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FE RS0 ETH RS AR ([ CO, 1) B2 BB R R K IR B A T (HIAE OGS VR LR Y B TR i A 7
J1o FALE CEY , AR AR SR BE COIETE T C /B I ma B AL AR B D 5 B P Bk 3 A BB SEAH L, FACE (free-air
CO, enrichment ) IE7E =S S H AT S R A0 T XSVED R IHATIITT , B E AL T XS ARAEY A R BR85S, PR kg i A2
TVFAL CO, RSN LA K AR 7R AE A B AL i e bl 2s o A o A28 B SR M A Rl R U, i SR AN oK R i W C, 1B
TEf A L E EKFEHE FACE REMEER I, 2538 T FACE 15IE T @ B CO, (BUIA 22 vt RS0 CO, ¥R EE, /I 550 umol/
mol ) XF P ARAEY A= B A A= 5 D) R - S8R v S5 Dy T s [EI R L8 T 5 R E R AR IR RS, (1) FACE T2 4%
TRVEDGE AR 0 R (HRRE 55 NI 0 FACE 4500 T s 3R i DG A58 B4R, i EKIZA 5 (2) FACE i PITEMI R
LR RIE TR, 2RI S BT W 28 & 2618 S s /D sl A R A i e SK SRR 43R T 3R b in sl e AR 4k
(3) FACE X} Mi{ER A Ffb 2 g AR 205 (4) FACE il T 2440 W/ B A R0 7= S g A 34, (VR0 2 1 %A 3%
Wi 5 (5) FACE {7 5% FH - 398 AR T AR L T 1004 8 R ) SR BB AR W o e 88 W 28 409 I, UK AR P - 3 P SR AR I s FACE X 85
LM N, O 35 AR (N, O+N, ) I HERL A #0005 (6) FvkBE CO, X PIVEY) LT BE Y520 FACE 156 W] W K TR 2 106, i
XA R B A S AE SO, BT CO, SRR Y | 8RR AR RE R %) TEAR RN S AL 2 T —48 C,/EY FACE #fF
FEASETE IS 5 1), BOR AW 2L © 9 R HIREY FACE REURMFFTIX L AR Sk T T BE
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Progresses of free-air CO, enrichment (FACE) researches on C, crops: a review
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Abstract; Since the beginning of the industrial revolution, atmospheric carbon dioxide concentration ([ CO,]) has
increased drastically from 270 pwmol/mol to around 390 pmol/mol at present, and will exceed 550 pmol/mol by the middle
of this century. Rising atmospheric [ CO, ] is unanimously the primary driver of global warming, but as the principal
substrate for photosynthesis it also directly stimulate the growth and yield of crops. Compared with C, crops, our
understanding of the response of C, crops to future elevated [ CO, ] is limited, and most of which are based on studies in
closed chambers or open top chambers. Compared with enclosure studies, free air CO, enrichment (FACE) experiments are
fully open-air trials of crop performance. They provide the most realistic mimic of a future elevated CO, atmosphere, and
provide perhaps the best opportunity to quantify CO, fertilization effects and elucidate the mechanism of observed responses.

As the sources of food and forage worldwide, sorghum (Sorghum bicolor) and maize (Zea mays) are the most important C,
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grasses. Following the brief description of the US FACE systems for sorghum and maize, this review paper summarizes the
progress of the effects of free air CO, enrichment (‘ambient plus 200 pwmol/mol predicted for 2050 ) on the physiology,
growth, yield as well as soil characteristics of the two crop species, and compared the similarities and differences between
findings obtained by FACE and enclosure methodologies. Under dry conditions, FACE significantly increased midday
photosynthesis of the two crops (up to 23% ), however, no CO, response detected under wet conditions. Photosynthetic
acclimation occurred in leaves of sorghum but not maize under FACE. FACE decreased stomatal conductance ( gs)
substantially for both wet and dry conditions (up to 35% for mean midday gs) , leading to higher leaf temperature and lower
leaf transpiration rate, thus resulting in decrease or no change in evapotranspiration, and increase or no change in plant
water potential and water use efficiency (WUE). Neither phenology nor plant chemical compositions of the two crops were
affected by FACE. FACE increased the growth and yield of two crops to some extend under dry, but not wet conditions.
FACE increased mean volumetric soil water content in sorghum but not maize experiment. Soil hyphal lengths of arbuscular
mycorrhizal fungi (AMF) and the concentration of one fraction (easily extractable glomalin) of the AMF-produced protein
glomalin increased under FACE | resulting in increased water stability of soil aggregates. FACE did not increase N,O or N-
gas emissions (N,O plus N,) from an irrigated sorghum production system. For the two C, crops, elevated [ CO, ] from
FACE appears to have reduced gs much more than observed in prior chambers, however, the opposite patterns were
observed with the responses of growth and yield. In order to further reduce uncertainties in projections of future global food
security, the priority areas for the next generation of C, FACE studies should include the interactive mechanisms of CO, by
genotype, soil moisture, as well as air temperature. Present technological advances suggest that using large-scale FACE

facilities to investigate these interactions are now possible.
Key Words: free-air CO, enrichment (FACE) ; CO,; maize; sorghum; physiology; growth; soil
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SR AR AR B SCE BRSO H N IR 5 AN 25 B 1 2 2 D X S 2 T BE T AR 3R
AN EYIRT KA CO, W T35 1Y w0 P B P AT A HE , FACE ( Free Air CO, Enrichment ) i35
i FIARME R VEY A BREOR 1258 2 TP A 2R R XVE A T 0F 5, AR T H BTN AR A K BR G
AR FASEALL , PRIAR AL T DAl CO, MEAERON A K48 7% 1 0 it 107 AL A R B L 451 o 3 —Fe R By St ol 5
Brookhaven 3256 % i T A28 1 5 38 FE AL A Tuskegee K27 55 BN B A K SAE LR & B R 1Y, 1989
EEIRTE CEIHAE LEAT T AR S o 2 )5 X0 AR 7 e BRAS A 7 459 31 38 & e, H RTE g0
T 10 &Fh CVEYHN 2 A C A/EY (B E K FE3R) (http://cdiac. esd. ornl. gov/programs/FACE/whereisface.
html) ,
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FRF R X R RAAE Y EOR RIS SR R E PR C Y, MRS, TR A =
FMEAEY) T 2020 AF AKX T K TESRALKE LE 1997 4RI N 45% , HE 1 8 KR A1/ 22 R S 1
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HTFAREWE, T 245 8] FACE i 5 IE

ASCTEA RS E TR FE e FACE 75 YA, 45 AERMF N B RUR , RELER T AAE C1E
YL EAER IR R R WAl a8 B @ n - i R A2 443 LR - SR 1 55 5 T R BIF 5 6 SR, O %o i 4
SRR SRS T TS BTEHES) T A FACE TS0t — P mIP R L JE
1 SRMEXK FACE R[N

6l 5 FACE (Maricopa FACE) 25 F 45 1 AMESE R TFRUR T 40 T 5 CO, M B3 F- &, B fir
FALAIFARM 7 K2 Maricopa A HL—5e 12 h® BRI SRR DEEIK 1980 4ETFIRIE AT, JEiE AT 26 70
INFEIRI 1998 F1 1999 4ETFHA R BIRX: . % FACE 258 i1 25 [ Brookhaver [¥ 58 8 & SE g 2 %410, & b
MG KB 25 m BN SZ R (TRIFRZ) 490 m?) FiCEAE R I, 46N P8I A L s 2.5 m A9 3 1204 Aot
JO7 LT I[P 2. 4 m A1, CO, 5 RATR A5 H 2 AU 0% = 1) W 88 I oo ] A 81 5 v 2 HL AR 28 7
YEYISEZE 17710 em 4b, BAMEHULEZE L7 10 em 2RSS CO, ML, 76 FACE FEl A/ i3T5 i 5 I XL
li X, AL ) R GEARIE X 215 8 Shil T CO, BRI B A B fff FACE P8l Hh ot CO, Mk B 3R 4 4l R e
FEXTHEG] 200 wmol/mol B HARHIE /KK M 1 min “F-XJ%E  FACE BISEPR CO, e 1E 87 % i i) P 44 il £
FIFRUEE 10% RYIR2ETE B 2 e ) S pENLIX 0T, 4 W, CO, T X —43 S — 150 Y i 1 52 9
IKAPAEHR(F 1)

1 HRSEMEK FACEARRBARMXBEHCE

Table 1 Summary ofexperimental protocols and site characteristics for free-air CO, enrichment ( FACE) experiments on sorghum and maize

Wi H Ttems

3% FACE FACE sorghum

K FACE FACE maize

RRWL Y AV Experiment 1D
B0 b Experiment sites

PyFf Crop species
FEZMHK AN Main cultivars

F 3T soil type

FEFFIBCHR H ) Sowing and harvest dates

FACE 43 H 3] FACE start or end dates

LI E L No. of replicates

[& B A% Diameter of plot area/m

&[] Spacing of the rings/m
FACE B H#¥z CO, ¥¢JE Target [ CO, ]
FACE/AMB BEFZFR[ CO, T (HK)
FACE/AMB actural [ CO, ] (daytime)
FACE/AMB PE3CBR[ €O, ] (W 1)
FACE/AMB actural [ CO, ] (night)

H B ZE [} 8] Daily enrichment time
X B T A

Additional treatments in split plot design
TS 4bH Dry treatment/mm

WAL FE Wet treatment/ mm

{EY)E#E Crop management

FedfHAS Planting density
MEZ & N fertilizer

FF R Site description reference

Maricopa FACE

FEE WAIRARM T BRI
(30°04" N,111°59" W)
Fik

DK54

R

1998-07-16 % 1998-12-21
1999-06-15 % 1999-10-26

1998-07-31 % 1998-12-21
1999-07-01 % 1999-10-26

4
25
98
RS €O, MR 200 pumol/mol

556,363 pwmol/mol(1998)
566,373 pwmol/mol(1999)

603,428 pmol/mol(1998)
607,433 pwmol/mol(1999)

24 h/d
Ko

474 (1998 ) ,491(1999)
1218(1998) ,1047(1999)

1THE 76 cm; %5 223100 BE/hm? (1998 4F) |

259500 #k/hm?(1999 4£)

St N 2 279 kg/hm? (1998 ) £l 265 kg/hm?

(1999)
Ottman %"‘;:13:

SoyFACE
Tl BTN B AR
(40°03' N,88°14" W)

55/

34B43

LN

2002-04-30 % 2002-10-10
2004-04-29 % 2004-09-10

2002-04-30 % 2002-10-10
2004-04-29 % 20074-09-10

4
20
98
LKA CO, ¥ T 200 mol/mol

549, 354 wmol/mol (2002 )
542, 376 pmol/mol (2004 )

[EPN

A7HE 76 cm; B HE 74100 #k/hm?

S N = 202 kg/hm?

Leakey Zg[14-15]
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55 E R B K2 F K FACE (Maricopa FACE) £ 1 2 [ FOKAF” Pl i B —3 16 hm* YR |, ZIX
B SRS SRR A K R R, TR S, FK BE AR 3% . % F & 2001 4FE &AL, 2002 1 2004 4 it
FEEAIRE . S T4 Y A 5 AR Ak, K B A XL, AN IX LA 5 — 4> FACE Bl A — > it e
(EHA20 m), 4 1 min VR, FACE B SEPR CO, ¥k BE7E 90% —93 % [ [a] N 45 il 78 H bRk FE 20% iR
ZEUFEZ NS FACE REEH —IME KB LUK, K e XU 17038 i oG4 FL m) Bl RS €O, , CO, B
A7 B A B R 45 1 05 12 B FACE T8l H ARk FE [] Maricopa FACE'™® (1),
2 XE1EA
2.1 AN

C, VED R T AE B B 2 v 24575 AR AN ( BSC) A 1,5 - B R 1k I %0t ( RuBisCO ) 1 7
S CO, VB (5 W W B AH G Rl 2t 1) 452 2 32 B4 1 5] B 0 RuBisCO 76 A Ak 38 B2 45 3T o R I R 424
RS WIS R EE COXT C MEYE A SRR AT SN, AR S S0 AF 58 IR Qn itk A7 LE4GE A ma
B ZH0RE BB R CO, IR C YA ER FEALHA " . (1) X RuBisCO CO, 1
I B R 0 A FSE R B E VR B CO, T iR 38 R oKk 20 i e B I) CO, MR ( Ci) IR T & /R T R AL,
(2) A5 B INR - Watling 251" RGBT SE FRACVE T CO, B4 ffi i St i BSC BEJEREWE/D 2 4%, B wtid
9% /DT A/ci T M ZR AT IR RERFERADE G R ; (3) B4 SR CO, 1 B 32 [ 22 : Moore %7 Hi238
Flaveria trinervia fH I 7 B2 19 CO, 10% B3 & A A 4E 45 dOB a0, 1A I C R 4EHLE , ik Co, v B
BARIEAVER; (4) A28 C AP HA 2L C R C a2 5 (5) MR EE CO, T 1ok C BRI /R
SCAGER M 6 MRS T3 B 3 b 7 A g TV E M AR 1 TR A AR KT B S A N E O CO, R
BEF C A TR AL B AN AR A A3 IR vl RE S IR R 7K 40 26 R B B3 (CCFLBR ) 207, i AS J2 A 1) ( 44 o)
FE AT ) B Ak (RSN 12 L COL M DT IR i L K3l R ) 1 i iy (AR SFLBR ) 1 (A fa] Al
B, X C, 06 A EHEAE RN CO, MERMEUN AR S i AR BT T AR & A J R T — A SR A i 5

Maricopa FACE BFZETIE B i 5 e K & 1 v 41200 S R 2R AL C, AR A2 R4 TR [ 5 < Cousins %177 &
B FACE i 5 3255 2 A0 RIAAE FH U BESE I3 00 T 379% |, 3K Rl AT 41 C, 06 BOAR S i T X G IR 1 4 310
il LA 2 BE B R FHACR G4 . Cousins 258 XFET T CO, FRISEEE 5 M H 2B Ak & B dE R WEE & P FACE fifi
55 S I RER A B I TR RuBisCO IR R 975 155 X DY 1 192 F2 AL it ( PEPC) 105 4 B 35 F B (G i S e A
SO, ARAERE [RS4SRk S S Y GO 2 ZUELAT AL C i AR R X S A U A4 1 L
ISR 55 16 I PR & R R E B AR AN R T RE 2

Maricopa FACE BIFFE 3K ik B2 CO, (9 22w S AN [l A= 5 0 vh Ao 6 B3R (A) S 39 0 15% , Kb 7
TR A5 T 2 B0 23% A1 9% , TR A B R K TR A& 78 5 — R 5E
Williams 257 HE B CO, RIS T AEK 49 d B35 BSC MR %A B A8k, i 1 5 a3tk U 44
M, 2004 4F SoyFACE T K& A0 110 A 1 52 T 52038 | Leakey 5517 & BURR B CO, M TR IG5 |
A B (TR B 1A ) DL KOG A BERE A 25 P AR A A H AR B B, 5 2004 45 R [R],2002 458 Tk
AA R X R R et o, FL B8 8 A2 0 T SR aa 25 3 R B FACE X R I AE K oK A A B Be ik i 4 i
(2T WPERIN10% ) Hx R e sk HBR TREm A MR 28 EATR, M Co, BRIk 2
RS BCE T REREWRIE CO,MBE T CEWE G E ISR Y R ZHLH], FIX —25 50T HA A A kAL T it
ACREA W KA
2.2 JGHEN

REMR RIS — LAY KA T RVREE CO, TR G A BURSIEMT T R, e 235 2 I T4 UK
X FAERIY A AE X R CO, MmN B NI, REMT OISR R CO,PEE T Tk A st
(A3 B RS , FeIAE R ILBOR AN C, G I SCHERGTE 7 N 140, Maroco %52 #ft3 CO, ¥ B 1100 pmol/
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mol i LA E AN i —28 C, 1 C, & B I ARG M R B 5% —30% , LA NADP-3 S i 2 16 5% 1 fe
K s Watling " R B CO, 56 = 520 A1) a4 & 2 W R 284k, Jeig AR KOF CRIECR o, e s
RORLU N PEPC MR BE T [ ) i J2 it #0) KF- ( BSC BEJE B /b 2 4%, 320 CO, MR AR M 9% ) . (BINA WL
R HIE COPEE N oK ol @t P A e AdE M AL

SoyFACE 78 A7 & LB K BT AT A HUAE LB S 0 Wi ik, 72380 4514 FACE X K
DL 52 A R B A R AR IRA R RE A PR ST 18] A 63 BT 38, B An iR e - O, X e A FE Y
BB PEP BRAL A AEAE E 100 R RTINS . SR1T, SoyFACE 56 R W SV FE CO, T ILIBJE M A/Ci #i 4R
T PEP RN FRAERE ), 302 25°C T I M B 4O & DGR TR M, Y JE B 8k, [RIRE A/ Q ma iy it 4R
W] ERR G RDC R A R TGN IS . R EMFE RV B CO, NAEY) 1 A3 N & A i A Ak
SERVERR K AL Sy R AN & R B8 SR SoyFACE R 86 A % BRAE AT it 7 e JEM L R R R &
AR 52 KIH, Maricopa FACE 56 08I 2 T = 5 A9 A8 M L, Cousins 4517 i1l FACE
fli A A 4UH RuBisCO Ml PEPC G VE 1 3 R B/R COLAHLU A THEN . X5 5 —ERER 5 0
S5 —B FACE (53R 5 SE 2RI RERAL A XM ] CO, ¥ B A M o — ELAK T X6 R B> 1 v e
CO, FOLEAER A Tl R, 33X — B I 1938 1 AT BEAT R 1 55 e B2 CO, T 14 5 sk 181 22 1 i ) LA B €, 2838
BSC P CO, B RIRICR
3 KHXFR
3.1 AARE

R CO, BT AR A S LA &P ASFLBR 38 m 7 i 2b 1 i R Xt /K 28 S0R CO, SR 1
FEE, Cure'™) Cure F1 Acock™ XS MG HEAT I B4, K AEK AP FI N 782 4FF,550 wmol/mol CO, #
A v SR R LR (gs) U 21% (n=13) A1 15% (n=3), Maricopa FACE BIF58 20 | & ik &8
CO, P = AN R A KB T F g SP X TR 35% , Horh T 5 RN E 25 T 433 T B 32% F137% {H CO, 5K
AbER A FAE AR 1K Leakey %5 43, FACE i 2002 2004 4F FOKBEAN A=K T g5 24051 FRE
23% (55 1 YE A TRERIN) F129% (T gs F3I TR 34% ), FIUL, FACE X5 gs “FIU/MEA R TR=E
B, AT REIE A - (1) FACE KBR300 5 (2) KE M FACE B A REfRT AR CO, H bk BE i L il i
TSR 5 (3) & N il 25 KA TR A AR AE Y
3.2 KAFH

KEWITRERW SRS CO, AR gs TR 728 M IR /D A T BRI & FACE W5t 4 1 —
B, Wall 57 38, FACE i /i 585 22 44 B WIE /I R R BE P-4 0 1. 20°C (52 RIE 25244 20 30 B
0.96 .1.45%C) it F F12s S EE 2 22 F- 2300 0. 44°C (T 52 R IE 428 T 48 B3 hn 0. 28 .0. 60°C ) . M
TR FEAE Y R RE T, SoyFACE WF5E %6 W FACE I8 T K 47 5 J2 1R B - 49 Lo o) 1 Pl 388 i 1°C 22
47, Maricopa FACE M4FE45 R W], FACE (Wi 5514 T o S 4 A B 01 1 K Gel J2 Th BE Wl 38 e T R (AP B K
ZE521K51.66°C) HBE - SFLCH iR EE 50 A 25 52N, TRAF T HEZE S 5/0 R
IR HARAL S S PERE gs T REG S — A B Gl S oA I 1 R S R R o S IR A PR IR R T
TR R EFRI LR K I CO,WEFE 550 wmol/mol R (n=15) F1EXK (n=6) -2 2 % o i 14
WD 15% 1 FACE BFFE 268, CO, HEE 550 wmol/mol fi 2a 75 3212 F1 T K AS ] Bsf 09 B 2% ot 1ok 35 S 1y
I3 R 15% F127% (P>0.01) , J5 & B i R FAREVFIRER,

SEMFRI, R CO, T gs B FREIEAR—Z > Tk 0wl 52 s q 1 RUK 49 28 Rk 25 S B G 1
B(ET) NG & Z 5w 2 KN G50 DL BB R J81Y . 7 Maricopa FACE 35 H1, Conley %57 1 ]
FHIUHH AR+ K o VA7 058 & B, FACE SR 240 T i a4 K IO bR, 24 5 1 R AL ET sl
T 10% , MoK 50 T AR Z 2 B AL BT Jsib 4% o i F b7 1504 i 3K 431 1 AR AR )
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