WL W, 138 N,O W ESPEH 10 cm + )2
Ab O, Ve FE B AR 3 K, IR, 7E 38 VR 4 o B
ToE I E oK o & ik, R3O, & Al DLk
VE S — 46 7 PR 48 A ok B 7R @l ot 72 N, O 1
AR S 2 M 2 Bl BB R Y IR B
AR T 0°C B, A58 e 25 45 0k 0 U T o
SR T AR R TCIE RO R ok . Bk, W2
FIEA A N,O STEH )2 T R R, Hix—

UG R A T R 5 0 R 4 - R o A A R
S e A AR R SR AR 1 ™ AR B N, O X B A
R E) N, O B s B 1Y BT KRR AN M
e SRR AR EUE , BB N, O 5 e ik i
AR O R KRB (2) - YA F UL £
VR ZE 8 1o IR AT 3R R AR E A S O R DL & B
3 43 240 AR B BCAE B8 TG 3 4 R R T
KOEERR RS E IR AT 4 B0 - A 9
PR o e R RE TT, R AR R A
TCALR™ A 2 A B3 O, 58, i VR 2 35
K I L N R & TIORE 2 e fi B 2 IR A
SR 0, 3 5ik A 59 BCRE AR RE T, itk T 4R T N, O 1Y
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EFFECTS OF FREEZE-THAW ON SOIL NITROGEN TRANSFORMATION
AND N,O EMISSION: A REVIEW

Cai Yanjiang'" Wang Xiaodan' Ding Weixin> Yan Yan' Lu Xuyang' Du Ziyin'
(1 Key Laboratory of Mountain Surface Processes and Ecological Regulation, Institute of Mountain Hazards and Environment
Chinese Academy of Sciences, Chengdu 610041, China)
(2 State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China)

Abstract As a natural phenomenon, soil freeze-thaw processes often occur in the regions of mid-and high latitudes
and high altitude. Freeze-thaw can alter the soil physicochemical and biological properties, which thereby results in chan-
ges in soil nitrogen transformation and N, O production and hence emission. Up to now, the impacts of freeze-thaw proces-
ses on soil nitrogen transformation found in previous studies remain inconsistent and large discrepancies have been found in
the data on the contributions of N, O losses during freeze-thaw period to annual emissions. In addition, this review also ad-
dresses the effects of freezing or a freeze-thaw cycle on major soil nitrogen transformation processes, including mineraliza-
tion, immobilization, nitrification and denitrification, and possible explanations are discussed. Meanwhile, four potential
mechanisms relating to N,O emission intensity during the freeze-thaw period, such as N,O trapped in and below the frozen
layer and released from thawed soil, N,O induced by circumstance and substrates, N,O inhibited by N,O reductase and
N, O enhanced by chemodenitrification, are systematically analyzed. The implications of global warming for soil freeze-
thaw patterns are addressed, as well as the need to investigate alteration of soil nitrogen transformation and N, emission
as affected by these circumstances. At last, some theoretical problems and perspectives of the study are brought forward.

Key words Freeze-thaw process; Soil; Nitrogen transformation; Nitrous oxide; Climate change
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