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2 stel ATty 2 Qe FASHA SUFsal e tl7] S olilksiEr A
Fov AF2dEe) o] 7| A4 o] Ha glom ofof wel A
B9 FPAAS B3 07 F o)At E A wRY AR AHY F8/AAS
st5 o 4171 JAYIPCC, 2013). #3342 &3] Fickend] 25 9]
43sto] Avg st
A =g.C (1~ CZZ) 2 1.1

AN Ane 334 ZF(Net assimilation, g C m %)), g 7134 =
% (Stomatal conductance, mol m s’ = U7l 5 olitgEAk =
(Atmospheric CO, concentration, umol mol ), G AEA W AxE 7

—_
~—

= Ako] 9 V\}ﬁ}a/\ = % (Intercellular CO, concentration, pmol mol

g et & S TS o 0slve oldstea BE Ash /| FR

l‘
l‘

o]
2

CEel o ART + Ag. o 3 ABAEEL AT A ArE
U, ot 718 279 wmd os) ARAT. 7Fe Bl o

Sk s wWol] wol <lo] A3k P37 (e.g. Lichtenthaler et al, 1981,
Kubinova, 1991; Liu et al, 2014), =%(e.g. Beerling and Chaloner,
1993; Apple et al, 2000; Luonala et al, 2005, EYdTi(eg.
Bosabalidis and Kofidis, 2002; Limin et al, 2007; Xu and Zhou, 2008),
EY9 dx(eg. Kemp and Cunningham, 1981; Curtis and LAuchli,
1987, Bray and Reid, 2002; Cavusoglu et al, 2007), < (e.g.
Ceulemans et al., 1995; Zhou et al., 2012) o wzt == =Z7|e} 9 A



H(Woodward and Kelly, 1995; Reid et al.,, 2003; Ogaya et al, 2011).
Z1EEEe] A ] F obsteta FE7F SR wel Pinus
uncinata (Pefiuelas and Matamala, 1990), Taxodium distichum (Ogaya
et al, 2011), Metasequoia glyptostroboides (Ogaya et al., 2011),
Betula pendula (Pefiuelas and Matamala, 1990), Pinus sylvestris (Lin
et al., 2001) SoNAM= A3, Liquidambar styracifiua (Thomas
and Harvey, 1983), Populus euramericana (Ceulemans and Mousseau,
1994) FelAM = 713 EE7F F7Fst9e™ Fagus sylvatica(Woodward
and Kelly, 1995)¢] 4% 39 &¢&4& 25 vedlo 713 2719 4
S0 = AU F o A= F7He.g. Franks and Beerling, 2009), Taxodium
distichumol A+ 74a(Ogaya et al, 2011)3t9 o™ ¥ZHFoAE= 7|+
774 (stomatal pore length)o] W 3}7} ¢l&=(Radoglou and Jarvis, 1990)
s TS A3t Ras Ak

Sl AFH vhsh o] BRABE A FUAEE Sl % AX 7433} o)
7] % olteka ¥R Aol 2 P wou] iy F olirsieia
FE9 F7HE o] AolE FANA 4B 2 o FRS FAFUA
= BEATe e o2 £3 olusbwa AMEIHCO,

fertilization effect)2}il 3FcH(Norby et al, 1995). x|t ol & A 334
o F#3 FEL A=Y FFAHeHS AstA7I= Az (acclimation)&
7FA .71 % 3F=d(Woodward and Kelly, 1995; Morison, 1998) ©]#] 3k
FAAdede  Adske & diEAHS FFAHELAYI FH A
(Ribulose—1,5-bisphosphate carboxylase/oxygenase, Rubisco)®] A&
el = o 725243 45 (Maximum carboxylation rate, Vima)SF
IR Fk-E-oll A CO294] F&A gEze s o] 14k
(Ribulose—1,5-bisphosphate, RuBP)¢] A A4+s ZAAs:= Ao dAxadg
4= (Maximum electron transport rate, Jmaw)d HAE UEPUGTHeg.



Turnbull et al., 1998; Urban, 2003; Ainsworth et al., 2004; Aranjuelo
et al., 2005, Leakey et al, 2009). 53] o]#{st A2 F7|3F 5% 9]
AHetER o] wEE A EA A AF Bauw v Jdo(Lewis et al.,
1996; Rey and Jarvis, 1998; Irigoyen et al, 2014) =5 ®Wol7} 71 &
Zo| w2t AZHF57F tF2th(e.g. DeLucia and Thomas, 2000; Herrick
and Thomas, 2001; Tissue et al, 2001; Rogers and Ellsworth, 2002;
Zotz et al, 2005, Ainsworth and Rogers, 2007).
ojxbst A AWl B IR QIS B F S A e Al AHA]
FEFS VA AE G eH Aol dojdtt st e
ToAA AEe AFAHLS soQys Aoz dEA Atieg. Field et al,
1995; Samarakoon and Gifford, 1996; Poorter and Navas, 2003; Nowak
et al., 2004; Ainsworth and Long, 2005). 121} AJ=%h2k oﬂ/\] A4, <
< FUE, FFE AL, X, FE o8, TAAE 2e
7 W o W& gekS W o (Hocking and Meyer, 1991; Oren
et al, 2001; Zak et al., 2003; Norby et al., 2005, Palmroth et al,
2013), =2 olitstetA: st T BEzHgete]l ddd ARE THA

TR
ojFX Wyl T olEtEAd FTE w2 vd Byl &AM H=9
A w2 thFst ol thekdt WS ofsfist= A AEA W
b2 dSshet Aotk shARE 7S] Iy Ao YRS s
ojuf AFZI 2 AWAE FEolAM wrIgtel] JAyH o]itsteas F=
Ao ofFold, dal ALt FARE Ag 7] oldbstEa H2

(Free Air CO, Enrichment, FACE)(e.g. Hebeisen et al., 1997, Miglietta

et al, 2001; McCarthy et al., 2010; Norby and Zak, 2011)4} A5 7§+

& 22 (Open top chamber, OTC)(e.g. Drake et al., 1989; Leadley and

Drake, 1993; Taylor et al, 2001)3} #& dtiqfx &3kl A 7| 7F o] F

o]z AL 1'?—7‘1} A Aotk webA] o] AFdAE AR Wy &

ol 4717 AE el quAd LU £EL daew oo o
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7 F olsaA BEsk FAF A 37 wEHAL W, F59 7]
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1.2.1. A5 A

o] A= A% FUA FHAEAEA AL (59 37°15 7
047, &7 126°57 729 7)ol HAg FF A 24 3MEH F 10 m
Ak "ozl oo x5 AR sto] 20139 495-H 9L ZA

FPEAT. 22 7] F olitstErAe] Fwiol wf 37H] AT E
TSt 2 249 o]ibster A T i"ixﬂ ‘3H7] % olitster A
%=(7 400 ppm), A FE 149 550 ppm), A FE&e 1.8¥(T 700
ppm)E FASAT. 24A e o]ihstE A %E% —419]*& 72 A7
(ZRH type, Fuji Electric System Co. Ltd.,, Japan)& ©o]-&3}o] <oF o]
Astes s SAS o oF At tr] 371E et

FTHohe WAo® Y oitsleth TEE AT COe A E9
AR o] o] FolA = o BAIFE ¥ 6AI7MA] FESHAIL FAT
EGEA oA AFstr] flal 20099, AAHOZRE 1 m Zo|7hA =
zhsto] Y A qo AHEYGoR wA AT (Lee et al., 2012). A& 10
m, ¥°] 7 m 279 AAAE &4 ddv= v gxdl &4
FE2 A2Y¥(Pinus densiflora), =F AU (Fraxinus rhynchophylla),
ZulyUF(Sorbus alnifolia), &5 U (Acer pseudosieboldianum), *FAF
YU (Crataegus pinnatifida), “¢<2 Y- (Quercus acutissima)®] 5% &

5 Aol 2009 9ol 24 W FdF Aol 3 2FA AU
ow o] Ao E AuF, Uy, BUTE A7 R S8
CHTable 1.1). EAFE(Solar irradiation, Rs, W m?), 7] 2%Z(Air
temperature, T, C), Y <%(Soil temperature, 7s, C), &
(Precipitation, P, mm)®] $74AAEL =4 u-&Fo AXH A57]%



BEFAZRE $HE dolHE o g3tel Ay PaAn Pt AT
717k Bk wAH dolHe) £48 e 4% Yol waste] 2
AAFIE A4 Ee ARG = 0905) wAT vFgon A,
AR ol 24 AN 1A A5 AgAL gAAF A4 2
22 olgdtel FHAH o ngstel WFUh 69 xol 74 LA E

8
o F8 =A7] CS616(Campbell Scientific Inc., Logan, UT, USA)S
7b= AXste] A HAA 30cm Zeold W EY F(Soil water
concent, SWC, %)& =A3dc}t. e Aa3= A= 3 =7](Data-logger,
model CR1000, Campbell Scientific Inc., Logan, UT, USA)E ©]-&3}¢]
FRAEJL F 7S EE 5 Huiks TG 24 U #3#4A

B 30% Hugs AT

O

o
=

WEE H& 43 ol wE ZPstel wANAY /T WAL AN
o}

Lincoln, NE, USA)& ©o]-&3} =1
A (Photosynthetic CO- response curve)< 33| ¥ S48ttt 4 &
At FpA|o| A FEFo] FEF TS o= st A/CG IS

o

=A3}7] o] de| LED #9(6400-02, LI-Cor Inc., Lincoln, NE, USA)2°.
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Table 1.1 Species average (+ standard errors) of height and diameter of each
treatment in April 2013

Species Chamber Height (m)  Diameter (mm)

+
+

Control 127 £ 0.06 , 39.89 £ 2.69 4

Chl (ambient) 1.86 £ 0.01 , 4842 + 453 ,
Pinus densiflora
Ch2 (" 500 ppm) 179 + 0.06 , 56.39 + 0.88 ,

Ch3 (T 700 ppm) 215 £ 0.21 , 6046 + 553 ,

Control 153 £ 004 . 1761 £ 1.36

) Chl (ambient) 297 + 033, 2287 = 344,
Fraxinus rhynchophylla

Ch2 (T 500 ppm) 288 + 0.27 , 3211 + 437 ,
Ch3 (T 700 ppm) 379 + 0.16 , 3284 + 1.76 ,

Control 0.68 £ 0.07 , 11.76 + 1.78 4

Chl (ambient) 149 £ 0.03 ., 1763 + 157 .
Sorbus alnifolia

Ch2 (7 500 ppm) 168 + 0.12 , 2356 + 154
Ch3 (7 700 ppm) 1.85 + 0.18 , 2848 + 1.30 ,

Each characteristics in subscript represent the statistical differences at the
level of p < .05

A
gAY Aol hEE T 4 (paired t-test)S E3) 1]

d

=

2 AFEE 2] fete] AP A
(linear regression analysis)s AAISIATH B A4 SAS
T2 3% 93 B A (SAS Institute Inc., Cary, NC, USA)S o] &3} t}.

o
MR v 243§ sk
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2 A93 mE A= 20139 49 3E 9Y7tA o] A HFk
%S Ay FEE Fig. 1.1d Yerd e
2 EHo] d= e AYsta 99 o
m 2 Hd BAES ey AUAS5E 13425 mmE 7
69 ol 2833 W mP2 HA BA S Yeidlon A7)t
43t 32663 W m 2 YElth iz t7] 25(T)E 49 %9
A(5.03C)=, 88 Fool H1H(30.87C) YEFN AL AF7]3E
o] H ke 2095C =2 YEbyt
7] RE(T)e EE A7 gxzTdrRod fosiA =dem(p <
wate]l A7t Hi 0.74C ¥ =il dxA7ke] 7+
69 FTwodl= HA 144C7HA AFol7b YEbgth BEAbgEo] F
279 zel7b Frhst=dl(p < 001, AE AA
AbeFol Z7bgtel uwhel &2 Fyte W HsHA F7)st
F ere drl2ret A v=sdoy &%
Hth @Wste] o] A yE
Sl 1 997kA] & 8946 mm7F WH o 64
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o] Hl=3tAl YEt oy Agte] sl wel &4 39 Edio]l 7HE
SA YElY g2 > 24 1 > 24 2 > 24 39 =M= Fo3 A
o] H Y} (maximum p < .001). EY FEE 5 71 2 A9FgS
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Aor fxz7+v Fo &d =EH AHoEE ARt EY FE
of ol WIzkstAl wkE3 Aom AT I d7] 2X7F e
of we} F3}=7]9H(Saturated vapor pressure)S AFHE R FUlslE=
o o7l Tl E3E F571Y Fol LT Ay, 2R =2 249
S 714 E2H(Vapor pressure deficit, D)7} xR Y F718taL o2 2l
af 2o FTEo] HETET Eobd EdFRel o 9HA ued F

o

21 tH(Campbell and Norman, 1998).
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Bwironment Suwon OIC, 2013
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100 150 200 250

Fig. 1.1 Daily environmental data a) Rs: Solar irradiation, b) 7w Air
temperature, ¢) Tsi: Soil Temperature, d) P: Precipitation, and e) SWC
:Soil water concent from April to September 2013. P was the daily
total and the others are daily average values. Solid circle (@), gray
circle (), deep gray inverse triangle (V¥) and gray triangle ( )
represent control, ambient (T 400 ppm), ambient x 14 ( 550 ppm),

ambient x 1.8 (7 700 ppm) CO: concentrations, respectively.

_ 10 _ _H.—g i :.-. -.I



—
w
DN
Ho
o
)
ok
J|m
o,

N

i Table 1.2¢] YetAS. 718 2719 4

b B

T T A7|9F E=

= AU A9 220836 £ 11361 ~ 2594.07 + 12256 pm’= 7+ =
A e gge® EFuFF 1319.26 £ 3875 T 1901.35 + 66.90
pm?ol | ey 122593 + 3840 T 1435.74 + 112.83 ym’® 7HF #
A etk 7le 2EE AuU%7F 3053 + 340 T 4110 £ 311 pm’®

7HE A e AL, S, BE R 242 87.84 £ 575 T 104.28
£ 6.49 um’e} 46.19 + 290 T 8455 £ 476 pm’® HERS
aurel Ve Avle Wyl olakdtEa =7k 400 ppmdl 24 1]
A et 248389 + 124.69um’ 550 ppm<l &4 2014 = b 226818
+ 126.19um* 700 ppm¢! &4 3olAE it 220838 + 11361 um’=E
T oltster wvt SIS E ATl wet v1E AVI7F gas
3 HERH o AR ol #tthp = 0.0919).
o StEA Fiol mE IS YHEA FhE
Aok atel7k it (p = 0.7259). 718 A7]ek 7
F7le WAtz vl 24 29F 24 30

S 3|
Se ghg Bea 1 FANE &4 2t b we @g e

N
O
-

HE
(2 o

rlr
ot & o
N

ol

ish
H

]
]

5 M
(]
Ol
o

N
ks

i
-
o
i
-
o,
N
ok
[
N
rr
=
BN
-4
to
rfo
i
rfo
i
N}
)
2,
rr
_>|*]_'4
o,
N

2,
32

ashs A2 wdlel 3 dehgy] B o] B §o et
1% WANAE 1Ao7k FHse] B mE BAH Fol 7t 99

Syl 71E A7) ol AheteEt A 7F 700 ppm¢)l &4 3ol 7 #gk

oy FAACEE ZAT Aolm folshA &ktHp = 0.0504). 71& =

S - J'A! _CI:I_ 1_-_]5



L= 224 1(ambient)ol A 5026 + 6.15 No./mm?2 204 63.88 +
3.33 No./mm® 24 3014 8455 + 476 No/mm’¥} o] tj7] F o]4itd}
B4 w7l S7HESE fYetAl FUtskR v < .001). wEbA 71
WAL 718 2719 folgk F7tell d3ds wol ojitsteta wEo et
FostA S7HES & 4 AdJed 24 139 2t b vkten 2
2 30] 7HE = A YERRTH

ARHORE o] AFAHRNA 7]F EALS U7 F olilstei wxo w
g Al FFol BF tE WS YUt AUy 7l A7 BAA
o2 fFostA AR 3dF aEE o)AbsiebAe] w=F¥ Pinus
sylvestris(Beerling, 1997)¢} #o] &% Z7}o wgt 7HAsts 2AIgS

Blon 7l WAL sk uke}

_[Q'_
& F e olibsteb Aol 497 =E ¥ P, sylvestrist 718 Q=E7F 3
hvA

BE
AetRem (Lin et al, 2001) o= HYGel A7) F7kell 93 E I A E9]
Z7Foll 719 % M Ceulemans et al, 1995). ©°] 9o%  Pinus

banksiana(Stewart and Hoddinott, 1993), Pinus pinaster(Picon et al,
1996)9F o] W] AdS YelE AddT= B @ b o &
T

TPute 71F9 vl wEo we Frtetgoy 7w 2
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Table 1.2 The average (+ standard errors)

individual species in each treatment

stomatal size, stomatal density and stomatal area per unit leaf area of

Soeci Chamb Stomatal size Stomatal density Stomatal area
mber
pectes anbe (ym?) (No./mm?) per unit leaf area (ym?>/mm?)
Control 2594.07 + 122.56 40.26 £ 2.39 s 119851.05 + 449540 ,
Chl (ambient) 2483.89 + 124.69 s 41.10 £ 3.11 . 103182.61 £ 9996.50 .
Pinus densiflora
Ch2 (T 550 ppm) 2268.18 + 126.19 30.53 £ 3.40 70315.89 £ 6938.48 .
Ch3 (T 700 ppm) 2208.36 * 113.61 41.10 £ 258 90484.09 £ 6363.33 1
Control 1319.26 £ 38.75 4, 96.77 £ 654 137070.20 £ 8490.64 s
Chl (ambient) 159254 £ 114.81 4 104.28 + 6.49 ¢ 142563.07 £ 11793.02 .
Fraxinus rhynchophylla
Ch2 (T 550 ppm) 1512.22 + 155.67 90.66 £ 7.40 s 130516.00 £ 8892.80 s
Ch3 (T 700 ppm) 1901.35 + 66.90 , 8784 £ 575 4 184789.57 + 13510.06 s
Control 1435.74 £ 112.83 s 46.19 + 290 . 67629.56 £ 7799.75 1,
Chl (ambient) 1384.04 £ 66.04 . 50.26 + 6.15 e 7572892 £ 11732.00 4
Sorbus alnifolia
Ch2 (T 550 ppm) 142583 + 62.09 s 63.88 £ 3.33 4, 91842.31 £ 5245.18 .
Ch3 (T 700 ppm) 122593 + 3840 8455 £ 476 , 103604.01 + 578342 ,

Each characteristics in subscript represent the statistical differences at the level of p < .05

ns: non-significant
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g EE et 2 Aelgte] olatsterA F% shel A 1000 pmol
m’s e FZoA A AU FFAH SEE &
22 1(ambient) Atolel] =Fo]7F {1o](minimum p )
s FAoA = tixzTe 24 19 ARE gt A&
A2 BE FFH AT Alde]l wEdd wep o FEA
(Maximum photosynthesis rate, Amw)= = 7}3F
Abster e sEvt 7P = =4 3(7 700 ppm)e
TR Ao A A 39 Ao FFA S A7|E Ht
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2g1® oF 389%, ZE#UEYE 1330 £ 1.2 umol mZstel A 1803 +
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A B £=9 Aol7t vERd 64, 799 HEg> =4 19]
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35 aPdensflora T | b)F mynchophylla T © S anifdia
<30} * + 1+ —O— Control +Arb(~400 ppm)
0 ~¥— Ambx 1.4(~550 pprm)
“'E o5 1 A~ Arbx 1.8 (~700 ppmy
Em 7 * [ *
qéﬁ : T oox T

10

Fig. 1.2 Monthly average (+ standard errors) maximum photosynthesis rate
of a) Pinus densiflora, b) Fraxinus rhynchophylla and c) Sorbus alnifolia in
each treatment. Open circle, deep gray inverse triangle and gray triangle
represent control + ambient (T 400 ppm), ambient x 1.4 ( 550 ppm) and
ambient x 1.8 (7 700 ppm) CO, concentrations, respectively. *, ** represent

statistical differences at p < .1 and p < .05 level, respectively.

o FFE Free 7] T oliksEAs Feol U?}E]r 17}} I THe.g. Arp
and Drake, 1991; Idso and Kimball, 2001, Ainsworth et al, 2002;
Adam et al, 2004). AR A FIA S 74 224g7]9 o]itstE
A FEstollA SAHSIER o]ibsterA AlB] & ito] o]sto] A2 ghol A
ojAFS e A FEUF =2 A BHEI Aol A olHuE £
FRAR Y, S Al tEEAs S8 Hg A £ W &

s ot E Ao =EH S W B st Az el
3k a1zko] & @ 3ok (Medlyn et al, 1999; Ainsworth and Rogers, 2007).

Hd 7H2 58 SE9 AU AAAE SEE AU FFAH FE vz
AR st &4 1ambient)7ke] Atol7k foldtA e A9 B
ato] YeEtlil=d 6¢ 2ol Auret ExdvTols 424 Ay st2s
Azt £ ZAGY Ao dAdE ﬁ‘i-ﬁ SAZC] Frolg AolE Ko
7|2 et thFig. 1.3). Ho 72548 v BE 59 Ay



o9 E57l 16787 + 21.22 umol
+ 1411 pmol m%s'= e}

s VAW TAZE s S Adn. BEAUT BUUTE §

=
N
(/)
—
o
,.Jk
)
o1
+
o1
]
W~
=
=
=5
=
(/)
—
w
=
(o]
(e

_1

AMgE Bes Kol 5do] 7 E=al UFo R 7Y, 6] 7MY W&V
AL a3
Suwon OTC, 2013
200 a)P densiflaa 1+ b) F mrynahaophyila + ©) S anifdlia
N ® Contrd
N O Amb (~400 ppm)
g 150 [ © Contrd +Amb (~400 ppr)
Vv Abx 1.4 (~550 ppm) -
E A A x 1.8 (~700 ppm)
100 | . T
>E 50 T &%
200 | ) IR
:w
150 +
E
Emo
I
m,

Fig. 1.3 Monthly average (+ standard errors) maximum carboxylation and
electron transport rates of a), d) Pinus densiflora, b), e) Fraxinus
rhynchophylla and c¢), f) Sorbus alnifolia in each treatment. Gray circle, solid
circle, open circle, solid inverse triangle and open triangle represent control +
ambient (T 400 ppm), ambient (T 400 ppm), ambient x 1.4 (T 550 ppm),
ambient x 1.8 (7 700 ppm) CO- concentrations and control, respectively. *,

*x represent statistical differences at p < .1 and p < .05 level, respectively.
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AR Y G, FEFS MY 2 AR sl w2 JFS v
(Grassi et al, 2005) 59 Fol& AUFdxE Ax A EFygvUTte
B3

el e i S 2L Ao Qs AW davt F2
)

7o g FEuyes Aow d4#HA

d olFel= SUFE gAY FFder HdE sHER At A
Fe7b M E o Aasty] et wEkM JRG Al7IQl el du =
< Aagor Q) 3P el = yEhd Ao ddEy 549 o
F A Zke] mEel wel AFE] Faste] HAEEEA AT Yol
e Ao FAHAY

T3 i 2EHS FHME FEA

s
(Tezara et al., 2002) ©] AFAIANA FFA >
ub A A ESF o] WolX e AIZIR FRo] i 2EYAE W
RS ThsAde] moh AAR 692 7€ H|s T
oltA BA YeElt(p < .001) FE AEHS St FgA sEo] A
st E 719 AFEF FASA K Bota et al, 2004; Flexas et al.,
2004).
At T8 A A3 Fig. 130 debd Azt o] 37445, 6, 7

o

o
f
©
4
N
ea
©
a1
w
o
o)

) B Al 2ES WFoR SA A A=RAS S} Ay AR
Ag S A4 244 1870 3 5709 S40we] 2P foF 2
o]% wglont of F Wultel 59 ZAg 20 A st =
gkl Fwo ntet AR FFS dehlp = 0172), YA 27)

ST s W A 43S vHElAE &t minimum p

bl 2oy 59 SAHFANANE =2
o FsteA FmAA A AEe] #Hd T Astdris Il
A3+ A (eg. Curtis, 1996; Saxe et al., 1998; Medlyn et al., 1999;
Ainsworth and Long, 2005; Wang et al., 2012)9}= t=24 7] 5 o]
APStE A o wel Hd JtERAs SRk Ao AAHYE £271 3
AE A Hmaximum p = .0073). wekd o] AF A= BT T

adr
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138t eh A s Soke] wel Hdf 72 RAdst SR Ao 7‘447‘4
o2 25 7F 36%, 21%% 1A% al(Tissue et al., 1999), Picea abies+
A 728431 £57F 9F 19% 743 tHUddling and Wallin, 2012).

S olhstRr A w e sl A AR FRo] FFAE Hx9 A

AAo] a1 ;
7S UevE A% Ak B pendula(Rey and Jarvis, 1998)¢] # th
BEAA v U7 T olitste AT SUbe A JE o]l FFshel

ue A7 Eet AEHow HpAhEa EEZF(Will  and
Ceulemans, 1997; Ceulemans and Deraedt, 1999)¢} b7 (Badeck et

, 1997) el = w3k AdAS Wl om P oponderosa®l 735 WZE-9k
Hlﬂé}oﬂ Ao BT 27t 20%7HA A5 HH(Tissue et al, 1999).
wg AP A oisEAs w FE V| wEbA k= o]t
Websk =l Citrus aurantium-e 3A3F F 20| M &= 33/d e A3to] e
Al gskeont 10d = FdA Y Azte]l YEuitH(Idso and Kimball,

2001; Adam et al., 2004). F3FA] AL FH|23, G54 84
guldel w5 A du dA e 5 22 AP 8L A
2 9lak Aog 4A AdH(Tissue et al, 1999). kA 7F o] o+
Aye A Hu 712543 S50 Hu AAdG S 22 FFA
sHo] FAastE Al B S oibsiE A AlH] 53R 8 F
7bele= Ao 2 UEruttheg. Norby et al, 1995). &3k th=9

x
O(;){:,I’
2
i

FaEE oS A wFdd: Estal FeHd
ztol7b @itk Bar®l vl JtHGunderson et al, 1993; Teskey, 1995;
Kellomaki and Wang, 1996; Scarascia Mugnozza et al, 1996;
Goodfellow et al, 1997; Zhou et al., 2012). ©]¢} 7ol njg| 7] 3743}
NA A sEe Wt YA gaste Aoz dgHA, o

olr
L)
=
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il A d& Aeste] Fig. 140 YEid
o BE FFA 7] 5 olatdteta Fxot Srbed wel 474 A
= Hol7h 7] AR ot
2ol & YEM A= U tHminimum p = 0.0881). dFA W 274 A5
FAE Aol = Q1) JHAIEY] Wold® EFEta wol wel F3igh X
= HAS By olyzHFE Y minimum p = .0073) 22 g2 <l3)
EFduUTE Adstal fixz7-¢ =4 1(ambient)7tel &= 23 o] 7}t
W EF tHmaximum p = .0023). &459] A5 Aol 7Hd A2 dxT
oA AH A2 Q) 49e&= 3736 £ 3.16 mm, o] £ 10l &=
49.24 + 335 mm= YEtwoem Aol M & 24 3(7 700 ppm)
5753 + 4.32 mmol A 7408 + 6.93 mm7FA S7Fetth o] & el A
ol Aldo] EFo| we} Frkste] &4 A2l 4€ 309 20.18 mmeol A
109 o= 2484 mm7lA oF 19% F7hellTh. BT BT

oj ¢} A BEFS UEtW tixtell Bls| 24 304 2z oF 79%%

12059 27 Qe F7be mPov FAHoRE FolaA 2t

T o 4bElE el mE Ed AYgelE Bysty 44 AYY

of o]AbEE A FEo] WE ol Holx g e WA, AAE Wol
)
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st A, Z Aol 6eme WHE7F lem E7FstE™ 9k 10em®e] W A<
WA F7h7F Beshy] witolt) o]t ol AAS =
stof HlaLs] W 1 ztolE HA F & F vk A4S &
A (D, cm)= Son et al.(2014)e] ol&] AgHE AUF A A2
0.235D*%" 7}A] = 0.004D*™ <l = 0.054D" ol thdate] A AFE A A
S FA% Ax, &4 3e 24 13} Hlwate] oF 35% =

22 2(7 550 ppm)E ¢ 25% & Aoz vEehy ] F o]

T7F AAFe] Frke 4EFS vjHS &

2P &4 10] 34% W ®e Aow 2 ol A=
Z7tel JFL 712 Ao A7tE F Yok wFE ol FE &
AN A Fmel Aol tlzTol Hla) 25%  37% o Atk Be

APAFE0o] 9l oW (eg. Bunce, 1992; Turnbull et al., 1998), o] = 4
5oy 24 AE stelAs AGE A oF 20% T 60% T 7Fst

2o 2 YERTHEL Kohen et al, 1993; Zak et al., 1993; De Graaf et
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1

—O— Amb (~400 ppm)

|—v— Arbx 1.4 (~550 ppm) |
—4— Anrb % 1.8 (~ 700 ppim)

150 200 250 300

b) . riynchophylla

150 200 250 300

150 200 250 300

Fig. 1.4 Diameter growth and diameter of a), d) Pinus densiflora, b), e)

Fraxinus rhynchophylla and c), f) Sorbus alnifolia in each treatment. Solid

circle, gray circle, deep gray inverse triangle and gray triangle represent

control, ambient (T 400 ppm), ambient x 1.4 (T 550 ppm) and ambient x 1.8

(7 700 ppm) CO. concentrations, respectively.
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2.1 A&
AA AR R & =8l oA A A= T3 FEs AHA
ot 71 ws Abglat ] B FEAL e AE Sk MA = Y
ojitsterAao] FIF To R i A AV]ESt FEEFS ALEHoR F
7betal th(Labat et al, 2004). ©] & th7] o]itstetAs FE9o Fh=
718 7F gHAastel wel AR AR Al o] Skl At A AE
=%s S/ AF ol AFAHSN IS AL UAHN
Gendney, 2006). °olo we} A4 & £33 olsist=d o] o7
T oA e A FEe] FUl mE AE V|FHERES] WstE S
= AL Fasth wEgA di7] F olitset s s TR Qg Al
A ®bg& eyl A sHEoly LS o] &% W] AT F
& FACE(Free Air CO; Enrichment)9} #-& it A|AS o] &3 #

7] A7 FH g (Medlyn et al, 2001; Ainsworth and Long,
2005). Curtis and Teeri(1992)= OTCAlA &AA t7] F=2 Fujgl o]
Astet A A A Populus grandidentata® WhHS-o thak Zr]A
= F35l¥ a1, Battipagila et al(2013)2 FACE AlolEo|A  Larix
styraciflua, Pinus taeda, Poplar®] % o]&o] 33 AFE 335t
o 2y o] ek bgdd FF, ke, i S AH S8 2%
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22 Aw % UH

221 47 gdA
AT A= A FdstA 3789 AR e =4 %
T2 o] Fo|A Qrt AN MHE &4 dA 7] olitsteta wx, &
e 148121 500 ppm, A 1.881¢l 700 ppmoE FI+ o] AF3lEr A
SR FAEA o AR pEE 2 oF 10m Holx

B=)
—_
=

o
=

2=
TAAE Stk 7 Aot dxTele sYs 89 R Avy
(Pinus densiflora) 3 157} 2009 2 A=o] =&t gom 201349

AT A2 A FAS 4 NAIEE FiL(H, Height, cm), <97 (Root
Collar Diameter, RCD, mm), §% % (Leaf Area, LA, m? 222. %)%
Table 2.30 el AT

AT IS FASAA A A0 20139 AFA(Day Of Year,
DOY) 1149478 AlA e Alzrdo] FomatAl A %= 3169 7HA A A
Holomw Aol A5g vkl 2ol A el s duSA
A E o] g3dte] = (Precipitation, P, mm), ¥A}2E(Solar irradiation,
Rs, W m?, 7] &%(Air Temperature, Tair, T), EY FE
(Volumetric soil water content, Gy sem, m° m°), At <5 %(Relative
humanity, RH, %)& 30% @92 =435} }. xﬂthJr upa R 2 =4
AH7F 1HQD JALR, A dHoly E4o] EAlste]l wh4 35km
ojufell Y3k A7 N(ES 37°16 7207, H7 126°59 07 7)<] dH o]
HE o] §alA HAsIe] w3t 7&—’?%4 49, dsd 2059 T 316¢
lo] WrAlald om(r? = 09317) BAlHS A5 2659 ~
Eo] WAst (= 097) AR BT F wF
FZ714¥EXH(Vapor Pressure Deficit, D, kPa)

H
A wrst 7] SE ol&sto]l v A 22, 23, 2400 ofsf ALt

D=e —e, 2 2.2
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6108 17.27 X T, i o
=0.6108 X exp| 2 2.
© ST 2733
RH
= x 4 2.
e, 100 e 24

A71A, eskPa)= L3379, eikPa)= dA th7] =3 7]94olt

Table 2.3 Measurement value of height (H;), root collar diameter (RCD) and

leaf area (LA) of individual Pinus densiflora in each treatment in April 2013

Chamber ) No. Of, H, (cm) RCD (mm) LA (m?)
Pinus densiflora
1 129 4859 0.80
2 136 42.55 0.41
Control
3 116 37.44 0.43
Avg. (£ SE) 127 + 478 4286 + 2633 055 + 0.10
1 185 44.92 0.49
Chl 2 187 54.47 1.01
(ambient) 3 186 85.80 1.28
Avg. (£ SE) 18 + 0471 6173 = 1007 093 + 0.19
1 168 56.01 1.10
Ch2 2 189 66.90 159
(7 550 ppm) 3 180 59.30 1.18
Avg. (£ SE) 179 + 497  60.74 + 2635 129 * 0.12
1 199 54.63 0.92
Ch3 2 189 64.25 1.72
(¥ 700 ppm) 3 257 70.96 2.55

I+
I+
I+

Avg. (+ SE) 216 £ 173 6328 £+ 3869 1.73 + 0.38
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222. 79 5 2= 54
Aol G9HA T o 5E(Sap flux density, Jo)= 437 Sl&)A
20131 49 23ell Fig. 2569 #ol Ay Z7]1F9 lem Zold
Granierel]l ¢]&] xot¥l ¥4 v (Thermal Dissipation Probe, TDP)
AN E A& HGranier, 1978). B8 A= Z7]9

=
)
%a: o] AT L 9l LFE TAZ A BAZ 49 4
Zr

5 AMXAsd o d o) (thermocouple) & X 3sl= o] AAE Zolr}
10mmeol 3 2742 2mm= o] FoZ 7 o] o] 3 Ho =z o]FolA
Aqom QFe] FHovt A5 7tsto] F ®HH Alole] 2% Aol(ANE

@/:/ |
1 1

e .
s Ll
e L
.....
o
.
.

\

FEol F4t W gbel 19 3 )
HER R Aol & Aolsk gasty, T4 A8 A gow
Fojo] mEA gol T BA Abole] & Aolk HYj(AT,)7t Hrh 5
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A % WEe AW £E Folsh AU we $9 §5 VLS 02
2 3ol g 4 25 o o8 AakstdTh
AT AT 1.231
_ m 4 25
Js =119 x | —2— )

223 BAFE 2 WA 73
o A FS Fe31(2014)00 ofs] wrEE 894 Ao R A
AggAel ZAARCD, cm)s Wdste] S, =71k HAA BAZF
(Biomass, kg)S F439th(In(Biomass) = a + b In(RCD))(Table 2.4).
ZF A= ZALE A xEANA A Eol(eF 20cm)E 7] FE 75
oxg wA e wByol Ay ~(CD-10CPX, Mitutoyo, Kawasaki,
b &9 F 53(AFd 120¢, 1434, 1724, 212¢, 298

28 W= ZRstelth 2 A% 297
32

o~

Table 2.4 Parameters of allometry equation for Pinus densiflora (from Song
(2014))

Components a b r
Stem -3.9687 2.2612 0.822
Needle -5.6200 2.6910 0.924
Total Biomass -3.5670 2.5700 0.951
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® Amb (~ 400 ppm) G, (D, > 0.6 kPa)
@® Amb (~400ppm) G,
03+
"0
=
o 02¢
E
x
(DVJ
01
00— e A dimnene :
0 1 2 3

D, (kPa)

Fig. 2.6 Process of boundary line analysis. Reference stomatal conductance of

individual tree in Chamber 1 versus vapor pressure deficit at daytime.
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Pinus densiflora Suwon OIC, 2013
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Fig. 2.8 Seasonal patterns of a) daily mean sap flux density, b) cumulative values of Js (¢) daily
tree transpiration (d) cumulative values of Er (e) daily leaf transpiration and (f) cumulative values
of EL from DOY 114 to 316 in each treatment.
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Fig. 29 Sensitivity of sap flux scaled, dGs/dIn(D) versus stomatal
conductance at D = 1 kPa (Gswe) in individual tree, solid line represent the

average of all points.
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0.30 Pinus densiflara Suwon OIC, 2013
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Fig. 2.10 Boundary line calculated, stomatal conductance at D = 1 kPa (Gsrer)

versus volumetric soil water content in each treatment
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1.6 Pinus densiflara Sumwon OTC, 2013
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Fig. 2.11 Transpiration per leaf area versus at vapor pressure deficit daytime
in each treatment

o 9ol Gerer, LA theh A2 Aozl whg& ol 7] 93]
Timmer et al(1985)el] A8 Ak A (Diagnostic analysis)S 2 A3}
o] Fig. 2.12¢] Wy &2 et ZF A 7+ 24 19 4%
NxzT2 71+0, Doz Fu Aozl 9

oF &4 32 24 15 7|+ o = o] AoFe

41 - A 2-T)]



o &
m <
s Bl
w W«MM
13F: e
[ JO) 2¢
o
m
le
: .
8

Relative change inLA

Fig. 2.12 Relative change in Gsf versus relative change in leaf area

75.5% = UE

19] g Aol of

)

=4

o

= 2Ey 27}

i

<47

1o Hl&] &4 29]¢]

=
L

btk £ 13 24 29 713

35.3% #ras

-
1

7‘” ]4']:4’1/7}]\_:11 GSrcf

|

oz

231% Y =4 e

ok
2

T gkol

=4 1ol wlsf oF 832% #A 4

3] gL

)

It 24

o

= H

7R

i

........

_42_



!

N
NJo

o) bsheta FETH

ted 7]

S

°F 40.8% 4~
et Gser®l #a9F G4 9

-
1

]:4,1;}\—9‘ D:] GSrcf

7F7F v

=
[¢)

s
R

0

1

31 A]

BRI,

Suvwon OTC, 2013

ara

Pinus

16

14

12+

Fig. 2.13 Water use efficiency in each treatment

i)
-

%

o8& Z& Fig. 2133 ok Ag7E= thr] ojitste

A rEbTh

AR ow 9

(p = .042). =T} &2 1 o & A§Fe 24 10 o 206% U %

_43_



]

8 ako

Feiet.

9_}:
16.3% & A]-
S)

El

)

10.8% Tt

1o H

)

3

1o H]
oF
> 0
93% © A
[e)

A
=
-

e

i 4]

38 &

s

A 29 v

KeR

Ao
o=
q_E}I/TkQ‘Uq

=

o

< e
2 o 4= N- B
" o N mm i
énowa i il _,oﬂ.Emﬂﬂ
HW‘_ ~ il ,ﬁ ﬁa io lo 5 ﬂ_OI
Lﬁf%%ggt¢7/oyﬂlﬂ%
Mﬂmﬂ%&ﬂ&@ﬁ%ﬁﬂﬁ%ﬂi
7Mﬂﬁﬂu$ﬂzoﬂolﬁﬂﬂ1ﬁﬂwxm%o
T oo ﬂlﬂ,iﬂr. TRAN ~
Eimo@wwéognwmeMﬂoﬂQmwﬂﬂf
ﬂ%ﬂﬂuiﬁ%muzoﬁanMﬂrﬂwrt
o,_7mﬂﬂ]qo&_omawwllxlat e
E}Aqo w O N T I ]
Am_/ﬂm%%ﬂ%g%zzamﬂﬂﬁku%ow
AT&%JATIUHAT&%AT,UFPEXOMOOOMOLO
B pE T 5 00 ! w.m ol =0 it NI
n AL]oo ﬂww_qml \,_ Fl1__/l ~ iy :i or :i
#%ﬂmiﬂ.ﬁrﬂ zzou]%gmﬂ%}
CERRY D ?ﬂﬁdﬂ wo}ﬂﬂﬁéa fad
— ©° A} ¢ No B M o N T = o}/ i °
= E_Lomﬂoﬁ o = N Ho ﬂPL%&_%eﬂ
%dl]r BMA&O,UF.EO dlmf;o g
H&%mémﬂo%ﬂﬂ%aoﬂmﬁ%vﬁ
aALMEQLizqfriﬂﬁfﬂ@Eg@q
s R M N SLHW‘_ B ;ooﬁO
e%wa;.%i%ﬁ¢ ﬁﬂﬂf%%%nﬁ
— o X ot
mmot%ﬂe%iﬂmwomﬂmwtmﬂ&
m}ﬂﬂbmﬂ&oﬂo#ﬂa“ﬂAo ‘_MLN_EZO
Wéﬂ] &uwx}xuwnwﬂwxl¢
zo}ﬂﬂr.zo i w,mov = ° TEc]
O}u@nﬂwzﬂommﬁo ow:*ulo#
7ﬂ|mawﬂrwﬂﬂ7ﬂ
B~ @Q%
A i‘_LIEﬁAT
~OATM_uLOq
o7

- 44 -



24 A=

o A
Z.*OT\_M_W/l‘WOﬂ%L.
Afgeoq 2o T
Jl Xﬁ\UI\LlLuZA‘.:L
o+ 5 o) B ~ el o e]:c =
T oL PR
P B o 1o g M oo 0
W < | o s NTOW ur o
Mw_ Njo w o0 R Ao = &E s E No o
W, gﬁoggu N a T v s B
T Hr X = oy SN J| e T K ey
,UIW&IIII&!;EE]ME J_/IL‘mﬂE*zt \IL,._._.L7i0 1Jﬂ
}V%Wﬂaguﬁi%g =% T T
@xﬂyﬁaiﬁyﬂy%@ﬂ V@@iﬂx@
Qo_eatiad;ﬂul]od,_ﬂwhﬂloﬁ %%MW o A
HTdog_ATATHOI 71Ur|cnﬂ ﬂHT 407.1rﬂ@u€
™ ae}ﬂw]],#ma% = R Eﬁjmaﬂw
dl m.w wO J— D ‘Nv_ﬂ ﬂ‘_ lO Orl ‘* Hi O.f N = ‘:L = ‘U|
ﬂ}mﬂ} ﬂ%%ﬂﬂ e S SEETT
Ofnogy.gzoyar. TV o T o T g =
ol % z;;ioi = NI ] =7
% oo bﬂ%%?l 4mw5wfqg
2o 4K ﬁiomﬂpol ?ﬂﬂ] < _,ouumﬂ_,%ﬁonﬁ
T 1 o 57% lem i X ﬂ_ﬂ%r
Tor %%x el N T
mauﬂ«ﬂ%%iozoﬂwwﬂ _Ml mﬂﬂroovbl o_uﬂr,__ﬂe
]NJ}LL. qu‘_]lm_uu_ @ru. o B
S Vﬁuudﬂiom:?78.d« ﬁﬂri ﬁlgeooo
EWONQQWM_@OﬂlE uww%ﬁg%ﬂrwvn
Y N mMﬂ_ oji oy o ) il
&ar%ﬂ%&%?iﬁ?% i zuogmoﬂmm@
looTnWﬂQ]ﬂﬂdommEamL ge%eg]ﬂnim_/ﬂ
~ mo_awzrafﬂw.ar.ﬂ} ﬂ.ﬁi%aocﬂ%
@@3%@%7 ATXQAIO .?@ﬂ%l%ﬂ?
Qﬂ%%t%mwﬁw%1ﬂﬂrﬁmw__&§%EM@
0 < < SR W o o -
5&§Mﬂiiiwﬂﬁgﬂlﬂﬁvgﬂ
R R o ol Bm = a = N = = X
0#1_.0.»J7|L&| lﬂ,ﬂLafﬁo
1&3@3@%%@@4%
Ly o2 G
xunnﬂwﬁiﬁu%
e~

- 45 -



2 A &8t

SECRIL WATCeAL LIMNVERSTY



AR 2014 29 #H8H-DNACI A e 7bA], a8 hsta S
S, AUF FEEe] dBEun xdHo] B4 FH vAE g FF

Adam, N. R, Wall, G. W.,, Kimball, B. A., Idso, S. B. and Webber, A. N., 2004:
Photosynthetic down-regulation over long-term co2 enrichment in leaves of sour
orange (citrus aurantium) trees. New Phytologist 163(2), 341-347.

Adams, M., Campbell, R., Allen, H. and Davey, C., 1987: Root and foliar nutrient
concentrations in loblolly pine: Effects of season, site, and fertilization. Forest
Science 33(4), 984-996.

Ainsworth, E. A., Davey, P. A., Bernacchi, C. J., Dermody, O. C., Heaton, E. A,
Moore, D. J., Morgan, P. B., Naidu, S. L., Yoo Ra, H. s. and Zhu, X. g,
2002: A meta-analysis of elevated [co2] effects on soybean (glycine max)
physiology, growth and yield. Global Change Biology 8(8), 695-709.

Ainsworth, E. A. and Long, S. P., 2005: What have we learned from 15 years of
free-air co2 enrichment (face)? A meta-analytic review of the responses of
photosynthesis, canopy properties and plant production to rising co2. New
Phytologist 165(2), 351-372.

Ainsworth, E. A. and Rogers, A., 2007: The response of photosynthesis and
stomatal conductance to rising [co2]: Mechanisms and environmental
interactions. Plant, Cell & Environment 30(3), 258-270.

Ainsworth, E. A., Rogers, A., Nelson, R. and Long, S. P., 2004: Testing the
“source—sink” hypothesis of down-regulation of photosynthesis in elevated [co2]

in the field with single gene substitutions in glycine max. Agricultural and

¥ [,
- 47 - -l



Forest Meteorology 122(1), 85-94.

Apple, M. E., Olszyk, D. M., Ormrod, D. P., Lewis, J., Southworth, D. and
Tingey, D. T., 2000: Morphology and stomatal function of douglas fir needles
exposed to climate change: Elevated co2 and temperaturel. International
Journal of Plant Sciences 161(1), 127-132.

Aranjuelo, 1., Perez, P., Hernandez, L., Irigoyen, J. J., Zita, G., Martinez-Carrasco,
R. and Sanchez-Diaz, M., 2005: The response of nodulated alfalfa to water
supply, temperature and elevated co2: Photosynthetic —downregulation.
Physiologia Plantarum 123(3), 348-358.

Arp, W. and Drake, B., 1991: Increased photosynthetic capacity of scirpus olneyi
after 4 years of exposure to elevated co2. Plant, Cell & Environment 14(9),
1003-1006.

Badeck, F.-W., Liozon, R., Gently, B., Meyer, S. and Saugier, B., 1997: On the
significance of internal resistance in tree leaves for gas exchange under
elevated co2. 35-39.

Beerling, D., 1997: Carbon isotope discrimination and stomatal responses of mature
pinus sylvestris trees exposed in situ for three years to elevated co2 and
temperature. Acta Oecologica 18(6), 697-712.

Beerling, D. J. and Chaloner, W. G., 1993: The impact of atmospheric co2 and
temperature changes on stomatal density: Observation from quercus robur
lammas leaves. Annals of Botany 71(3), 231-235.

Bettarini, 1., Vaccari, F. P. and Miglietta, F., 1998: Elevated co2 concentrations and
stomatal density: Observations from 17 plant species growing in a co2 spring
in central italy. Global Change Biology 4(1), 17-22.

Bosabalidis, A. M. and Kofidis, G., 2002: Comparative effects of drought stress on
leaf anatomy of two olive cultivars. Plant Science 163(2), 375-379.

Bota, J., Medrano, H. and Flexas, J., 2004: Is photosynthesis limited by decreased

rubisco activity and rubp content under progressive water stress? New

- 48 - \'E 'I:'..'-.:;



Phytologist 162(3), 671-681.

Bray, S. and Reid, D. M., 2002: The effect of salinity and co2enrichment on the
growth and anatomy of the second trifoliate leaf ofphaseolus vulgaris. Canadian
Journal of Botany 80(4), 349-359.

Bunce, J., 1992: Stomatal conductance, photosynthesis and respiration of temperate
deciduous tree seedlings grown outdoors at an elevated concentration of carbon
dioxide. Plant, Cell & Environment 15(5), 541-549.

Campbell, G. S. and Norman, J. M., 1998: An introduction to environmental
biophysics (2nd ed.). Springer Science & Business Media, 286pp.

Cavusoglu, K., Kilig, S. and Kabar, K., 2007: Some morphological and anatomical
observations during alleviation of salinity (naci) stress on seed germination and
seedling growth of barley by polyamines. Acta Physiologiae Plantarum 29(6),
551-557.

Ceulemans, R. and Deraedt, W., 1999: Production physiology and growth potential
of poplars under short-rotation forestry culture. Forest Ecology and
Management 121(1), 9-23.

Ceulemans, R. and Mousseau, M., 1994: Tansley review no. 71 effects of elevated
atmospheric co2on woody plants. New Phytologist 127(3), 425-446.

Ceulemans, R., Praet, L. v. and Jiang, X., 1995: Effects of co2 enrichment, leaf
position and clone on stomatal index and epidermal cell density in poplar
(populus). New Phytologist 131(1), 99-107.

Critchfield, W. B. and E. L. Little. 1996: Geographic distribution of the pines of
the world.

Curtis, P. S. and J. A. Teeri, 1992: Seasonal response of leaf gas exchange to
elevated carbon dioxide in populas grandidentata. Canadian Journal of Forest
Research 22(9), 1320-1325.

Curtis, P., 1996: A meta-analysis of leaf gas exchange and nitrogen in trees grown

under elevated carbon dioxide. Plant, Cell & Environment 19(2), 127-137.



Curtis, P. S. and L&uchli, A., 1987: The effect of moderate salt stress on leaf
anatomy in hibiscus cannabinus (kenaf) and its relation to leaf area. American
Journal of Botany, 538-542.

Curtis, P. S. and X. Wang, 1998: A meta-analysis of elevated co2 effects on woody
plant mass, form, and physiology. Oecologia 113(3), 299-313.

De Graaff, M. A., Van Groenigen, K. J., Six, J., Hungate, B. and van Kessel, C.,
2006: Interactions between plant growth and soil nutrient cycling under elevated
co2: A meta-analysis. Global Change Biology 12(11), 2077-2091.

DeLucia, E. H. and Thomas, R. B., 2000: Photosynthetic responses to co2
enrichment of four hardwood species in a forest understory. Oecologia 122(1),
11-19.

Drake, B., Leadley, P., Arp, W., Nassiry, D. and Curtis, P., 1989: An open top
chamber for field studies of elevated atmospheric co 2 concentration on
saltmarsh vegetation. Functional Ecology, 363-371.

Drake, B. G., Gonzalez-Meler, M. A. and Long, S. P., 1997: More efficient plants:
A consequence of rising atmospheric co2? Annu Rev Plant Biol 48(1), 609-639.

Eamus, D., 1991: The interaction of rising co2 and temperatures with water use
efficiency. Plant, Cell & Environment 14(8), 843-852.

El Kohen, A., Venet, L. and Mousseau, M., 1993: Growth and photosynthesis of
two deciduous forest species at elevated carbon dioxide. Functional Ecology,
480-480.

Ellsworth, D. S., R. Thomas, K. Y. Crous, S. Palmroth, E. Ward, C. Maier, E.
DeLucia and R. Oren, 2012: Elevated co2 affects photosynthetic responses in
canopy pine and subcanopy deciduous trees over 10 years: A synthesis from
duke face. Global Change Biology 18(1), 223-242.

Ewers, B. E., R. Oren, K. H. Johnsen and J. J. Landsberg, 2001: Estimating
maximum mean canopy stomatal conductance for use in models, Canadian

Journal of Forest Research 31(2), 198-207.

- 50 - AM=TH<



Field, C., Jackson, R. and Mooney, H., 1995: Stomatal responses to increased co2:
Implications from the plant to the global scale. Plant, Cell & Environment
18(10), 1214-1225.

Flexas, J., Bota, JI., Cifre, J., Mariano E. J., Galmés, J., Gulias, J., Leei, E. K.,
Martines-Caiiellas, S. F., Moreno M. T., Rivas-Carb6, M., Riera, D., Sampol,
R., and Medrano, H., 2004: Understanding down-regulation of photosynthesis
under water stress: Future prospects and searching for physiological tools for
irrigation management. Annals of applied Biology 144(3), 273-283.

Franks, P. J. and Beerling, D. J., 2009: Maximum leaf conductance driven by co2
effects on stomatal size and density over geologic time. Proceedings of the
National Academy of Sciences 106(25), 10343-10347.

Gedney, N., P. M. Cox, R. A. Betts, O. Boucher, C. Huntingford and P. A. Stott,
2006: Detection of a direct carbon dioxide effect in continental river runoff
records. Nature 439(7078), 835-838.

Goodfellow, J., Eamus, D. and Duff, G., 1997: Diurnal and seasonal changes in the
impact of co2 enrichment on assimilation, stomatal conductance and growth in
a long-term study of mangifera indica in the wet—dry tropics of australia. Tree
Physiology 17(5), 291-299.

Granier, A., 1987: Evaluation of transpiration in a douglas-fir stand by means of
sap flow measurements. Tree Physiology 3(4), 309-320.

Grassi, G., Vicinelli, E., Ponti, F., Cantoni, L. and Magnani, F., 2005: Seasonal and
interannual variability of photosynthetic capacity in relation to leaf nitrogen in
a deciduous forest plantation in northern italy. Tree Physiology 25(3), 349-360.

Gunderson, C., Norby, R. and Wullschleger, S., 1993: Foliar gas exchange responses
of two deciduous hardwoods during 3 years of growth in elevated co2: No
loss of photosynthetic enhancement. Plant, Cell & Environment 16(7), 797-807.

Hebeisen, T., Liischer, A., Zanetti, S., FISCHER, B., HARTWIG, U., Frehner, M.,
HENDREY, G. and Blum, H., 1997: Growth response of trifolium repens 1.

- bl - *'E 'I:'..' -.



And lolium perenne . As monocultures and bi-species mixture to free air co2
enrichment and management. Global Change Biology 3(2), 149-160.

Herrick, J. and Thomas, R., 2001: No photosynthetic down-regulation in sweetgum
trees (liquidambar styraciflua 1.) after three years of co2 enrichment at the
duke forest face experiment. Plant, Cell & Environment 24(1), 53-64.

Hocking, P. and Meyer, C., 1991: Effects of co2 enrichment and nitrogen stress on
growth, and partitioning of dry matter and nitrogen in wheat and maize.
Functional Plant Biology 18(4), 339-356.

Idso, S. B. and Kimball, B. A., 2001: Co2 enrichment of sour orange trees: 13
years and counting. Environmental and Experimental Botany 46(2), 147-153.
IPCC, Climate change 2013: The physical science basis. Contribution of working
group i to the fifth assessment report of the intergovernmental panel on climate
change. United Kingdom and New York, NY, USA: Cambridge University

Press, 2013.

Irigoyen, J. J., Goicoechea, N., Antolin, M. C., Pascual, 1., Sanchez-Diaz, M.,
Aguirreolea, J. and Morales, F., 2014: Growth, photosynthetic acclimation and
yield quality in legumes under climate change simulations: An updated survey.
Plant Sci 226C, 22-29.

Lee, J. C,, Kim, D. H, Kim, G. N, Kim, P. G, Han, S. H., 2012: Long-term
climate change research facility for trees: Co2-enrhiched open top chamber
system. Korean Journal of Agricultural and Forest Meteorology 14(1), 19-27.
(in Korean with English abstract)

Jarvis, P. G. 1976: Ther interpretation of the variations in leaf water potential and
stomatal conductance found in canopies in the field. Philosophical Transactions
of the Royal Society of London B: Biological Sciences 273(927), 593-610.

Jones, J. B., Jr.;, Wolf, B. and Mills, H. A., 1991: Plant analysis handbook. A
practical sampling, preparation, analysis, and interpretation guide.

Kellomdki, S. and Wang, K.-Y., 1996: Photosynthetic responses to needle water

- 92 - A =TS



potentials in scots pine after a four-year exposure to elevated co2 and
temperature. Tree Physiology 16(9), 765-772.

Kemp, P. R. and Cunningham, G. L., 1981: Light, temperature and salinity effects
on growth, leaf anatomy and photosyntesis of distichlis spicata (l.) greene.
American Journal of Botany, 507-516.

Kim, H.-S., R. Oren and T. M. Hinckley, 2008: Actual and potential transpiration
and carbon assimilation in an irrigated poplar plantation, Tree Physiology 28(4),
559-577

Kinerson, R. S., K. O. Higginbotham and R. C. Chapman, 1974: The dynamics of
foliage distribution within a forest canopy. Journal of Applied Ecology 11(1),
347-353.

Kubinova, L., 1991: Stomata and mesophyll characteristics of barley leaf as affected
by light: Stereological analysis. Journal of Experimental Botany 42(8),
995-1001.

Kwon, B., Kim, H. S.,, Park, P. S. and Yi, M. J., 2014: Nutrient use
traits(strategies) of carpinus cordata saplings growing under different forest
stand conditions. Korean Journal of Agricultural and Forest Meteorology
special. (in Korean with English abstract)

Labat, D., Y. Godderis, J. L. Probst and J. L. Guyot, 2004: Evidence of global
runoff increase related to climate warming. Advances in Water Resources 27(6),
631-642.

Leadley, P. W. and Drake, B. G., 1993: Open top chambers for exposing plant
canopies to elevated co2 concentration and for measuring net gas exchange.
3-16.

Leakey, A. D. B., Ainsworth, E. A., Bernacchi, C. J., Rogers, A., Long, S. P. and
Ort, D. R., 2009: Elevated co2 effects on plant carbon, nitrogen, and water
relations: Six important lessons from face. Journal of Experimental Botany

60(10), 2859-2876.

- 53 - M =1



Lewis, J. D., Tissue, D. T. and Strain, B. R., 1996: Seasonal response of
photosynthesis to elevated co2 in loblolly pine (pinus taeda 1) over two
growing seasons. Global Change Biology 2(2), 103-114.

Lichtenthaler, H., Buschmann, C., Doll, M., Fietz, H.-J., Bach, T., Kozel, U., Meier,
D. and Rahmsdorf, U., 1981: Photosynthetic activity, chloroplast ultrastructure,
and leaf characteristics of high-light and low-light plants and of sun and shade
leaves. Photosynthesis research 2(2), 115-141.

Limin, Y., Mei, H., Guangsheng, Z. and Jiandong, L., 2007: The changes in
water-use efficiency and stoma density of leymus chinensis along northeast
china transect. Acta Ecologica Sinica 27(1), 16-23.

Lin, J., Jach, M. and Ceulemans, R., 2001: Stomatal density and needle anatomy of
scots pine (pinus sylvestris) are affected by elevated co2. New Phytologist
150(3), 665-674.

Liu, M., Xu, Z., Guo, S., Tang, C., Liu, X. and Jao, X., 2014: Evaluation of leaf
morphology, structure and biochemical substance of balloon flower (platycodon
grandiflorum (jacq.) a. Dc.) plantlets in vitro under different light spectra.
Scientia Horticulturae 174, 112-118.

Luomala, E., Laitinen, K., Sutinen, S., Kellomiki, S. and Vapaavuori, E., 2005:
Stomatal density, anatomy and nutrient concentrations of scots pine needles are
affected by elevated co2 and temperature. Plant, Cell & Environment 28(6),
733-749.

McCarthy, H. R., Oren, R., Johnsen, K. H., Gallet-Budynek, A., Pritchard, S. G.,
Cook, C. W. LaDeau, S. L., Jackson, R. B. and Finzi, A. C., 2010:
Re-assessment of plant carbon dynamics at the duke free-air co2 enrichment
site: Interactions of atmospheric [co2] with nitrogen and water availability over
stand development. New Phytologist 185(2), 514-528.

Medlyn, B., Badeck, F. W., De Pury, D., Barton, C., Broadmeadow, M.,
Ceulemans, R., De Angelis, P., Forstreuter, M., Jach, M. and Kellomiki, S.,

- 54 - *'E 'I:'..'-.:;



1999: Effects of elevated [co2] on photosynthesis in european forest species: A
meta-analysis of model parameters. Plant, Cell & Environment 22(12),
1475-1495.

Medlyn, B. E., C. V. M. Barton, M. S. J. Broadmeadow, R. Ceulemans, P. De
Angelis, M. Forstreuter, M. Freeman, S. B. Jackson, S. Kellomaki, E. Laitat,
A. Rey, P. Roberntz, B. D. Sigurdsson, J. Strassemeyer, K. Wang, P. S. Curtis
and P. G. Jarvis, 2001: Stomatal conductance of forest species after long-term
exposure to elevated co2 concentration: A synthesis. New Phytologist 149(2),
247-264.

Miglietta, F., Peressotti, A., Vaccari, F. P., Zaldei, A., DeAngelis, P. and
Scarascia-Mugnozza, G., 2001: Free-air co2 enrichment (face) of a poplar
plantation: The popface fumigation system. New Phytologist 150(2), 465-476.

Morison, J. I. L., 1998: Stomatal response to increased co2 concentration. Journal
of Experimental Botany 49(Special Issue), 443-452.

Norby, R. J., DeLucia, E. H., Gielen, B., Calfapietra, C., Giardina, C. P., King, J.
S., Ledford, J., McCarthy, H. R., Moore, D. J. and Ceulemans, R., 2005:
Forest response to elevated co2 is conserved across a broad range of
productivity. Proc Natl Acad Sci U S A 102(50), 18052-18056.

Norby, R. J., Wullschleger, S. D., Gunderson, C. A. and Nietch, C. T., 1995:
Increased growth efficiency of quercus alba trees in a co2-enriched atmosphere.
New Phytologist 131(1), 91-97.

Norby, R. J. and Zak, D. R., 2011: Ecological lessons from free-air co2 enrichment
(face) experiments. Annual review of ecology, evolution, and systematics 42(1),
181.

Nowak, R. S., Ellsworth, D. S. and Smith, S. D., 2004: Functional responses of
plants to elevated atmospheric co2—do photosynthetic and productivity data from
face experiments support early predictions? New Phytologist 162(2), 253-280.

Ogaya, R., Llorens, L. and Pefiuelas, J., 2011: Density and length of stomatal and

- b5 - *'E 'I:'..'-.:;



epidermal cells in" living fossil" trees grown under elevated co 2 and a polar
light regime. Acta Oecologica 37(4), 381-385.

Oren, R., Ellsworth, D. S., Johnsen, K. H., Phillips, N., Ewers, B. E., Maier, C,
Schifer, K. V., McCarthy, H., Hendrey, G. and McNulty, S. G., 2001: Soil
fertility limits carbon sequestration by forest ecosystems in a co2-enriched
atmosphere. Nature 411(6836), 469-472.

Palmroth, S., Katul, G. G., Maier, C. A., Ward, E., Manzoni, S. and Vico, G.,
2013: On the complementary relationship between marginal nitrogen and
water-use efficiencies among pinus taeda leaves grown under ambient and
co2-enriched environments. Annals of Botany 111(3), 467-477.

Pefiuelas, J. and Matamala, R., 1990: Changes in n and s leaf content, stomatal
density and specific leaf area of 14 plant species during the last three centuries
of co2 increase. Journal of Experimental Botany 41(9), 1119-1124.

Picon, C., Guehl, J. and Ferhi, A., 1996: Leaf gas exchange and carbon isotope
composition responses to drought in a drought-avoiding (pinus pinaster) and a
drought-tolerant  (quercus petraca) species under present and elevated
atmospheric co2 concentrations. Plant, Cell & Environment 19(2), 182-190.

Poorter, H. and Navas, M. L., 2003: Plant growth and competition at elevated co2:
On winners, losers and functional groups. New Phytologist 157(2), 175-198.

Radoglou, K. and Jarvis, P., 1990: Effects of co2 enrichment on four poplar clones.
Ii. Leaf surface properties. Annals of Botany 65(6), 627-632.

Reid, C. D., Maherali, H., Johnson, H. B., Smith, S. D., Wullschleger, S. D. and
Jackson, R. B., 2003: On the relationship between stomatal characters and
atmospheric co2. Geophysical Research Letters 30(19).

Rey, A. and Jarvis, P., 1998: Long-term photosynthetic acclimation to increased
atmospheric co2 concentration in young birch (betula pendula) trees. Tree
Physiology 18(7), 441-450.

Rogers, A. and Ellsworth, D., 2002: Photosynthetic acclimation of pinus taeda

- 56 - *'E 'I:'..'-.:;



(loblolly pine) to long-term growth in elevated pco2 (face). Plant, Cell &
Environment 25(7), 851-858.

Ryu, D., Bae, J., Park, J., Cho, S., Moon, M., Oh, C.-Y., Kim, H.-S., 2014:
Response of native trees species in korea under elevated carbon dioxide
condition-open top chamber experiment. Korean Journal of Agricultural and
Forest Meteorology, 16(3), 199-212.

Samarakoon, A. and Gifford, R., 1996: Elevated co2 effects on water use and
growth of maize in wet and drying soil. Functional Plant Biology 23(1), 53-62.

Saxe, H., Ellsworth, D. S. and Heath, J., 1998: Tree and forest functioning in an
enriched co2 atmosphere. New Phytologist 139(3), 395-436.

Scarascia-Mugnozza, G., Angelis, P. D., Matteucci, G. and Valentini, R., 1996:
Long-term exposure to elevated [co2] in a natural quercus ilex 1. Community:
Net photosynthesis and photochemical efficiency of psii at different levels of
water stress. Plant, Cell & Environment 19(6), 643-654.

Sharkey, T. D., Bernacchi, C. J., Farquhar, G. D. and Singsaas, E. L., 2007: Fitting
photosynthetic carbon dioxide response curves for c3 leaves. Plant, Cell &
Environment 30(9), 1035-1040.

Son, Y., Kim, R. H., Lee, K.-H., Pyo, J. K., Kim, S. W., Hwang, J. S., Lee, S. J.
and Park, H., 2014: Carbon Emission Factors Biomass Allometric Equations by
Species in Korea. 14-08, Korea Forest Research Institute, 97pp.

Stewart, J. D. and Hoddinott, J., 1993: Photosynthetic acclimation to elevated
atmospheric carbon dioxide and uv irradiation in pinus banksiana. Physiologia
Plantarum 88(3), 493-500.

Taylor, G., Ceulemans, R., Ferris, R., Gardner, S. and Shao, B., 2001: Increased
leaf area expansion of hybrid poplar in elevated co2 from controlled
environments to open-top chambers and to face. Environmental Pollution
115(3), 463-472.

Teskey, R., 1995: A field study of the effects of elevated co2 on carbon

- 57 - *'E 'I:'..'-.:;



assimilation, stomatal conductance and leaf and branch growth of pinus taeda
trees. Plant, Cell & Environment 18(5), 565-573.

Tezara, W., Mitchell, V., Driscoll, S. and Lawlor, D., 2002: Effects of water deficit
and its interaction with co2 supply on the biochemistry and physiology of
photosynthesis in  sunflower. Journal of Experimental Botany 53(375),
1781-1791.

Thomas, J. F. and Harvey, C. N., 1983: Leaf anatomy of four species grown under
continuous co2 enrichment. Botanical Gazette, 303-309.

Timmer, V. R. 1985: Response of hybrid poplar clone to soil acidification and
liming. Canadian Journal of Soil Science 65, 727-735.

Tissue, D. T., Griffin, K. L. and Ball, J. T., 1999: Photosynthetic adjustment in
field-grown ponderosa pine trees after six years of exposure to elevated co2.
Tree Physiology 19(4-5), 221-228.

Tissue, D. T., Griffin, K. L., Turnbull, M. H. and Whitehead, D., 2001: Canopy
position and needle age affect photosynthetic response in field-grown pinus
radiata after five years of exposure to elevated carbon dioxide partial pressure.
Tree Physiology 21(12-13), 915-923.

Turnbull, M., Tissue, D., Griffin, K., Rogers, G. and Whitehead, D., 1998:
Photosynthetic acclimation to long-term exposure to elevated co2 concentration
in pinus radiata d. Don. Is related to age of needles. Plant, Cell &
Environment 21(10), 1019-1028.

Uddling, J. and Wallin, G., 2012: Interacting effects of elevated co2 and weather
variability on photosynthesis of mature boreal norway spruce agree with
biochemical model predictions. Tree Physiology, tps086.

Urban, O., 2003: Physiological impacts of elevated co2 concentration ranging from
molecular to whole plant responses. Photosynthetica 41(1), 9-20.

Wang, D., Heckathorn, S., Wang, X. and Philpott, S., 2012: A meta-analysis of

plant physiological and growth responses to temperature and elevated co2.

- b8 - *'E 'I:'..'-.:;



Oecologia 169(1), 1-13.

Warren, J. M., R. J. Norby and S. D. Waullschleger, 2011: Elevated co2 enhances
leaf senescence during extreme drought in a temperate forest. Tree Physiology
31(2), 117-130

Will, R. E. and Ceulemans, R., 1997: Effects of elevated co2 concentration on
photosynthesis, respiration and carbohydrate status of coppice populus hybrids.
Physiologia Plantarum 100(4), 933-939.

Woodward, F. 1. and Kelly, C. K., 1995: The influence of co2 concentration on
stomatal density. New Phytologist 131(3), 311-327.

Xu, Z. and Zhou, G., 2008: Responses of leaf stomatal density to water status and
its relationship with photosynthesis in a grass. Journal of Experimental Botany
59(12), 3317-3325.

Zak, D. R., Holmes, W. E., Finzi, A. C., Norby, R. J. and Schlesinger, W. H.,
2003: Soil nitrogen cycling under elevated co2: A synthesis of forest face
experiments. Ecological applications 13(6), 1508-1514.

Zak, D. R., Pregitzer, K. S., Curtis, P. S., Teeri, J. A., Fogel, R. and Randlett, D.
L., 1993: Elevated atmospheric co2 and feedback between carbon and nitrogen
cycles. Plant and Soil 151(1), 105-117.

Zhou, Y., Schaub, M., Shi, L., Guo, Z., Fan, A., Yan, C,, Wang, X, Wang, C.,,
Han, S.-J. and Li, M.-H., 2012: Non-linear response of stomata in pinus
koraiensis to tree age and elevation. Trees 26(4), 1389-1396.

Zeiger, E., G. D. Farquhar and I. R. Cowan. 1987: Stomatal function.

Zotz, G., Pepin, S. and Korner, C., 2005: No down-regulation of leaf photosynthesis
in mature forest trees after three years of exposure to elevated co2. Plant

Biology 7(4), 369-374.

- 99 - A =TS



Abstract

The Physiological Responses of
Pinus densiflora,
Fraxinus rhynchophylla
and Sorbus alnifolia

under Elevated CO,

Ryu Daun
Major in Forest Environmental Science
Department of Forest Sciences

The Graduate School

Seoul National University

The physiological responses of three common temperate species,
Pinus densiflora, Fraxinus rhynchophylla, Sorbus alnifolia to elevated
CO, was investigated using open top chambers with different CO-
concentrations. Morphological (stomatal size, density and area) and
physiological characteristics (maximum rates of photosynthesis,

carboxylation and electron transport) were compared among trees



grown under ambient, ambient x 1.4 (7 550 ppm) and ambient x 1.8
(7 700 ppm) CO. concentrations for last four years. Morphological
responses were different among species. F. rhynchophylla increased
their stomatal size and S. alnifolia had higher stomatal density under
elevated CO; than ambient. Stomatal area decreased in P. densiflora,
whereas it increased in S. alnifolia. However, the maximum
photosynthesis rate increased in all species up to 43.5% by S. alnifolia
under elevated COz and the enhancement increased with time. Even
with four years of exposure to elevated CO,, there was no sign of
acclimation in the maximum carboxylation rate and the maximum
electron transport rates in all species. Especially, S. alnifolia even
showed the temporary increase of photosynthetic capacities in spring,
when leaf nitrogen concentration was high with new leaf
development. There was no significant differences in diameter growth
rate in any species due to high variation in their tree sizes, however
accumulated diameter and biomass for four years showed significantly
increment in all species under elevated CO.. For example, S. alnifolia
showed 59% increase in diameter at the ambient x 1.8 (T 700 ppm)
compared to ambient.

In the second chapter, water use and biomass accumulation of
Pinus densiflora, the most common coniferous species in Korea, was
investigated. First individual tree water use was measured with
Granier type heat dissipation sensor, then transpiration and stomatal
conductance was calculated. Finally, the relationship between stomatal
conductance and environmental variables were analyzed and the water
use efficiency of each treatment was compared. Sap flux density and
transpiration per unit leaf area showed a decreasing tendency with
COy, and even though they were not significant. However,

transpiration of individual tree showed a increasing tendency (not
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significant). Water use of each treatment was similar when soil
moisture was high after consecutive rainy days. Stomatal conductance
sensitivity to vapor pressure deficit was similar to previous studies
showing 0.57 of slope to reference stomatal conductance, which is
defined as the stomatal conductance at 1 kPa. Reference stomatal
conductance decreased with CO: concentration, however stomatal
response to soil moisture was significant only Chamber 1. These
result implied that soil moisture was not the limiting factor in this
study site in most time. Therefore stomatal conductance and VPD
were the major controllers of tree water use and it resulted in the
decrease of transpiration per unit leaf area with increasing COs.
Relative change of reference conductance decreased 20.4% due to
chamber effect and it also decreased 35.3% due to CO: effect.
However the difference between 1.4 and 1.8 treatment was relatively
small. Finally water use efficiency increased with CO; treatment,

especially Chamber 3 showed 10.8% increase compared to Chamber 1.

keywords : Climate Change, Open Top Chamber, Photosynthesis,
Stoma, Growth, Water Use
Student Number : 2011-23503
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