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Abstract; Photosynthesis and photosynthetic parameters of Pinus koraiensis saplings were determined after these saplings
have been exposed to 500 molmol ' CO, for six growing seasons. The response curves of net photosynthetic rate ( Py) versus
photosynthetically active radiation ( PAR) and intercellular CO, concentration { C;) were measured in situ. These response
curves were then analysed using a biochemical model which described the limitations imposed by the amount and activity of

ribulose-1 , 5-bisphosphate carboxylase/oxygenase ( V. ) and by the rate of ribulose-1, 5-bisphosphate ( RuBP )
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regeneration mediated by electron transport (J_ ). In addition, apparent quantum yield ( AQY) and light-saturated
photosynthetic rate (P,,. ) were calculated. V,_, of needles under 500 pmol mol ~' CO, decreased by 4% compared with that
in the control chamber. J__ and J__/V,. . ratio of plants grown at the elevated CO, concentration were 27% and 18%
greater than those in the control chamber, respectively, but the differences in J__and J_,_/V,.. between the two treatments
were not significant. There was no evidence of photosynthetic acclimation for needles of Pinus koraiensis after six growing
seasons’ exposure to 500pwmol mol 'CO,. P__ and AQY increased by 94% and 21% for plants grown at 500pmol mol ™'
CO, according to Py-PAR response curves, respectively, compared with the plants in the control chamber. The
proportionately greater increase in P__ than AQY or J__ indicates that saplings of Pinus koraiensis grown under 500 pmol
mol "' CO, make more efficient use of light. Light-saturated stomatal conductance (g, ) and transpiration rate (E_ )
doubled for plants grown and measured at elevated CO, concentration. The magnitudes of increase in g, and E__ were
close to that in P_. C,/C, ratio declined non-linearly with increased CO, concentration for plants grown at 500 mol mol ™'
CO, and in the control chamber. C,/C, ratio decreased by 1% to 7% at low C,(C, <200pwmol mol '), but increased by
5% to 20% at high C,(C, =300pwmol mol " )for plants at elevated CO,. CO, concentration could change C,/C, ratio, but
C,/C, ratio ultimately remained at a constant range as a result of stomatal adjustment. The response of C,/C, ratio to C,

suggested that stomatal sensitivity to CO, was greater at low CO, concentration than at high CO, concentration.

Key Words: elevated CO, concentration; photosynthesis; photosynthetic parameters; long-term

SIRFHKAR CO, WK E B th Tl FE AR 280 wmol mol ™' EF+Z 370 pmol mol ™', ZEK B IR L, KK,
CO, ¥ 5 B % A 35/ Vis AL, A SHE MR BRI A K R B m ™ . SR AR ERER COET
BRI L R S IR CO, Y S AR HEME 5 9 J6-A 3 %R & Rubisco (ribulose- 1, 5-bisphosphate
carboxylase/ oxygenase ) ¥R1LAE ™) BT K BIRWEEE CO AR YIE , BB SE A B INA A BEH T
RAEHE . — R, BHERRM T URAKRSE AR EE, B THRERD KT ERAG R, % B3R
¥4 T ( down-regulation ) 5% ¢4 Y4k ( photosynthetic acclimation ) , 5 375 BF #b &4 T LA FF 1 46 ( OTCs ) B},
FACE ( Free-air carbon dioxide enrichment) Sy B 4EF- & B SLI0 R4, e T R HILI A 6REE , BT13 4508
EENREAERA TR IMEERAGTRY , W OB REH A LAY,

BRBRUE AR (Vo) B KB FEBEREE(),.) BAR N EEKHRKE CO, LRI A Bk
BB RETEEAKFHFIANEESH, Farquhar' * % 1980 4255719 FvCB AR ET CHEYIEAERAMAE
WAEEL, 2 N T A B AR S R AT U, B CO, ¥ BE TR XHE YR A 58 o AR I AR (LA B AR
LA Ve T e, BT B TR RAENA DML R B DI RE™ o FTIBYIL allimation) R
HERIEBWE CO, T T AN — RIS A YILE #4564 T ¥ ( down-regulation ) St A RE /1 5
4% (loss of photosynthetic capacity) , J LA 4.5 AFR 2 JI4L (negative allimation) 27,

HEREREE CO, T Liquidambar styraciflua, Ve, Fl J e SHKIE R SR T 893S BAER LI B B2
A5 (BB REEA R (P,,) @B, ZEETF RS C0,200mmol mol ™ T Az i PUR A -3 (Acer rubrum,
Carya glabra, Cercis canadensis, Liquidambar styraciflua) , V.. %G H B4, P.... %Eﬁﬁiﬁﬁﬂﬁ%[s'ﬂ o WH—
AR R BTSSR, Medlyn %7 5%t 15 FhEKH ZRAMFF AT A TR, Vo Al o KABRRT 10% , =%
FEMRI LB B ARFEE, V e T Joe S ILEA B, B BT EOL AR B TR 10% ~20% , £33 10a m¥KE CO, 4L
B Lolium perenne , Y686 ™ , BAENA T WM IEAEILRE Vo M Jou FEIE

S KRR E CO AR , AR A (LD BRSPS 451 E S — & R AR , Bl , X6 iy 3R
FIRREH B RREZ KAEE . Leakey %' R BAEKAERIRIE CO, TH) Shorea leprosula, FIEF 7= (APQ)
P, R 8= T RREH T HE, T AR R T B A RmBEE LR SEAH TR
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R T UK BIRIKE COALBXTLLMRET HEA BRI B M, T8 T Bt A3 X bR K HE CO, MBI
ma o 2R . AR AR e B R A AR B AR TR M TE R KR CO, T MBS ERM NS H—
Rubisco 1% 2308 BRI 9 B KRR ZR Ve, MIEHFI 4T i RuBP P4 R 7 PRl 9 B K e 755 i
Jas s AR E F BB KRR,
1 #R5HZE
1.1 SEieh Rscmbi st

SEEs7E B R R WL TP P9 (E128°287 \N42°24” Ygik 736m) BT I FFTRAH RAEN 4T, AABTEF
TRAET 4.0m, 34K 4. 2m, A EE L, Tmm B3R, TR, B 1999 4E42 , R & B LLHART A= B BP -
TR BRI HEAT 500 wmolmol ™' B YR E CO,ALFH , 2 2004 4F  FEM MR AE K, B ELEHK 6 MEKFE(S ~9 A,
FE 6 A LIRS, AREE AN TEE R R 40cm , -8k TR FIAR 4243 51 34em 1 0. 907cm, SLH LA P
7 500 pmolmol ™' CO, B FF TRAS , Bi-MEZ RS, CO, M IRITTRAN , A CO M i CO, 2T S E i WA A
1.2 SERHHE

2004 4F 8 A o], e T A #E 500 pmolmol ~' CO, T Ko it BR FF T4 PY £14A 4 6 A 3 2% B3R A [|] CO,
e e o7 i 2%, 05 B, BE LB B0 VR B CO, FFTRAE Ko BRI TRAE A % B P | A B AEAR & 3 4R, W&
EROMAEME E R TR ROGAT I E BB A 8:00 ~ 1100, A HEE(Py) SILFE (g,) EBEK(E),
BB REES(PAR) IR CO, M (C,) MM CO, ¥ E(C,) &g tnty X E LiCor 2] 4 7 i) Li6400 fE 1%
B BER AR A

W€ e B BB A BRI e B 28 ( Py-PAR) B, 74 H A K CO, % E T RAMNEEI R ORI
Fo MUSEEEAEERST COL M B R Hi 2k (Py-C,) I, AER AR EFE 1200pmolm ~s ™", CO, H J&F A4 il I
A 400.300.,200.,100.50,400,400,600,700,800molmol ', 7@ IRE COMRE T, & B K4 2 ~
3min, FEEUERS E B IRIEF, B 3MEE B SRR ARG , (RUEN € 72 i 2R E K HRAE 25°C, mFKIRE
SHE7E 0.56 ~0.63kPa JEE P24k
1.3 M®ESETEFE
1.3.1 RARECEEREENETTE

NARBELAEA BB RRTRBBIEE A WL

P> -P(a - PAR+P__) +a - PAR-P__=0

A, 0 AMERNE, o ARMNEF TR, P IR KREEAEER, P HEOCAHEE, HU L FEB MK
BHFRHTR) ,PAAEFECT FRIGER(R,) FEDEEER, R FE (L) AR EE ARSI EEME
MNEFH=&,

(a+PAR+P,,)-+/(a-PAR+P, )" -40-a-PAR - P,
Py = 20
1.3.2 JERRUER
4% Farquhar %% 75 Py-C, W BE i 2% A BRMEIE CO, ¥ T (C; <200 pmolmol ') , b AR F B2
Rubisco THH: MR MR, ZE R U EFR B KM TEHBEEEE Py
_ c,-r’
NT e 2K [1+(0,/K,) ]
R, Vo AR KRR ZR , C R HAIE] COMREE, "y COMMER, R OIE T MR R, 7E IR S 9 25°C i,
Rubisco 3RALFN & AL 52 LK IR # 40 K, F0 K, 53 34 460pbar F1 330mbar, M4 (R 3R 4L AR i) B 43 B O, K
210mbar™"’ ,
1.3.3 BREFEEERE
A ERS A CO, ¥ E R AT Rk BAEE A X2

-R, (1)

-R, (2)
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P> -P(V,-C,+J,) +V. -C, - J. . =0
Rrp, 0 T AR, VO RALE SR COR IR CO YK, Jo N R TEHE R, P N MEAER, f
P b RE AR R (3), Py N RERE TR (R,) B 6 A% %R, MG Farquhar Fl von
Caemmerer'*' | ZE45 i Jfi /] CO, ¥ & T ( C, >200) , RuBP FA= 4 23 FR I, RuBP F4k X EBUR T i T15 8 %
# B iy RuBP FA: BRI T s B A3 Pyoi

_Vcci +Jmu_ N/( Vcci +Jma.x)2 _40 * Vc * Ci * Jmnx
B 20

PN _Rd (3)

1.3.4 Rubisco 58
R4 Hymus 27 Rubisco (mol m ™) & AR (4) fH&
Rubisco(mol m~*) = (V,,,./1000000) /(8 xK.,,) (4)
1,8 2 Rubisco &L SR KRB MEAL A RIRILAE S BfE 3.3,
2 ZBER
2.1 %I‘"ﬂ% %%E%Xﬂ‘j"ﬁ%ﬁ?&ﬁﬁﬂ‘%ﬂﬂm & 500umol/mol CO, o XHB4H Control chamber

e A CONRIE FINER) Py PAR BIRIMAZ 5 12 .
03 , 24343 3 250 pmol -m s ™' if,500wmol -mol 'CO, £ [ Lo 7
T PR BB, BB AT T00pmol - m s~ B, B 2 6| o~ . o o @
¥ CO,F RAAH T PORKEE WOEMA (R & (. °
l)o '—3X€l‘ﬁﬁ$ﬁl:lj,500pm01°m01_1C02—FE(J Pmuwaﬁi%} juf 0.-.3 1 1 | 1 1
@ ot 300 600 900 1200 1500

TXHR, 30 94% , AQY 3im 21% , 2 F A B & (P >

0.05) ,RAEMT 7% (F 1), HT 500mmol-mol ~'CO,

TH AQY M P, 3R X HRAEAR, BTAZEAE—J83R T, E1 500pmol mol = CO, FAIR B &M T 44 LA EE (Py)

500 wmol -mol ' CO, T i) Py BA B8 T XJ IR KR Pyo XHEAH RS ( PAR) BOWARL L%

2.2 %I‘H‘I“E\.}L 5 E*ﬂ?ﬁ%iﬁ%}'ﬂ‘ﬁ'ﬁ %ﬁ%ﬁ% Eﬂ‘m”ﬁl R Fig. 1 The response of net photosynthetic rate ( Py ) to
500 wmol mol -1 0, F 55t R ST R MR Y g A E photosynthetically active radiation ( PAR) for Pinus koraiensis growing

¥IRE GBI I T 28, —E B e R AR —

B EWE CO, BT ¢ M E, 73 700pumolm s ™' 5, XHBEAMT ¢, M E K IEEN /N

500umol mol 'CO, T g, F1E, (& 2), ZEFEMFINEIRT (PAR 3 1300 molm ~*s ") ,500 wmol mol ' CO, F 1y

Gomes T E e 5XF HRME HLIG I —FE (R 1) 6

:1IREEN R LIEE H AR ESE(FIYE £ SE)
Table1 Gas exchange parameters calculated from the response of photosynthetic rate to photosynthetically active radiation ( means + SE)

FeBHRERS PAR (umol- m™2.57)

at 500pmol mol ~'CO, and in the control chamber

I H Item 500 mol mol ~1CO, 1 HR4H (CK)
FMET=E AQY (jumol CO, pmol ~* photon flux density) 0.040 £0.002a 0.033 £0.010a
BREBEEEP,, (umolCO,m 2s71) 12.43 +0.49a 6.40 £0.42b
FERPIR R R, (pmolCO,m 2s ™) 0.91 £0.03a 0.85+0.11b
HFIEE TSI g,0p (molm s 71) 0.185 +0. 004a 0.087 +0.004b
HFIER TR B ESE E,_, (molm 2s1) 1.08 £0.02a 0.5120.02b

FIfTHPARRIFZRERERBE (P<0.5) Different letters indicated significant difference at the same row (P <0.5)

2.3 EMEOLA RIS CO, ¥R e B

Py-C.Ta i i 2R 7EF 85 CO, ¥k B4 50 ~ 800 umol mol =" CO, i BB P 1 5E 52 BX,, 500 wmol mol ™' CO, T i %F R
TH Py BE CH3E M0, £ 47 C,F, 500umol mol ™' CO, F i Pyt F X4 (B 3), 53t IAM I,
500 pmol mol ™! COL i Vo FEAR T 4% ,J o8I T 27% (2 2) ,J e B INFN Vi B FEF:3X 500pmol mol ™' CO, T
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B J e’ Veme HEIEHN T 18% , Rubisco 85 Vo BUIEH %, FTLA 500 umol mol ™' CO, F ¥ Rubisco & 8 T %
T 4% . RAEHKFE 500pumol mol ™' CO, T HYAH KK, ZEALAT ML A] CO, ¥ & T B9 Py B4 B 5 T3¢ A £k, B
V cmas ~J max s mas” Vemas 6 I Rubisco & & 53 BBAH LR EH B EF(P>0.05),

—a— 500umol/mol CO, gs  —— XFHEAH Control chamber gs

—— 500umol/mol CO, E  — X M4 Control chamber E ¢ 500pmol/molCO, o XFHRFH Control chamber
U 2 o A

—_
n

~ 12 06 —~ B -
290 405 w; LT
g = -~ 10 | [
= 08| Ho4 3 - -
E g 'E?r“" .\‘ 4
S 06 H03 = g > -
o 04 s 5 o oy
M 041 102 # RE 2 @ED:
g 02 N _ . p—n— 0.1 U]_pt' &;z/ 0 le'“" 1 1 \ |
ool r l1“(')0 200 300 400 500
0 50 250 550 850 1150
25 7 1007 400 700 1000 1300 -5

B Bl CO.¥kJ C; (umol/mol)
K EGRERST PAR (umol-m257!)

B3 500pumol mol ' CO, FHIN MM 4t A MAE(Py)
FHREE CO, ¥ BE(C,) A BLH 2%
Fig. 3

B2 500wmol mol ™' CO, F 53 &AM T4 M RILFE (g,) FIFK
PSR (E) BHt-EH R AT (PAR) B W B H 2%

Fig.2 The response of stomatal conductance (g,) and transpiration The response curves of net photosynthetic rate (Py) to

rate (E) to photosynthetically active radiation ( PAR) for Pinus intercellular CO, concentration ( C;) were determined for Pinus

horaiensis growing at S00mol mol ~1CO, and in the control chamber koraiensis growing at 500pmol mol ~!CO, and in the control chamber

2.4 & C/C AL 3 ERE CO MR
500wmol mol ~' CO, F Xt HE A& F ARG C./C,
LFE C3E MBI LM TREE, ]| C.A(C, <

F2 RIE CO,Na R M LA XA S (FIE +SE)

Table 2 Modeled biochemical parameters based on analysis of

200pmol mol '), C./C, HkE C, 3 NHGE T4, Y C, K

photosynthetic rate to intercellular CO, concentration ( means + SE)

BEKTF 300pmol mol™' B, C/C, WAEMLIRIE BN, Yy ZHA Iem 00umol mol TG0, A CK
—2_-1

ST 0.5 ~0.6 2 ([ 4) o C,<200pmol mol”! Vg (pomol m =25 1) 20.33 £0.99 21.11 £2.08

. J e (mol m 25 1) 22.07 +1.38 17.43 £0.79

fit,500 pumol mol ' CO, F#J C./C, WEEIK T 1% ~7%, T’ Vs 1.13 £0.15 0.96 +0.06

C,=300pumol mol ' i} ,500mmol mol ' CO, F#Y C,/C,  Rubisco &% (10 mol m~?) 0.77 £0.04 0.800.79

B (P <0.5) , BRI K EATE C, BT
700 wmol mol ~'Bt, AN N 5% ~20% , FEAHIR CO, & EEF,500mmol mol ' CO, F g, BB T X 1R .,
500 umol mol ~'CO, F &Y g, B C, 3N 2R RAEE:, B RIBE A K, I AT I o, B C, 3838 in, 4 it 22
RADE,
3 itig

BT BRI B W U Rp AR IR ST AR B AT LA R SR IR, e A VR X RVR B CO, By e bz 77 =X K il
REFREE AR AKAE 4 500 mmol mol = CO, B BN T LIRS B B R e A R, P L H ST ANE L T R E
CO, [ A AN, ABIIE P AP RE LA ERIEK T 94% , 5 DeLucia F1 Thomas'' S Cercis canadensis
HBTSE 45 R, B T Gunderson Fl Wullschleger™®! %if 39 Fif AR BIZE 45 R (A KIFFERIRE CO, FIIER
A RN 44% ) o 500wmol mol ™' CO, T HeAr3 B B3 hn 3 B 55 0l e B B 31 B CO, M B IR 1Y
A TRYIMR I INA 2, B A R RN & o Yy B € 5 2 5k, (5 R P eR 2R304 Jo 58 B0 Y IH 6
ROBREIE I, IR BOLT Y F e —EA T RMEAMAAET, BTLL 500 umol mol ™' CO, R FH &I NLL AR
Hri S BB RXER € , A DL RS RN LUK E S ik 2 /D T B R EE B BRI -K LHl, £04 AQY FI
P, B3 5 Shorea leprosula Miq. 34 B¥RJE CO,HYMARI R —3XH'), P, . AQY 3 HNEY LLfAI K, 7T -5
BT COMERIAERN EERGETER",
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SILR CO,FARSE L M OB, SAATHEE 500 umolmolCor Cilca  —— 4T Control chamber CiCa
A5 COLHEA NI CO, By &, TEvf b AR A7~ S0kmovmolcoes

T AL ISR E R PRSI SRR [
S, B, SALRHE COLMMTE R AR E 005 B
SR BEIE CO, MW — M KA AR E ™ 3 Jow 3
48 BRI AT BRI THIMET 1% 12 (3| sk | 5
A BE o 500wmol mol ™ CO, HLLH Lo I, 55 S0 100 200 300 400 500 700 800 ¢

—— X} HE%E Control chamber gs

P gL HIEIE, SASFERRESTIEAEBE RN
""", 500 umol mol ™' CO, T 47 i T FLF BE 45 T AR
BB R, BT CO, T 5X AN TR BERA B4 500umol mol ™ CO, TARMEMT 1 Ci/C, LA
HESAERELEE TR AR e,) B CO BRI

ch%ﬁ%ﬁij\lﬁéylwmjﬁﬁ[s,m , %mg COZ—F Fig. 4 Change in the C;/C, ratio and stomatal conductance
LTRNG VCME%M?%‘E& ,@%ﬁKﬁ%,Fﬁu%ﬁdﬁik (g, ) with increasing external CO, concentration for Pinus
HESEAYIE™ . XTI CO, By B 5 DeLucia 7l .
Thomas' Xt 4 F 4 A (Acer rubrum, Carya glabra, Cercis
canadensis, Liquidambar styraciflua) WRFRGERAML, TERKE COKMT , X URPRIARE P 300, 3 n itk
BIET AQY, EEVRE CO A M Veons » Jun BN T 10% ARTLIHR 27% BIIEHIETE o P b AQY 1 J,,. 38
INEG H BB B B CO, AR E A RO R o COMRBABABT Jue M Ve FIZEILIE R B
WA AR F RSB T IRAER T MEH IR, Vo J e SR REE Rubisco E B HEIR
SIELTIE™ o Quercus suber 274 4a BRI CO,AbHHF , Rubisco HHETHET 20% , SXMHLERABE ™ %
TR PO TR 4% o Liquidambar styraciflua L. 23t 3a +200pumol mol ™' COLALFRST , Ve FIT J o 1%
A B, T B H 0 W BBA 2R KT COM , REFHIXHEE", 483 T RuBP B4 5 Rubisco R 4LE
BT o A Joa ™ Ve FIZBALTT LUE ), LR IFR R AG B YL AR, BAEAKZH T NRE Pl
RS TR, X—% R 5% Pinus taeda ., Liquidambar styraciflua L. | Populus x euramericana B W55 & —
By,

Tt BT CO, PR RN AT HILIH, X C, i 300pumol mol ™' A, €./ C, AL FE—ME
SE L, Sage'™ 7l Drake %" Y N7E COMBABAMT , MEABER C,, C/C,WBAREH KK, 5
RRFEHTH C/CHEBERANEER . AMRIIFAELTFFMLR, C/CILERTE0.5 ~0.6 ZHF,H
500 wmol mol _1C021§ C/C.HWHABHm, 2 C/C HFE C.ZE e R AE 4L IE B 5 Betula alleghaniensis .
Quercus rubra F Acer rubrum AF4L AR —3™  C/C M 1.2 BEREE 0.6 24,148 C/C, W BEA R R EALE
Fe—fEE M, WAL RXTBARAY CO M B HUR™ , 500umol mol ~'CO, FHY B8 C HHNIEA T B, B FEAE—
ER SRS IR B PSR, 500 wmol mol ™' CO, FHY C./C, HAEME CABTHRT IR, 5 Ve HE—3
EBE C, T, BHE COf# C/C 3N, 5 Picea abies (L. ) Karst. | Pinus sylvestris L. | Fagus sylvatica L. F
Populus trichocarpa Torr. & Gray FJi m%{um o

LMW ET %S 6 MERFRIEE COLHE R RRAIRREVR T A, AERFNAERIET
Xof HRAEAR , FEARE KRR COMBIRAM T , X AHMREIE K KRR COEBERARN, MIRE COHE
AR MR IL 2RI, EANRIL XS CO, MR BE MmN R R 5 IERMEER) C/C IR LIE N, ERE
& CO, TFAE—E RS FLBR G , A AL A AR BIE 7/ A R 45 AU P18 o

HIECO R B C, (umol/mol)

koraiensis growing at 500pmol mol ™' CO, and in the control
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