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Abstract 
 
4-year-old Pinus koraiensis, planted in open-top chambers at Changbai Mountain Station, received three different treat-
ments [700 µmol(CO2) mol-1 = EC, control chamber = CC, and field = F]. Saturated net photosynthetic rate (PN) was 
62 % higher in EC plants compared to CC and F plants as shown by PAR/PN response curves. Despite the increased PN, 
EC plants still showed decreased photosynthetic capacity when compared with CC and F plants at the same measure-
ment CO2 concentration. EC plants had the highest stomatal conductance (gs) and ratio of intercellular to ambient CO2 
concentration (Ci/Ca) compared with CC and F plants when measured at the same CO2 concentration. The Ci/Ca ratio 
was a sensitive indicator of stomatal behaviour, but not of photosynthesis. The responses of gs to EC did not correlate in 
magnitude or direction with responses of PN to EC. There was no significant difference in the number of stomata lines 
and stomata between EC and Ca. 
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Introduction 
 
Plant photosynthetic rate is increased following initial ex-
posure to elevated CO2, EC (Ward and Strain 1999). 
However, the high photosynthetic rate is not maintained 
over long time periods and leads to a reduction in the 
photosynthetic response to CO2 (Arp and Drake 1991). 
Despite significant down-regulation of photosynthesis is 
observed, light-saturated photosynthetic rate measured at 
growth conditions is strongly higher at EC than at am-
bient CO2 (Medlyn et al. 1999). 

Photosynthesis is dependent on stomata for its supply 
of CO2, therefore, stomatal response to CO2 is important 
(Morison 1998). The change of net photosynthetic rate 
(PN) and stomatal conductance (gs) does not always show 
similar magnitude or consistent direction. Photosynthetic 
stimulation was maintained despite a 30 % decrease in gs 
for perennial ryegrass exposed to 600 µmol(CO2) mol-1 
for 10 years using FACE (Ainsworth et al. 2003). PN of 
Liquidambar styraciflua averaged 46 % higher in the 
+200 µmol(CO2) mol-1 treatment and gs averaged 14–
24 % lower (Gunderson et al. 2002). 

Increased atmospheric CO2 concentration causes  
 

reduced gs, and the reduction of gs varies widely (Bunce 
2000, Morison 2001). Trees generally show smaller re-
sponses than herbaceous plants (Saxe et al. 1998) and 
deciduous trees often show stronger responses than coni-
fers (Medlyn et al. 2001). Stomata aperture and number 
of stomata per unit leaf area (or stomata density) affect gs 
(Weyers and Lawson 1997). 

The change of stomata number is a long-term respon-
se to EC (Morison 1998). Quercus myrtifolia exposed to 
700 µmol(CO2) mol-1 showed no change in stomata den-
sity (Lodge et al. 2001). Poole et al. (2000) found that 
stomata densities in leaves of Alnus glutinosa grown at 
ambient and elevated CO2 concentration were not sig-
nificantly different. Scots pine (Pinus sylvestris) trees 
were grown for 4 y under either ambient or elevated 
[+400 µmol mol-1] CO2 concentrations in open-top cham-
ber (OTC). A significant reduction in stomata density was 
observed in the EC treatment as compared with the ambi-
ent CO2 treatment (Lin et al. 2001). Contradicting 
observations, however, were reported for P. banksiana 
(Stewart and Hoddinott 1993) and P. pinaster (Guehl 
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et al. 1994). 
At present, the research is focused on the multi-year 

CO2 exposure of forest trees grown in the field using 
OTCs where root and nutrient availability may not be li-
miting to the growth of seedlings. We examined PN, gs, 

ratio of intercellular to ambient CO2 concentration 
(Ci/Ca), and stomata number of current needles of  
4-year-old P. koraiensis seedlings after exposure to 
700 µmol(CO2) mol-1 for four years in the OTCs. 

 
Materials and methods 
 
Plants: Experimental site was at Changbai Mountain 
Station, Chinese Academy of Sciences (42°N, 128°E) in 
1999. Here, four-year-old P. koraiensis seedlings were 
planted directly into the ground of OTCs with aluminum 
frame covered with clear glass. Chambers with dimen-
sions of 1.2×0.9×0.9 m were open on the top. There were 
about 140 trees in each chamber. The experiment invol-
ved three treatments [700 µmol(CO2) mol-1 chambers = 
EC, ambient control chamber = CC, and field = F]. The 
ambient air averaged approximately 350 µmol(CO2) mol-1 
in the daytime. Blowers pushed mixed air (industrial CO2 
and atmosphere) into a perforated plastic pipe at the bot-
tom of chamber. Industrial high CO2 was provided by li-
quid CO2 tanks stored outside the OTCs. The desired CO2 
concentration was maintained by varying the rate of air 
flow. CO2 concentration was monitored using the CI-301 
gas analyzer. The standard deviation of CO2 concentra-
tion was about 50 µmol mol-1. Treatments were applied 
continuously (24 h d-1) for the duration of each growing 
season (May to September) from 1999 to 2002. The CO2 
concentration in chambers was checked and adjusted re-
gularly to ensure target value. 

 
gs and PN were measured between 08:00–10:30 on clear 
days. Three trees were selected on the edge and centre of 
the chamber at random to measure photosynthesis. Ma-
ture, fully irradiated and attached needles were measured 
using a Li-COR 6400 portable photosynthetic analyzer. 
Leaf chamber temperature and relative humidity were 
measured with thermocouples linked to the LI-6400 ana-
lyzer. To maintain environmental conditions at ambient 
levels in chambers, air temperature and humidity were 
controlled by cooling and dehumidifying the air prior to 
entering the chamber, respectively. The leaf chamber 
temperature was about 27 °C and relative humidity was 

about 50 % during measurements. PN responses to photo-
synthetically active radiation (PAR) were determined at 
their respective growth CO2 concentration. In order to ex-
amine if the photosynthetic capacity loses in response to 
4-y-exposure to 700 µmol(CO2) mol-1, plants grown in 
both high and ambient CO2 concentration were compared 
at the same measurement CO2 concentration [ambient, 
500 and 700 µmol(CO2)mol-1] under saturating PAR 
(PAR>1 000 µmol m-1 s-1), respectively. In parallel, gs 
and Ci/Ca ratio of plants grown at three different 
conditions were also measured. Needles were arranged in 
the chamber such that self-shading was minimized and all 
needles were parallel to the plane of the leaf chamber. 
Needles were assumed to be flat and leaf area was 
measured with a portable leaf area meter (LI-3000; Li-
Cor). Prior to each measurement, needles were 
equilibrated in the chamber at certain PAR and CO2 
concentration. Needles were considered equilibrated if 
the gas exchange parameters were stable for 0.5 min. 

 
Stomata number: There are three sides of needle of  
P. koraiensis, but only two sides have stomata line and 
stomata. The stomata occur in a number of straight lines 
running along the length of the needle on two sides of  
a needle. 20 current needles were collected at random 
from 20 plants per treatment and 3 mm long epidermis 
was cut along the needle from two sides and viewed with 
a microscope. The number of stomata lines and stomata 
per line were counted. 

 
Statistics: Mean values of PN, gs, Ci/Ca, stomata line, and 
stomata number were compared separately using one-way 
analysis of variance. All statistical tests were performed 
using SPSS 11.5 software. The conclusions were reached 
by using LSD tests. 

 
Results 
 
The relationship between PN and PAR at the CO2 concen-
tration at which the plants were grown (Fig. 1) showed 
there was a significant increase of 62 % in saturated 
maximum PN in EC plants compared with CC and F 
plants. There was no significant difference in saturated 
PN between CC and F plants. There was also no signi-
ficant difference between EC and CC or F plants in PN 
when PAR was less than about 200 µmol m-2 s-1. EC sub-
stantially increased PN when PAR was over 400 µmol  
m-2 s-1. But the saturation irradiance of EC plants  
 

approximated those of CC plants. 
PN of both EC and ambient CO2 plants was compared 

at 350, 500, and 700 µmol(CO2) mol-1, respectively. PN 
increased with the increase of measurement CO2 con-
centration for all plant types (Fig. 2). At the specific mea-
surement CO2 concentration, PN of CC plants was the 
highest. PN in EC plants was 23, 9, and 16 % lower com-
pared to CC plants when measured at 350, 500, and 
700 µmol(CO2) mol-1, respectively. Compared with F 
plants, EC plants did not show significantly increased PN  
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when measured at 350 µmol(CO2) mol-1 (p=0.846). PN of 
EC plants was higher than that of F plants when 
measured at 500 and 700 µmol(CO2) mol-1. 

gs decreased with the increase of measurement CO2 
concentration for plants grown at EC and ambient CO2 
(Table 1). When measured at the same CO2 concentra-
tion, gs of EC and CC plants was the highest and the 
lowest, respectively. When measured at 350, 500, and 
700 µmol(CO2) mol-1, gs was 44, 39, and 43 % higher in 
EC plants than in CC plants, respectively. Similarly, gs  
 

 
 
Fig. 1. Relation of net photosynthetic rate (PN) to photosyntheti-
cally active radiation (PAR) at respective growth CO2 concen-
trations. 

 
 
Fig. 2. Net photosynthetic rate (PN) of plants grown under 
different conditions (EC, CC, F) and measured at 350, 500, and 
700 µmol(CO2) mol-1. 
 
increased by 16, 19, and 15 % compared to F plants, 
respectively. 

The Ci/Ca ratio decreased with the increase of measu-
rement CO2 concentration for ambient CO2 and EC plants 
similar to gs (Table 1). Ci/Ca of EC plants was the highest 
compared to ambient CO2 plants, and it was 8, 2, and 8 % 
higher compared to CC plants when measured at 700, 
500, and 350 µmol(CO2) mol-1, respectively. Similarly, 
Ci/Ca ratio increased by 6, 8, and 6 % compared to that of  
 

 
Table 1. Stomatal conductance (gs) and ratio of intercellular to ambient CO2 concentration (Ci/Ca) at different measurement CO2 con-
centrations [mol m-2 s-1]. Means±the standard error. Means followed by the different letter in the same row are significantly different 
(p<0.05). 
 

Growth type gs Ci/Ca 
 Measurement CO2 conc. [µmol(CO2)  mol-1]  
 350 500 700 350 500 700 

EC 0.240±0.002a 0.216±0.001a 0.203±0.001a 0.734±0.007a 0.675±0.001a 0.653±0.001a 
CC 0.169±0.001b 0.155±0.001b 0.142±0.001b 0.679±0.001b 0.663±0.001b 0.606±0.001b 
F 0.207±0.003c 0.182±0.004c 0.176±0.001c 0.691±0.004c 0.627±0.001c 0.617±0.001c 

 
Table 2. Stomata lines and stomata number of current needles. 
SLLN: number of stomata lines on left side of needle; NSLN: 
number of stomata per 1 mm long stomata lines on left side; 
SLRN: number of stomata lines on right side of needle; NSRN: 
number of stomata per 1 mm long stomata lines on right side; 
SLN: number of stomata lines of whole needle; NSN: number 
of stomata per 1 mm long stomata lines of whole needle. 
 

Index Growth CO2 concentration [µmol(CO2) mol-1] 
 EC CC F 

SLLN   4.66±0.29   4.56±0.32   4.65±0.27 
NSLN 14.27±0.51 14.09±0.31 14.56±0.41 
SLRN   5.33±0.23   5.28±0.38   5.30±0.22 
NSRN 14.31±0.40 13.61±0.29 14.52±0.28 
SLN   9.99±0.41   9.84±0.65   9.95±0.41 
NSN 14.29±0.41 13.85±0.27 14.54±0.31 

F plants, respectively. Ci/Ca of CC plants was significant-
ly higher than that of the F plants when measured  
at 500 µmol(CO2) mol-1, opposite to measurements at 350 
and 700 µmol(CO2) mol-1. 

Needle of P. koraiensis has three sides, but only two 
sides have stomata lines and stomata. We called them left 
and right side according to the node, respectively. The 
number of stomata lines on right side was higher than that 
on left side for EC, CC, and F plants, but the stomata 
number was approximate equal. The stomata number per 
unit length of stomata line on the right side of needle of 
CC plants was less than that of EC and F plants (Table 2), 
but the difference was not significant (p>0.3). The num-
ber of stomata lines and stomata on left side, right side, 
and whole needle was approximately equal among the 
three treatments. The difference was not significant. 
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Discussion 
 
Photosynthesis: According to the PAR/PN response 
curve, P. koraiensis seedlings exhibited increased satu-
rated PN in response to EC when measured at growth con-
dition in this study. Despite the increased PN, EC plants 
still showed evidence of decreased photosynthetic capa-
city when compared with ambient plants at the same mea-
surement CO2 concentration. Down-regulation of photo-
synthesis did not imply that the PN measured at EC was 
lower than that at ambient CO2. It was consistent with 
results previously reported for arctic tussock tundra 
(Tissue and Oechel 1987, Grulke et al. 1990) and one-
year-old shoots of Picea sitchensis (Barton and Jarvis 
1999). In a study of 15 field-based experiments on Euro-
pean forest tree species, PN measured at a common CO2 
concentration was 10–20 % lower in trees grown at EC 
(Medlyn et al. 1999). However, other studies on tree spe-
cies reported a lack of photosynthetic acclimation to EC 
(Idso and Kimball 1992, Teskey 1995). Increase in PN by 
12–144 % and no down-regulation in photosynthetic ca-
pacity occurred in Liriodendron tulipifera and Quercus 
alba throughout a 3-year field exposure (Gunderson et al. 
1993). 

 
Stomatal conductance and stomata number: General-
ly, gs declines when exposed to a transient increase in at-
mospheric CO2 concentration (Medlyn et al. 2001). How-
ever, does long-term exposure to EC result in a similar 
reduction in gs, particularly in woody species? In our 
study, plants grown at EC had the highest gs compared 
with those grown at ambient CO2 concentration. gs is 
affected primarily by stomatal aperture but also by the 
number of stomata per unit leaf area (Weyers and Lawson 
1997). Since the stomata number of P. koraiensis was not 
affected by EC, the increase in gs at EC was mainly 
related to stomata aperture. Stomata aperture was not 
only sensitive to CO2 concentration but also sensitive to 
some other environmental stimuli, such as irradiance, 
humidity (Morison 1998), temperature, water potential of 

needle, etc. The result also suggests that gs responses to 
CO2 need not correlate in magnitude or direction with 
stomata number responses to CO2 (Maherali et al. 2002). 

Photosynthesis and gs are tightly coupled (Gunderson 
et al. 2002). Recent studies introduced a question whether 
PN and gs acclimate to EC in parallel or independently? 
Drake et al. (1997) reported that gs and photosynthesis 
acclimate in tandem. However, the results with Douglas-
fir seedlings suggest that gs and photosynthesis acclimate 
in parallel to EC (Lewis et al. 2002). gs responses to EC 
did not correlate in magnitude or direction with photosyn-
thesis responses to EC in this study. This CO2 concentra-
tion increased gs but decreased PN compared to the CC 
plants at the same measurement CO2 concentrations. 
When compared with F plants, EC increased the gs and 
PN, but both did not show a similar magnitude. Therefore, 
the relationship between gs and photosynthetic capacity 
for P. koraiensis exposed to EC for 4 years was neither 
completely independent nor parallel. 

 
Ci/Ca increased for Q. myrtifolia grown in high CO2 con-
centration upon exposure to 350 µmol(CO2) mol-1 (Lodge 
et al. 2001). The Ci/Ca ratio increased with the decrease 
of measurement CO2 concentration for both EC and am-
bient CO2 plants in our study. The Ci/Ca value was not 
always constant and CO2 concentration could affect this 
ratio. The change of Ci/Ca was consistent with gs and 
opposite to PN for P. koraiensis EC plants. Therefore, the 
Ci/Ca ratio should be regarded as the sensitive indicator of 
stomata behaviour, but not of photosynthesis. 

There was significant difference in the eco-physio-
logical response between CC and F plants at both used 
CO2 concentrations. Environmental factors such as tem-
perature and irradiance were similar during the measure-
ment. The change of structure and function of P. koraien-
sis resulting from the microenvironment in OTC could be 
related to the difference in photosynthesis and stomatal 
behaviour. 
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