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Abstract: Until recently, it was commonly accepted in the scientific community that methane was produced only under
anaerobic conditions through microbial metabolism. However, in 2006, Keppler et al. showed that methane can be released
from plants under aerobic conditions. Subsequent experimental studies have demonstrated that aerobic methane is released

from plants, and that the emission rate of aerobic methane is constant at a given temperature demonstrate biomass may be

ESE A4 VEEI(20100091120017) 5 FSRBHEILATI H (41471343)
Wi B #3:2014-03-27; ) £ tH R B 83 : 2015-
# MIRVEH Corresponding author.E-mail ; zhangxy@ nju.edu.cn

http ://www.ecologica.cn



2 S % 36 &

the source of plant aerobic methane. Although the exact mechanism underlying plant aerobic methane emission has not been
identified to date, these experiments suggest that it is dependent on light and temperature. Over the past 20 years,
atmospheric methane content has decreased due to an unknown mechanism and there seems to be an unidentified methane
source, which may be related to plant aerobic methane emissions. Thus, quantitative research on methane emissions from
plants under aerobic conditions and its effects on climate are critical to calculating a global methane budget. Based on a
modified Keppler’s model and net primary productivity ( NPP) simulated by the Integrated Biosphere Simulator (IBIS)
this study simulates and predicts spatial and temporal variation in methane emissions from terrestrial plants under aerobic
conditions in China. It then rebuilds patterns of plant aerobic methane emission suited for China with leaf biomass, and
explores the spatial and temporal characteristics of terrestrial plant aerobic methane emissions and variations in emissions
among plant types. We also simulated the effect of aerobic methane emissions on climate change, especially the greenhouse
effect, under different scenarios, e.g., doubled CO,. Biomass accumulation ratios, which were used to establish quantitative
relationships between NPP and biomass, and ratios of leaves and intact plant biomass were collected from previous studies.
Although simulated biomass and methane emissions under the IPCC scenario A2 and Bl were generally similar between
2001 and 2012, significant differences between them emerged later in the simulation. Under the SresA2 scenario, the total
annual biomass was 10803.22 Tg, leaf biomass was 1156.15Tg, and methane emissions were 2.69Tg, accounting for 7.01%
of the annual national methane emissions and 29.05% of methane emissions from rice. Grassland showed the highest
methane emissions under aerobic conditions, accounting for 47.53% of the annual national total emissions; mixed forests
ranked the second. Forests, including coniferous forests, broadleaved forests, and mixed forests, accounted for 51.28% of
the total aerobic plant methane emissions in China, while grassland accounted for 47.47%. Methane emissions were higher
in south China than in the north, and higher in the east than in the west, mainly due to the different land cover and climatic
conditions. Methane emissions from terrestrial plants under aerobic conditions are expected to increase in the future under
both the SresA2 and the SresB1 scenarios, according to our model. The average annual growth rate of methane emissions is
9.73% under the SresAl scenario, higher than that under the SresB1 scenario (5.17% ). However, these growth rates are
expected to decline under both scenarios. In the 21st century, the carbon dioxide equivalent of annual plant methane
emissions will be 83.18 Tg under the SresA2 scenario, and 77.34 Tg under the SresB1 scenario, accounting for 1.39% and

1.29% of China's annual carbon dioxide emissions, respectively.

Key Words: methane; plants; IBIS; biomass; spatial distribution

F e 2 E Al 3 U 2 — R LR AT — B AR AW S A . BRI A AR IRFI
P ZHTRRE R B0 A7 A T b R B B R AU R AR T HEAT L 152006 4F Keppler 552 4211
Pl st P A SR 25 AR T HE PR e, 2 O A R DG S 0 5 1 A A AL U SR AR R T R e 1
Wang %5 98 R I 7 FIHEA BT )5 EIRBE R e , SE WA A A SR R SRR e, O ELAR h 1L A3
R G ARAAE YR F e n] REAE A BRI AL AL i I E B (6

N[5 A= 35 B R R R R e ) BE T 28 S AR R RS ) RO PRI 26 4 T AR FR e HERSC i AN AR T] - 7 40Pk
RPN AR H e RO R S KR g S T g SR AR AR AT B JE: Bowling! ! F 5 P A A I £
SRR JEA . Keppler'™ 8 4 H HVGE ™ A AT RIS F A7 76 T 40 6 BE v i) SR Y 406 DA 7 2R e PP 66 R i i
SRR Rl Y o i e )[R R AR IO i R WA SR T AR R B SR A R BE A R A Dl
ROV HE B, Austin Fl Vivanco' ™ A S AME ST 0 520 TR 2 2L RREAR , R4 Y e T e
THY 20 T R g A R 74 . AH Makoto " A A be i AR A FEASSZ IR 2, A 5 & 2 A iE PR
(ROS) 7ESL At R W g 2R v AR, W) B Wang'™) A58 15 2 7E 4 30 00 5 A B T (A A&
W) A3 SR A R SR, 32 B PRSEIA , Ay BT, 60 Fif AR 49y i i T A P o - 3 B R K 5 53.4
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ng/ (g DW h) (0-687ng/ (g DW h) ), Makoto >’ % B H kg HERC 8 R 55 Ho 554 IH b S RF G, Lo 3 4 v A A
Wy WA 52 A AR RO TR A M BE | 1 e 45 4 S AN [ b A 0 A 4 PR ot I S S A A 2 S 1 2 5 e R
o LWL, AR T B HE O LA SR A S Rt 2 ) (R A A A AR R B SR
T HLHE A 3232 0 B IR S5 52 0]

T X3l R A 4 Y e IO 5 07 16T, Keppler > Al 31 1 4 BR (14 il b 90 45 8 H Be O 62-236Tg/a, 24
52 ER A HE S B 1Y 10%—30% . Parsons 25120 fF Keppler BYJEAE L, Al FHAE Y 0 i A= W i AR IE (B, +
55 AR RO NPP A TIHAR, 15 8 S BRI TP B iR 52.7Tg/ a5 Kirschbaum 55877 5% F 28 4 i A BF
NPP FIFDEA B RAEIE NPP P 5 iR A6 5, 74 B 4k i 10—60Tg/a ;2008 4R & 551 J T Keppler (1
WFFE ST 1 o b XY Bl R ) Y e R s =X O3 2 AT NOAA R4 LR AVHRR VH — R AH # 4i5 4L
(NDVI) i A2 5 E AP 55— 7 71 (NPP |, net primary productivity ) , %€ S Al i1 1 H M X AE Y B o HE
R K A 8] A

AWFFEHG 2% > Parsons (T, Fe T Keppler fili M AE 97 B BeHEO A= A AT IBIS #5248 A% 4 Aisf 1] 3 51
NPP ¥4fs , DL K By Bt b ST NPP ORI AR Y it 2 [V B OC &R |l aok i R A 4y i 7 3 6 o 1 09 il b A
PP BEHE RO R HTE CO, 838 AN RIS AU A8 A 57T v ) b DX 40 PR ot HIE R 1) 28 AT Ay |
T 5 T AALL XS AR A AZ A I 5

1 HESHRAE

1.1 F7 AR ) PP e HE O X

U0y 5 R E T ) PR e I o 23R 3 ) A o T R R A A AR e R R R VR A DX R A Y e
T FE T R 2 LA AR Pt H G BOE R (ng CH,/ (g DW h) ) HJEREHEA T3, Bruhn' ™ B 52 3 B H
FEHCHE AR IR E 16 B0 N, 5 UVB (280nm—320nm ) 4@ 5 5 & 2 MEAH 5C, UVB X B g Hll T80 i 38 52 il i T
UVA(320—400nm) , Il A] WOEXF e HEBCR R VE T, S8 BRES T, C3 AW H B HE TS 26 8 301ng/ (g
DW h) & T C4 #W W k2 HERGHE % 180ng/ (g DW h) "'’ 7E McLeod ™™ #F5¢H, UVB #8 ¥ 7E 1.3—3.93W/m’
(EBRETE 3.69—9.48W,/m” ) Y Fl 2 HE 3 8 N 249—660.8ng/ (g DW h) , “F2I{f }y 429.58ng/(g DW h),
Qaderi il Reid" "™ > [a] £ M\ 5¢ & A8 4 W5 0 5] 155 A9 %66 HE i (100—300ng/ (g DW h)) . 3k 26 5F 53 B35 A
Keppler'> 313 4Bk R+ 9 FF 9o HE 5 A%) R 0 HlE T30 2R ARG (D6 BB A5 1F TR, L 400 A P e Ik i ok o3 49 1
374ng/ (g DW h) ), HAEZWF 58 o8 Keppler 15T 19 H GeHEBGE R 2 5115,

AW T AR 8% CH4ﬁFﬁi$§ﬂ%ﬂ: Kepplerm M7 . Parsons! 2 45 H! Keppler 11584 ER A ) H b
He RS TR G K U (NPP) A R A A Yt N TE Keppler 858 th WA BRI A K U
5 W BEHE RO 2 2 A BLHEOC R I HAE TR R v P B 0Tt 26 ) o WY e HE SO 2R 3l DL ZE 7™ ) NPP SR I
N LA AR Z R T AR B e HE R, A0S TR LA T AL, 55 41, Parsons ' A A -2 4t L K A F A 4
FBEHE R A58 , I AL E B T3 4 BR A TR e HE i, 552 Keppler TFRASE KT 72% ., 7€ Christopher' ™
FIRFFE A K NPP LS SHEOA A befliih, iR 2 — e NPP fRRAEYE T A #8 B AL 2L il 3L
F AL AP AT R R S bt R BT A B e HE R B K 202 B T i B e R AT O H R T
Keppler X 15 F15E 4 JCH1 AR WY B o HERCI 45 5 8 | AW i A8 9 B3 A0 A 0 A S0 o HE i 1) 2722
UG, BT ARG YNGR L 7= 1 (NPP) Be i A W i A= ik, ik NPP 54 it 22 (R Ge 1) B A3
A5 2 A T R bRk

MR Keppler A9 it SRR | 55K 00 H B HEi R ER,,, -

ER,, = (ER,, X h,,) + (ER .. Xh,..) (1)
Hip ER FVER,,., &7/ JCK BH B H 50 5 0 B e HERGH R | B 2 ng/ (g DW h) 3k Ak, 530l 0E— KA TG
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PRI ]S54 BIWFFE T B (48) A 8 P e i

BN AR P 5% T 0 1 e HE TS AR/  FEASIE S ol Z0 M6 AN T 5 X6 55 A i B2 5 e A 40 Y o ke ) F 5
W VA 2L AN BRSFTsA H e HE T, {EURE ) HE ot HlE s =38 2 Bt o kB2 TP v T3 K B DATE ARSI 5 rh it
6 Mo EARLYAR (AR5 FR L B B ) 78 S8 e B 1) ' B L B2 458 O B, HETCHEER ER =374ng/ (g
DW h) . MRAEEEIEE S, ABFFEIET 2001—2012 4F b 7 78 35 200 ] A A RS X6 I AR AS [ H 4 S 80 A48
EF ) B P B HE IO TR BE (B, 7INESE ) K5 i O BRSO R B2 25 S80S

E(CH,)=2 xNPP xfxc¢XERXh (2)

Horp  E(CH, ) SRR B B P9 BRSPS B e HE RIS | SR ng/a NPP 2RI A 7= 71, 5 J& ng C/asf N
A= N SR Z R AR T K NPP O R i SRR B 26 28 A 5 s e SR R A W S R
A A AR, ¢ T 308 5 28 el A0 400 o AR A 0 i A 7 AR S SCRGE TR A5 5 I 2 JE B DUBR & i R 1)
A=Y T T (ng DW/a) s AR, M)A Wik it 5 T 0 0t 1) 46 R LU (AR RS TR AL 2
AR, B L — B 0.45 5 0.50"  EF bRy id HoF-2 5853 0.5096, BB 4 0.4905 , #EA K 0.49375 7%
WF7% R B S5 T 9 5 0.5 B9 FE i R 1,

%* 1 Keppler i3 ER,,, 1 ER, . FIMEE/ (ng/(gDW h) )
Table 1 Measurement of ER,, and ER,,,, of Keppler’s study

A IR ER ER

Different samples GEE/US HIERIE ) M)A W55 D)
with/without sunlight Intact plants Detached leaves Intact plants Detached leaves
HJ{H Mean value 374 8.7 119 1.6
A% Minimum value 198 1.6 30.7 0.1

5% Maximum value 598 15.8 207 4.4

ER,,. -8 K PH 4 3 0 e HEGE %, Emission rate with sunlight; ER, . : TG PH 248 51 09 F e HEBGH %, Emission rate without sunlight,,

1.2 SERAEYEEUL IBIS BLLEYE NPP

A A B AL 2% TBIS (Integrated Biosphere Simulator) J2: F 5% [ B TLE K 2p A BRIREE 5 ] HF2L & ' o
DAY Foley 25T 1996 AFHF & 13 | IBIS JE—A 254 A Bili o A= Wy PRI B TR | 55435 58 T AR A 21 43 R 235 40 % 2
BRI N FE— N EE BHE SR P S BGT fli Fe /K ARG R | i b A ) b R T 2 0 B R W sl A B0, il il T
i T A, AU A M SRR Z B BE R KRN A B 0 IBIS A AR L S R A
AV | 3R R | T RS DA AN ) A AR A 1 S5 A AR AR (22 K R A
XHBE M~ T 55, FIH IPCC A AR A B D7 5 B AR 1 S M 1 S8R 1N 1BIS AR (1 s A %L
I, ARS8 S A T v AR i ik (9 AR i 3, AR RIS rh AU MB35 IBIS B 2 7E CO, A5, CGCM3
FCF SresA2 F1 SresB1 PR e LR

A2 1 Bl J& T TPCC HEBUE S48 51 (SRES) H B PR HERL S 5% (TPCC,2007) , A2 stk iy & —14
AR, A% AR AR R, £l a4z 7= 00 07 U R 5 2208, S 8O D ReEa K, &%
K F B 0] X3, AN THGER AB AR RA LR AR T I AR 5000 & R ; B #5387 — SR Y
AR 2RO EE S A2 155U AH R, W (B A T AR A28 b i Bl 5 T R A [) A 28 B 45 4 1] il 55
5 B ) G R L | P LIRS B B R R, DA I IR s R B 5 0k, SO 4T A
FNFREE ] F582 4 J i) A BRf 7 28, oA A8 0 Pk A 7, (HAS SR EBUBA M) A i B o T T, )

AWFFE R IBIS ALY 1960 4F 2 2006 4E4x [ NPP B A8 L ETE 1.6Gt C/a & 2.0Gt C/a FIX [H]
b, ETVEARIREE 2 52Mt C/10a( P<0.0001) . Fang(2003) F| ] CASA #ATURLLIAY 1982—1999 4F rf [ 1 1
B —VEAE PR A5 R 1.34G1 C/a BEHNZE 1.59Gt C/a, Cao(2003) F| JH CEVSA FAIF GLO—PEM #5 1 %}
1981—2000 4EAEALL45 543910 2.89Gt C/a—3.37Gt C/a 1 2.77Gt C/a—3.33Gt C/a, % RIAEFH B i B A
BLHAZE RAL T Fang Fll Cao Z5 522 [0], - PRARIUAS Jy 15 P 4 45 R FEA— 2, AH R [ B P IBIS #5E AR 401 45
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R TZ£h%%(2008) F ] AVIM2 78 1981—2000 4E(¢) NPP #E48145 5 | 5 Feng(2007) F /1] Beps B 1) 2001 4E
SEIRART Y
1.3 NPP ZfEYIM 5 AW AT

S — I 2 A A R — R A T AR 7 R S — I (R B P A W AR A R L R R AR TRI
Yyi) NPP S5 AW 2 18] 1 6 RN AR AGHE ZR AR NPP 582 Wy H /I | T R 5 50 J50 NPP A e AR e K
AN AR I P A i o AL RR A P 1) ERAGI AN [ R O 5 AR R AN [R) i 2 2 S e 250 1R B AE i
Az ey 2z A AT R AR SRR AR Y 2 AR (e ALY . A4S E 2001—2012 4F 4 U8 55 50251 il i
Ar BE SCRRGETH 5 v 6 b DX A B AR | ) bR TR A PR E AR s D B i e S i AR W it 5 A2 7 ) (NPP)
AR B A g 5 AR R A R ) ) MR AT LU L2 & NPP 20 Bt 4 S i A W i i 40 A

+ B TS AR AL A W 5 NPP LA () DA S A W HE ) R (o) B S 43 ) A R Al ads v [ R4 A=
77 RN A Py AR G SCHERAS 3, MRS TR D A 4 A 7 ) R A R R SR R AR B g A SR TR 2, DL
5 Webb " %t 26 [ 42 7 S BF5E 45 L Lieth . Whittaker 9291 2R LR

R2 TREMEEEMES NPP

Table 2 Grow and environmental indicators of different plants

K . = =(1) B (1 =N (3)

EF IR Needleleaf forests 0.069 9.478 10—50 0.84 0.716
&K Broadleaf forests 0.055 7.5 10—50 0.735 0.664
IRAEHR Mixed forests 0.063 8.06 10—50 0.889 —
TR shrub 0.142 2.633 2—12 0.667 —
HH Grasslands 0.3419 2.017 1.5—3 0.341 0.353
PRILE 0.112% 2.0% 2—10 0.112 0.112

Barren or sparsely vegetated

(1) RUETSCHR 31, 34, 38-70] Gii-FH49MH ; (2) SRUET Webb[ 371538 H A= 15T 5 (3) Lieth 1 Whittaker[ 71 ] 42 H A= 988 BF L (4)
AR B ey 3 5 et AR A A3 A S A i A e U A e AR A A e ) LU B A T e 7 ) SRR A 0 2 b AR S
Bk52 1 ANPP 5 NPP FUfE

NPP . 01277 71, net primary productivity ; ANPP . i I-i5-412%/E 7 J] , above-ground net primary productivity,

1.4 YA BRG] 35

ASLALL S 1] B P 1 P ks R e s o vl (2) 3R, G A BT B s e HE O T (k) El H O BRESCHE A
SR . ZEE R A B e HE RS2 B IR (E 2R SR AMR) FIRBE M E ), SRA R = A )
FR e HEGE 32, BEWIR S N A SR W BeHE . 7 [ rh 45 BE b IX 5 B 22 S AN R B 1, — AR SR Ah 2k
R 55 (280—400nm ) ¥ 0] 3K F) 30—44W/m* 7 K F] 15—30W/m* B9 KRB 49% , H 15 48 S8R 55 5 )5 1k 2]
28.26W/m*, 10W/m? L) I i KA T 44 5 2 4E 10 60.4% , — K H1 8.5—15 B 2547, 22 AR 3 B Y9 7E 5W/m? )
P Z R PUAMNER AN (UVB) SR BE R P 4 B B EGHE S 2—4W/m® Y X RTINS I 5 AR 5T A
LARI N e HEBGE R 5 Keppler BFFEEHEAH I R WS Keppler BFFEECHE I T A SR8 P B e HE ik i) 1502
BH SRRSO 2 Bl 2 R TR R BE B KiK. FEA AR Y B ST, B 5 SR A A
WL FRAETRE 10°C i APt A H BERIL, 24353 20°C i, A AR 272 A2 F BE , 5 T 30°C i, 3
HEWOE BE 2 10—30°C FRHAME R 3.96 5, 2 ZRA N WFsE R 21 At A7 12—20°C F RO Be, BT
SR — 28 K BH I BSR4 (ARSI DAL — b o5 R S S A 5 5 B2 8 31 600W/m? LA L, PRUE S Ik Hi Tl UVB 58 B %2 /0
£ 1W/m?) HIREETE 10°C DL b B TR izcbik o8 FE B HERCT [B] SR 3 B 58 A RS T et 32 D0 g iz e —A>
WA 57 P AR A

A B A TCR DGR KA B IR SR I MR DEM 4531707 35 B 0] ¢ A1) F- 24738 B8 (2010 4E MODIS
AAPEREE ) 8 , A% R AR, PR B & & 15 2 38 25000 B — 48 AT 6 A 9 WY e HE ik 1 B T3]
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KE(h),
2 HRHWEWR

2.1 YRR

5T A IBIS A48 NPP %4k | 454 2001—2012
A v ] - M 5 SR D 3 Ao A ] SCHR BT RS B G AR
Y5 NPP A, 115 2001—2012 4 [ X s A 9 A=
Yrit . MRS RRERR 2000—2012 4EAH YA Py B
25 AR SRR ST AEA7 2 (8 4 X5 (B B KA T W - 44
B 4.46% , 5:/NR 0.02% , 340 2.16% , M i A= it
SresA2 f SRR 1 Bl M 1072.99Tg C—1211.53Tg C, O
SresB1 15 5 H R o 1092.24Tg C—1218.92Tg C, 4%

[T 730—1800 PR

A 1.97%, = 22002600 ) )

U X050 2001 4F 5 2012 4F4F- - BIH 4 /5 ) i 1E T SR
SresA2 1 51 2 F 2 10803. 22T C, M} A= 4t g - = P
1156.15Tg C, FRARCELFGEF AR | R i ARFITR 524K 2B >
W 8768.72Tg C, HLERIkiH 45" BF52 4 1 2004— WG GS 2015 7465
2008 AEAF I FRAR A ) 6868Tg C i, HrP IR M E1 2EREHREE
% ﬁz%%%% , ﬁ@] 73221 4Tg C , 5 iz*ﬁ it‘f%a%—l: é[ﬂ Fig. 1 Duration of methane emission from plant

SRR W MY 67.78% ; 4 I B A Wi i Gk

# 577.00Tg C, ZMAEY S H 1) 49.91% , i N B2 BRSSO A T RO RAE 7= 1 F A P i e, it
AR P A B SR e 2 7= o 0 A e s (LS v (] X3 4 A T R A VR A PRI T 5l i FRAR K, B SR A R A
FRIGR A IR i LGB AR I AR e AR 5 A AR BT UAE B

% 3 SresA2 X T 2001—2012 F£4£EE(Tg C)
Table 3 Biomass of year 2001—2012 under SresA2 scenarios

FA) Year 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

AR A M
bR 9829.14 10221.21 10377.01 10152.64 10903.95 10814.26 10703.90 11131.61 11770.00 11997.63 10889.28  11952.40

Plant biomass

ity

. 1115.16 1151.68 1181.29 1072.99 1211.53 1143.86 1171.80 1165.07 1177.45 1187.17 1103.37 1192.48
Leaf biomass

R4 SresA2 BT 2001—2012 FEXEY (MRBHLE) FHEWME(Te C)

Table 4 Annual biomass of plant species from 2001—2012 under SresA2 scenarios

sk e LIRS LN IR AR i TR FiE s FEEHE

plant species ~ Needleleaf forests ~ Broadleaf forests Mixed forests Shrub Grasslands Barren or sparsely vegetated ~Annual inventory
) =N

TETH%QE%Q; 73.75 1372.83 7322.14 30.94 1902.48 101.07 10803.22
Plant biomass

1 =N

+¢%E 5.21 80.55 476.36 4.65 577.00 12.38 1156.15
Leaf biomass

2.2 HYA AW B HEION 25 0 A

FT T 2K FH S ) PR S R e IR, SRR T SR IR Geit 1 6 A B S R Y, A0 R AT AR I b TR
SR HEA MR S B, AR 21 T2, PR AR A SR T R e A HE R AR, A
2001—2012 4 (8], FHGEHE R SR RN HR AR B Bk, SresA2 T RBUT , £ 2K B
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S HE R [ X B e e R e s 48] e v 1) S B RTR S AR, 43 Ak 2] 47.53% F1 42.92% , 5Kk
Ja s R, R 8.03% , AR FIFEA &7 H B AR E] 1%,

x5 FRASBETUERXT 2001—2012 E-HHER B ( Tg)

Table 5 Methane emissions of year 2001—2012 under different scenarios

o f s =t
j‘,1%*%i . 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Climate scenario

SresA2 2.63 2.70 2.73 2.51 2.81 2.65 2.67 2.70 2.73 2.76 2.59 2.80
SresB1 2.60 2.73 2.71 2.57 2.67 2.62 2.68 2.72 2.74 2.78 2.67 2.81

*6 AASEZHERXT 2001—2012 FRFEEH (MRBELE) FHREHR/ (107 Tg)

Table 6 Annual methane emissions of plant species from 2001—2012 under different scenarios

AR Bk I - A RIS A L U il FREHE
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