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Effects of winter warming on carbon and nitrogen cycling in alpine ecosystems .

a review
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Abstract: Global warming is an important environmental issue. There is a significant seasonal difference in global
temperature rise, with a significant warming trend in winter than in summer. In the future climate change scenario, winter
warming has an important impact on the ecosystem carbon and nitrogen cycle, which is more pronounced at high latitude and
high altitudes regions. Warming in winter will directly affect the thickness of snow cover and frozen layer, and cause the
increase of the freezing and thawing events. At this time, plant roots largely inactive, coupled with an increased frequency
of soil freeze-thaw cycles, may increase soil nitrogen leaching losses and decrease soil available nitrogen content. These
changes may have pronounced impacts on plant activities and soil carbon and nitrogen cycling processes in the subsequent
growing season. However, there are still many uncertainties about the effects of winter warming on plant activities in the
subsequent growing season and the effects on soil carbon and nitrogen cycles. This paper reviewed the effects of winter
warming on snow cover changes and freeze-thaw cycles on the material cycling of alpine ecosystems, and the effects of winter
warming on soil carbon and nitrogen cycles, microbes and enzyme activities, as well as on plant phenology and

communities. In addition, we also summarized the subsequent effects of winter warming on the physiological and ecological
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processes such as community structure, production and nutrient cycling, and litter decomposition. Finally, we proposed
some prospects for conducting winter warming experiment research in future climate change conditions. In future,
appropriate warming methods should be selected for different ecosystem characteristics, and research on winter warming in
non-polar tundra areas should be strengthened. In addition, the effects of winter warming on plant-soil microbial feedback

should be focused on, especially the lag effect on the alpine ecosystems.

Key Words: winter warming; freezing and thawing events; soil carbon and nitrogen cycling; plant physiological activities;

ecological processes
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FEE R B HL X SARAS AT & B E I, IPCCL Y HRIA R , 783 4519 30 4F | db 2P 3k i 26 B i IX 4 26
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W5, & Z TR RS T2 RN AR SCRGLER T H AT B THE B BUR B, B T RA TR
BRI T, B EA T A ZETHEXT 4580 RAIGFR ™= A= 52w L], 5 | A i Al 4 A 3 B i el AR | 25
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IPCC 55 DU DA AR5 R, i 25 30 AEMLINIE S BoR , & B THE B m T HABEY | e Kok A b
SRR ST E " G bras R BN, 4Bk | b FE R R e A T W T A AR TR
43910.07 — 0.42 ,-0.13 — 0.52,0.31 — 0.47 °C/10 4F , Horp 35 6 i 5 i FHE IR R sk ArhE (R 1) .
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Table 1 Comparison of annual warming and winter warming in the world, China and Qinghai-Tibet Plateau

THE IR

WFFE IR (R ) nj Iia] R Warming amplitude/ E?%nq‘l;ﬁ e BTN
Study area Time scale (°C/108) Study period References
4¥K Global Scale S 0.08 —0.14 1951 — 2012 [1]
X 0.07 — 0.42 1977 — 2000 [27]
H1[E China g -0.04 — 0.35 1951 — 2010 [28-30]
&7 -0.13 —0.52 1951 — 2002 [28,30]
875 )5 Qinghai-Tibet Plateau SAE 0.16 — 0.37 1955 — 1996 [3,29]
&7 0.31 —0.47 1961 — 2010 [6,31]

1.2 AF=THEFE
1.2.1 U 3572040 K Py TG A ) 5 T

TR B S R R B0 I 55 AR A SRR JEEEAREIR, A 1972 4F 3] 2003 4F JEE RS
Ha AR C > T 109%™ Hod B 2578 55 1 AR/ i S 25 118 DX A B 455 v 1L L DX 30 0 A2 e B 3 o ¥ =
(DX R )RR 7 6 T B A R S S R, 1) 21 40 A IR U R il e RS A %) R ) 02> 409% —
80% ", A ZFERNE B 455 | - 5 s AU BE R A A FH A0 AR, BS54 o A 2% o 2 A VR F 230859, aX &
AR A TR RE (K78 S DT 800 - 96 R R AT B A AR ) O R 205 i AR A R G - e R B o R R A
O AR A BRAE R ;AR IE RSO Y T 5 TR YR i b A S R G BRI A gE R, A
LURBEIGINEE = T 4.5% WA #% AN 35.9% 1) -3 UE A S it ABBEAR T 34.19% (1) 1 538 S0 A0 W CHE s, Tyt
THERAEA VLA B ICHLA L R R T BB T 7 BRI R A DX, — S b XA R ek
FEAERE B 1 O DX AR g A O R B SRR G T, v] BE Sl RS L 7RI R 1000 —
2393 m AT 53 LU SO &7 Ll b X FRES R EE IR S K 1 — 2008/ RN 4 5 T 20 THE22 70 4FAR LK ) 75 7L
R S AL B R AR S R g
1.2.2  URAASHE: AR Ak K X P TG A B 53 i

- VAR Rl S e e A R (R TR M X LA ARG N S ok A A S 4 F RN K BOIR B B R
W)+ S0 R A Y BRI R PR B . B 2R S I A RO AR L 5 S A R Rl sg B 2 s e H IR R R 72
AR RRMEBRFZ N URaE PR 558 i 52 ) - 58 AP TR A 305 20 55 45 b ot A i 5 il £
R R FE A RS BRGS0 Zhou Y BFFE KB, VR A SS RSN T AN W) FR bR R 4 96 AR
WAL R B LA S T . XRh R TR S R N G | B T LA S S B IN, FEAE AN T BR
A2 A — R R T R R KU, | A DA 5 i B4R il 2 2 i B0 o o 380 A 32 0 P PO S S R R 2ok IR 5 R
AEYITE S S IR B R R RS PR OB, - SR ) R B N R R B R T Y
RETR 2SR Y R R R R BRARRR A SRR, R 8 R R 1 I A X N 22 A7 )0 R B
SRR T, VRGBS VRS T S R 46 0 R AR R OB I i 3t A S B i A S RS RIIR A
PEIR R = A TR A ), S 8O I A7 A P AL AR & AR I 2CHE B R | R AR 2 7™ AR I R 15t
YER™

2 ZFFEMTEHREERSHBEDHIRM

2.1 IR AR

275+ NP RAERR CO,HER A B TR 4Y , B 5 A S R i B, AH RS 3R, P i 4
JE M IX A2 CO,HERUR AT PR i 52 i) F B2 40 B 43, 4 2R HE T A ORI % T Ak B AT B HE il 38 4o i B AT FE 2L
B, —HOTAFEMARKZT CO, it Xt IR AR B4R CO, il it 23 Fi il 71% 7% AR 111%
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FFMRAGAE BRI A S R GRS (NEE) 2 &3 CO, M ik 5 R AE G LA R A S R G4 H 4.9%
—26% (K 2) , MA TR & AR I 17% o H T L, 4 0 U0 P38 2 (0 ORI X6 HE R A 52
KA Y ERAG SR PR R 2R O HE B T A FE T A A R GUAE P B P R 237 AR B

x2 ZFCO,BELLFEEMLLH
Table 2 The proportion of winter CO, flux to annual flux
278 CO, Il it 5 2 4E 0 L]

ERGH 25 i
EBRGRA The proportion of winter CO, ik

Ecosystem types References

flux to annual flux /%
A F =7 LR AR Mountain forest in Austrian 12 [52]
rh E b 5 R AR - B A S

Temperate forest-steppe ecotone in northern China 4.92 7783 [53]
T 6% 5 5 25 J€ 504 Alpine meadow on the Qinghai-Tibet Plateau 25 —26 [54]
FAT-R 357 i L 2% 25 B Arctic tundra in northern Alaska 17 [55]
H A FEERH & MK Cool-temperate deciduous forest in Japan 15 [56]

22Tl 5 R AR A 5 MR R S A AL A R 2o 0] i L AR 28 R GE R P e ™ A EE e, — TG T
PR 5 S5 AR AL ] Bl L B D R Y meetan 73BT 22 WY, 1IN AR 5 78 56 S B4 55 17 18.49% Y 95 W) BRI 15.5% 1)
CO, HFTif &L, W REAR T 5.8% 19 JR #5 Wi A LN 28.5% 1Y) Bk 75 5, {ELXF 385 i A HLEK ( DOC) FIAR R A=
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i A S AR AR U VAR R SR 5 R B A T e 9 224k (AN 38 DOC) 23 I 25 52 i & 5 ol
LEYITE SR COL TP AR T 2 & T L R SO R R G N T 8 — 40 %, EER R
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Aol PR A8 A (AR 2R A 7K s M AR PR IR R L COL 3l o) (% X AR K 2 10 A 25 2R R B JRUTG B 2 7 AR T 5
M Ak AT TR S PR AR | R DR 2 A A O e BB S A, BRI AR S R
GEBKAE ) . Natali 5% %50 0 B B T HBOR TR I, &2 1.6 CHYTHEIREERI N T 10% 197 L iR
JE A 2 kg C m™?  HROfF R T804 (K 2 RBNT I A3, 35k T REJE: T S35 Sl 2k B SR AT A
Z - SEOR I = A VR T AR A Z Tl 5 B0 2 SO INAR | TR 1 AR Pt A, Rt m] DL, s 445 5
i DR 2000 4 T B AR AR HE T i L R R A B i R
22 HEERIERRE R
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55 N B HIEVKR R AR Y T Uh B e SN (< 24 h) | PEIRCREEICHE PO RRAE S — R R
S Bt B i 2 AR TR R RS B B vh B D 3 R DR AR S — SRRl sC B Y
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T 5 M (R IAE A B e A A VR A2 25 S SRl S0 R 2R 3R 1 L VR il g B a2 1 i A b B
T AT BCARAR Yy 1353 W R B R, AT RE ST TR W 3% 0 B SAE ) 37 0 AR IO ZE R O R, 3 = &
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5T, R AT BT 5 1Y A o & = IR & I AR A8 R GE R FR A 52 ) A IR, & ZFHIR S 3ok, B 2B 7 1
M 20% , Wi AAEFHEXT L IC . & FTHRIE K T A K e A W) & 28 i B A, o 8 T i R 4 A Wipf
VOIS T RS AR R AR R 5 X T R ST L b X 1L A S R SR DL 4 R A R G
e , IS & IR 5 B 17 2% 5 2 A AR W R 28 R 7T BB T, 3 R 2F AR R BRI, (RS T RO B
( Vaccinium myrtillus 1..) A K ,Eﬂ%%&ﬁﬁ%ﬁ%ﬁ*ﬁ%ﬁ%%ﬁgﬁ AT , EE S D — a8 T
W0 I A IR FIUAE DR 85 1 5 (0 0 00 00 S R P AR A A A ™ A B E Y, A = A 4 1% b b A= 4 pl T il 25 42
FMFEAR POt AT D Rl = B ()Xo 4 40 0 4 S i L AR 5 7 2 22K

FEX IR L [RIRE & A Z IR X 31 7= A TS ) S PR [ 1 3E e X 7 1 AR
B SO 3 A A5 1 . F4F 10 A 22594 4 HFHSETHE 1.0 °C 28 mAF R F R 2.2d &4, B4F 10
H 2244 9 AT 1.0 °C P s AR IR 0.4d, WAEFEHE A9 BT 5% & B, THE T R SE R K A4
(R PR TS T % 4 A 300 %) 3 i [ Bt 32 P 5 R 1) - K 40 S BRI A R L IR SR A T
[l REXT I I I A TR, 5 9 e S L AR R BRI AR 0 35 A X — 1101000 xS L)
(R Bt 7= pe e — g SR, AR — AR B R B (NDVI) SR Y56 R | Zhang 251 BF 98 K 0 A 25 18 88
VB Z=Y A B0 , AR THR 2 T BUEY B YR AT A Z=n42 TRl Ly 2 i R 42
R s i) ) P R 1 T A% IR 0 1) B T A7 B FLA IR B R F (R 9
3.2 tHYIEERATY

SARAEAIEAE 5 | RS A Z2 S S5 B RS T E OG5 A ) 4l S 2 0 248 1 el A0 B A o 8 A AR A S, R
Fl SR AE S S S BRI UR 1 [ I | 3 25 T BB WA 7 45 F e AR U X TEA IR S B Y AR 28 R G A AN [ 11
S, Kreyling 552 BFSE & L, BB 25 R G AR VRS b FRLIS 1055 — A A K R IE 4 M 8 A A K, Bt et
(1] 14 165 100 R R AR ) 52 W S T 2% 5 T TERE MR S R BT, VRIS A S B I Vs 8 W el A8 R R TR B8 Ak
K7 | FLI A ] A 38X P i RS2 3 0 . [l Kreyling 4572 3 & SR 420 6T U ik 58 88 1y i o 452 2 5 2 K
FERUA O R ASR AL B , — SE R AR P G 0, T A 5 88 I VR S22 G o) Wy i 2 R 2 5 e AR
WAAERRES A/ . X R A A B A2 A S R G AR B IK S DA R i e SF A A S R 4
SR KB SE 0 AR AR 2 U b I R T S B A R 1 R R e A 2 R P

LS e W S B AR S B T 0D (R 2 AR RV 45 A R A Ak, — TR S R B AR A sl 5 |
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ZAREARER T -5 °C  TER S AEAEm] (1) DL R R AR X Z D AR R B R B R4 VR . XX i f
PRI SES T R B TR B BT BB EOR AP I | 2 AU S5 2o AR AR 2R ZR e i it 3 5 i 7E AR B
PG R AR AR 10% , IR WP Fp O FE AR T R IR B S A 5 . A AR 0LT , H4)
A BIE S (GEAERD) RS (T FEME ) Z I8 AR AR B AE AR B e g R D) IRk, Al A v A3
b Pl R AP R R i A R R AR B2 AR R TGS AOAR A 2 R R TR AR R, T RE S
TV RR ORI XU . 2007 438 EZR AR B = Ra vk S5 F R B SRR VR 2 B A A SR B3 1 B Bl R
P51 RIRHAE PR 2 B PT RE A7 B S 7R R S (3R R, DR R G VR s R R 1 e R 22 I A AR K
PE5 o FHIGAT UL | TR X0 A0 o A S 0 2k g R B2 0 A ] 4% Z 1R 5 | RS 4 A0 o A=A A 2 X AL )
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W& 4540 7 e BB
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KT ST R Rl AR A RS TEAE AN I BRI 2R SN AE AR R G AR X SRR A A
RGP e B AR ST R B, T SR FHES ) A PR IC R TR KR ARy | & ZTHIR 4 4F
TS B A INAC B B AR T A& 2 TR S A AR TR A 25 R GE AR 7 1 HE I B A [ X b A Ak
SRR P AR PRAS LB VA OC Y BORP R TR AR B R R B T A 7= AR 23 e 1 5 R SRPE ) CO, I %
i, AT R I, A& FHE T3 20% 9 ANPP (30, 745 20% a2 A & . LTRSS AW
AIA I, ANPP AR RSRAET S, TR S B A 7 ) 4 i 2 10 7 20 vh T il 5 S80RY B W o S R B
PJeteO) X I FE A Ml X REH AR AT ST R R, A& ZE TR SR X 4k B 13 ( Peliigera aphthosa ) " K ZEGG1E

SR T FEAR T 6 A 35 (Hylocomium splendens ) 48% B YGA 3 3R F1 52% B 3 R | 2 22 5 R M A AN
SEE I RSB (AN ME 559 4% B B ARG ) | T S W B RIE | 7 TR R A 2 AT R MR A ™ 2 ) B
SRURGT L AT I A 2R R X R L AR 2 AR G B T 7 R T AT R S A TR LA T IR B T 2
-SG5 i R IR R .

Turner Al Henry' """ 38 5 % 5 A4F 3R 5 4 30 TR AL 3, F 58 B804 18 -5 008 I 0 YR A5 = A 4 1) L
FERISEIN . (6B ZE AR VRIS ) R IR SN N ARic , B0 A4 K 2R A5 AR, 3R sl it 200 A AR R R R BN
RIS TEsE N, &2 AEY R R N SR R AR T N KN A e G | i e R
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