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ABSTRACT 

 

CO2 gas was supplied at a rate of 0 or 3 mL min
-1

 to the growth chamber with 2-3 air 

exchanges per hour, and an air current speed of 0.3 m s
-1

 inside the growth chamber, in which tomato 

seedlings were placed.  The CO2 concentration in the chamber decreased from 790 on day 1 to 440 

µmol mol
-1

 on day 7 when CO2 was supplied, whereas it decreased from 330 to 200 µmol mol
-1

 in the 

control, where CO2 was not supplied, and ambient CO2 concentration was 410 µmol mol
-1

.  On day 7, 

the net photosynthetic rate and leaf area index were 2.5 and 1.3 times, respectively, higher in the 

treated than in the control, and 96% of CO2 supplied to the chamber was fixed by plants for 

photosynthesis.  The net photosynthetic rate also increased significantly when the air current speed 

changed from 0.3 to 1.0 m s
-1

 without supply of CO2.  These results suggest that in a fully ventilated 

greenhouse in a hot climate region, the net photosynthetic rate may increase either by making the CO2 

concentration close to the ambient or by increasing the air current speed up to 1.0 m s
-1

. 

 

Key words: air circulation, net assimilation rate, null balance CO2 enrichment, plant growth, 

semi-closed plant production system  

 

 

INTRODUCTION 

 

Recently, greenhouses such as plastic house and net house have been widely adapted in 

Southeast Asian countries to protect crops from environmental pressures, such as severe weather and 

insects and birds, and for promoting plant growth (Bacusmo, 2009; Sharma, 2009). During the 

daytime, when the solar radiation and air temperature inside the greenhouse are high, the roof and/or 

side vents of the greenhouse need to be opened primarily to avoid the high temperature stress to plants 

(Adaros, 1984).  Even though the vent opening also helps to supply ambient CO2 into the greenhouse, 

the CO2 concentration inside is still often 50−60 µmol mol
-1

 lower than ambient (400 µmol mol
-1

) due 

to the photosynthetic activity of plants (Sanchez-Guerrero et al. 2005). This depletion of CO2 

concentration significantly reduces the net photosynthetic rate of the plants (Ohyama et al. 2005). 

 

There have been many reports on the increased net photosynthetic rate by elevating the CO2 

concentration up to 700–1,000 µmol mol
-1

 (Calvert, 1972; Enoch et al. 1976; Madsen, 1976; Besford 

et al. 1990; Stulen and den Hertog, 1993; Jacob et al. 1995; Sanchez-Guerrero et al. 2005).  However, 

keeping the CO2 concentration at 700–1,000 µmol mol
-1

 is not practical for the greenhouse when the 

roof and/or side vents are open because its concentration is 300–600 µmol mol
-1

 higher inside than 

outside and most supplied CO2 escapes to the outside.  Thus, a practical approach of CO2 enrichment 

for the greenhouse with the vent opening is to increase and maintain the CO2 concentration inside at 
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the same concentration as that outside. This means that supplied CO2 does not escape to the outside, 

and thus all CO2 supplied into the greenhouse is absorbed by the plants. By doing this, the plant 

photosynthesis can be promoted with minimum amount or cost for CO2 enrichment and no emission 

of CO2, a global warming gas, to the atmosphere.   

 

Natural ventilation is caused by pressure differences between inside and outside the 

greenhouse.  The pressure differences are induced by two main forces, the buoyancy and wind forces 

(Boulard and Baille, 1995).  The interior air current speed of the greenhouse is often lower than 0.5 

m s
-1

 in the daytime, even when the external wind speed is 3.0–5.0 m s
-1

 (Wang et al. 1999).  The 

low air current speed restricts the CO2 gas exchange between the plant canopies and ambient air, 

resulting in the decrease of the net photosynthetic rate (Kim et al. 1996; Kitaya et al. 1998).  Thus, 

the net photosynthetic rate can be increased by increasing the air current speed over the leaves up to 

the optimum level which would varies depending on the plant species, structure of plant community 

and other factors. (Wadsworth, 1959; Morse and Evans, 1962; Shibuya and Kozai, 1998; Kitaya et al. 

2000).  Many reports described that the net photosynthetic rate increases with increasing air current 

speed over the leaves in a range between 0 and 0.8 m s
-1

 when the stomata are kept open, indicating 

no water stress (Kitaya et al. 2004; Yabuki, 2004). Thus, it is possible to increase the net 

photosynthetic rate of the plants in the greenhouse by increasing air current speed inside, for instance, 

using air mixing fans. 

 

In the previous study, we found that a similar phenomenon, i.e., the depletion of CO2 

concentration and the insufficiency of air current speed occurred in a small CO2 non-enriched growth 

chamber with artificial light, just like in the naturally ventilated greenhouse (Thongbai et al. 2010). 

Therefore, in the present experiment, we used growth chambers in order to develop an efficient CO2 

enrichment method with high CO2 utilization efficiency, a method which can be applied for 

promoting the net photosynthetic rate and growth of the plants in a naturally ventilated greenhouse 

with vents open, prior to an experiment using an actual naturally ventilated greenhouse with vents 

open. 

 

MATERIALS AND METHODS 

 

Plant material preparation  

 

Tomato seeds (Solanum lycopersicum cv. Momotaro) were sown in 72-cell plug seedling trays 

(W 270 mm × L 550 mm) filled with a soil mixture of peat moss (50%) and vermiculite (50%) and 

kept at an air temperature of 28ºC for germination for 4 days.  Four days after sowing (DAS), the 

trays with germinated seeds were moved to a closed transplant production chamber and kept at 250 

µmol m
-2

 s
-1

 photosynthetic photon flux (PPF) provided by white fluorescent lamps, 14 h d
-1

 

photoperiod, and 25 and 17ºC air temperature during photo- and dark-periods, respectively. 

 

Treatments, experimental setup and conditions 

 

The experiment was carried out in the growth chambers (MIR-153, Sanyo Electric Biomedical 

Co., Ltd., Japan).  There were three treatments: increased CO2 concentration and no increase in air 

current speed (0.3 m
-1

) (treatment HL), increased air current speed at 1.0 m s
-1

 and no increase in CO2 

concentration (treatment LH), and no increase in CO2 concentration and air current speed as a control 

(treatment LL) (Table 1). During the photoperiod, CO2 gas was supplied into the growth chamber at a 

flow rate of 3.0 ml min
-1

 (2.4 and 2.8 gCO2 m
-2

 h
-1

 on days 1–3 and days 4–7 after treatment, 

respectively) in treatment HL. The gas flow rate was controlled by a mass flow controller (TC-1100 

Tokyo Keiso Co., Ltd., Japan).  Extra fans (DC 12 V 1.56 W, PWM fan CFY-90P, AINEX) were 

installed to increase the air current speed in the growth chamber in treatment LH. 
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Table 1. CO2 concentration and air current speed in each treatment. 

 

Treatment code CO2 concentration
 z
 

during photoperiod 

 Air current speed
 

(m s
-1
) 

LL 
y
 (control) 

LH
 

HL 

Low  

Low  

High 
x
  

Low (0.3) 

High (1.0) 

Low (0.3) 
z For the CO2 concentration (µmol mol-1) after treatment during the photoperiod, see Fig. 2. 
y For treatment code, L and H on the left represent low and high CO2 concentration, respectively; L and 

H on the right represent low and high air current speed, respectively. 
x The CO2 gas supply rate in treatment HL was constant at 3.0 ml min-1. 

 

The seedlings at four true leaves stage (fresh weight: 297 ± 13 mg, dry weight: 23 ± 1.6 mg, 

height: 5.7 cm, leaf area index (LAI): 0.4 ± 0.02 m
2
 m

-2
) were selected on 12 DAS (days after sowing) 

and kept for 7 days in the growth chambers.  The condition of growth chamber holding 72 seedlings 

in one tray (483 seedlings/m
2
) was set at 25ºC air temperature, 300 µmol m

-2
 s

-1
 PPF on average 

measured at the tray surface, and 16 h d
-1

 photoperiod.  The environmental conditions during the 

experiment are shown in Fig. 1.  The air temperature of the laboratory room where the growth 

chambers were placed was set at 25ºC.  The CO2 concentration in the laboratory room ranged 

between 400 and 500 µmol mol
-1

.  A commercial nutrient solution (Enshi Standard, Otsuka 

Chemical Co., Japan) was supplied at a fixed volume to each tray prior to the photoperiod. 
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Fig. 1. Experimental conditions: (a) air temperature (TEMP), (b) relative humidity (RH) and (c) vapor 

pressure deficit (VPD) inside the growth chambers under steady state conditions during the 

photoperiod. The numbers of plants placed in each growth chamber on days 1–3 and days 4–7 after 

treatment were 72 and 62 plants, respectively. For treatment codes, see Table 1. Each bar represents 

mean ± standard deviation. Dashed line: LL, Dotted line: LH and Chain line: HL. 

 

Environmental measurements 

 

Air current speed in the growth chamber was measured by using a hot-wire anemometer 

(Climomaster 6522, Kanomax Japan Inc., Japan) and expressed by the average of 10 measured points. 

Air temperature and relative humidity inside and outside the growth chambers were measured with 

thermo recorders (RS-12, Espec Mic Corp., Aichi, Japan).  CO2 concentrations inside and outside the 

growth chambers were measured with infra-red gas analyzers (GMP 222, Vaisala Oyj, Helsinki, 

Finland).  The data were recorded every minute by a data logger (midi logger GL800, Graphtec 

Corp., Yokohama, Japan). 

 

Growth parameter measurements and growth analyses 

 

On days 3 and 7 (15 and 19 DAS, respectively), ten seedlings were randomly sampled from each 

treatment for measurement of shoot and root dry weights and leaf area.  Growth analyses of the 

plants revealed relative growth rate (RGR), net assimilation rate (NAR), leaf area ratio (LAR), 

specific leaf area (SLA), and leaf area index (LAI). 

 

Estimation 

 

Net photosynthetic rate  

 

Net photosynthetic rate, Pn (gCO2 m
-2

 h
-1

), was estimated according to the equation developed by 

Fujiwara et al. (1987): 

Pn = {S − [k•N•V• (Cin – Cout)]} / A                       [1] 

 

where k is the conversion factor of CO2 from volume to molecular weight (1.96 × 10
-3

 gCO2 m
-3

 at 

25ºC); N, the number of air exchanges per hour (h
-1

) of the growth chamber; V, the air volume (0.106 

m
3
) of the growth chamber; Cin and Cout, the CO2 concentrations (µmol mol

-1
) inside and outside the 

C
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growth chamber under steady state conditions during the photoperiod; S, the supply rate of CO2 (g 

h
-1

); and A, the total leaf area (leaf area per plant × the number of plants in tray). 

 

CO2 utilization efficiency (CUE) 

 

CO2 utilization efficiency, CUE, of the growth chamber was estimated according to the equation 

developed by Yoshinaga et al. (2000): 

 

CUE = 1 − {[k•N•V•(Cin − Cout) ] / S} = A•Pn/S                    [2] 

    

CUE can be estimated hourly, daily or weekly. In case of daily CUE, hourly Pn is summed up and 

divided by S. 

 

Number of air exchanges 

 

Number of air exchanges, N (h
-1

), was estimated according to the method described by Kozai et 

al. (1986). The number of air exchanges in treatments LL, LH and HL were 3.4, 4.5 and 2.1 h
-1

, 

respectively. 

 

Statistical analysis 

 

The entire experiment was repeated three times. In each replication, one tray with 72 seedlings 

was used for measurement.  The data of growth parameters and growth were analyzed by analysis of 

variance (ANOVA).  The Tukey-Kramer test at p = 0.05 was used to test for significant differences 

among treatments. 

 

RESULTS AND DISCUSSION 

CO2 concentration  

 

The CO2 concentration (µmol mol
-1

) inside and outside the growth chambers during the 

photoperiod is presented in Fig. 2.  The daily average of CO2 concentration outside the growth 

chamber, Cout, remained almost constant at around 410 µmol mol
-1

.   

 

 
 

Fig. 2. CO2 concentrations (µmol mol
-1

) inside and outside (C out) the growth chambers during the 

photoperiod. Chain, dashed and solid lines denote, CO2 concentrations in treatment HL, LH and 

outside, respectively. The CO2 gas supply rate in treatment HL was constant at 3.0 ml min
-1

. In 

treatment LH, CO2 was not supplied. The numbers of plants placed in each growth chamber on days 
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1–3 and days 4–7 after treatment were 72 and 62 plants, respectively. For treatment codes, see Table 1. 

Each bar represents mean ± standard deviation. 

 

In treatment HL, the daily average of CO2 concentration during the photoperiod inside the growth 

chamber, CHL, tended to decrease during the study period.  The difference in daily average of CO2 

concentration during the photoperiod between CHL and Cout, ∆CHL, also tended to decrease.  In 

treatments LH and LL, compared with those in treatment HL, the daily averages of CLH and CLL 

tended to decrease gradually, and were almost the same as each other.  On the other hand, ∆CLH and 

∆CLL tended to increase gradually. 

 

The CO2 concentration in all treatments decreased from day 1 to day 3 and from day 4 to day 7 ut 

increased from day 3 to day 4 (Fig. 2).  This increase was probably caused by the decrease in the 

number of plants in the chamber between day 3 (72 plants) and day 4 (62 plants) since ten plants were 

randomly selected and used for growth analysis on day 3. 

 

The weekly averages of CLH and CLL were approximately 150 µmol mol
-1

 lower than the weekly 

averages of Cout (409 µmol mol
-1

), whereas the weekly average of CHL was approximately 200 µmol 

mol
-1

 higher than that of Cout (Fig. 2).  The depletion of CO2 concentration in treatments LH and LL 

indicates that Pn increased with passage of days or the increase in LAI.  On the contrary, the increase 

in Pn was limited by the lowering CO2 concentration.  Similarly, Pn of the plants is limited by the 

CO2 depletion in a naturally ventilated greenhouse as LAI increases, even though the CO2 gas from 

the outside air can flow into the inside through the vents (Sanchez-Guerrero et al. 2005).  Thus, it 

can be said that Pn of plants in naturally ventilated greenhouses is often limited by the low CO2 

concentration, as in growth chambers with the number of air exchanges of 3.4–4.5 h
-1

. 

 

On the other hand, the higher CHL and decrease in ∆CHL during the study period are due to the 

constant CO2 supply at the rate of 3.0 mL min
-1

 throughout the experiment.  This means that the CO2 

supply rate needs to be increased as the plants grow or as Pn increases to keep the CO2 concentration 

at a constant level.  

 

Net photosynthetic rate (Pn)  

 

The Pn per leaf area was higher in treatments HL and LH than in treatment LL (Fig. 3). This 

agrees with the results of Ziska et al. (1991), Shibuya and Kozai (1998), and Thongbai et al. (2010) 

that Pn of the plants increases with increasing the CO2 concentration and/or air current speed.   

 

The Pn per leaf area in all treatments decreased from day 1 to day 3 and from day 4 to day 7 but 

increased slightly from day 3 to day 4 (Fig. 3). This slight increase is due to the decrease in total leaf 

area on day 3.  On the other hand, the Pn per plant and Pn per floor area tended to increase with time 

during the study period (Yamada et al. 2000, Chintakovid and Kozai, 2000, Thongbai et al. 2010). 

This is because the number of plants and floor area were constant during the study period.  The 

decrease of the Pn per leaf area on days 1-3 and 4-7 can be explained by the fact that LAI increased 

with time during the study period (Tables 2 and 3).   

 

The decrease in Pn per leaf area with time indicates that excess LAI at a later stage of plant 

production is detrimental in the photosynthetic efficiency (Papadopoulos and Pararajasingham, 1997). 

  



J. ISSAAS Vol. 17, No. 1:121-134 (2011) 

 

 

  

127 

 
 

Fig. 3. Net photosynthetic rate (Pn) per leaf area of tomato plants in each treatment during the 

photoperiod. Chain, dotted and dashed lines denote, CO2 concentrations in treatment HL, LH and LL, 

respectively. The CO2 gas supply rate in treatment HL was constant at 3.0 ml min
-1

 (2.4 and 2.8 g CO2 

m
-2

 h
-1

 on days 1–3 and days 4–7 after treatment, respectively). In treatment LH, CO2 was not 

supplied. For treatment codes, see Table 1. Each bar represents mean ± standard deviation. 

 

 

In treatment HL, the decrease in Pn per leaf area from day 1 to day 3 was sharper than that from 

day 4 to day 7.  This can be explained by the fact that, from day 1 to day 3, LAI was lower than 2 so 

the leaves were not considerably overlapped.  On the other hand, on day 4 to day 7, LAI was greater 

than 4, indicating that inter-shading within the canopy was intense (Asrar et al., 1984; Leverenz and 

Hinckley, 1990).  This causes a decrease in Pn per leaf area due to a reduction in light transmission 

into the plant canopies (Norman and Arkebauer, 1991).  Papadopoulos and Ormrod (1988) have also 

reported that LAI significantly relates to the light penetration into the plant canopies.  Moreover, the 

difference in Pn per leaf area between treatments LH and LL on day 7 was close to each other 

compared with that on the other days.  This is also due to the high LAI (approximately 5.3) in 

treatment LH as the same reasons as mentioned previously.  Therefore, to increase the Pn of the 

plants in a naturally ventilated greenhouse and plant production system, the plant spacing needs to be 

carefully designed.  

 

The weekly average of Pn was 1.3 times higher in treatment LH than in treatment LL (Fig. 3), 

even though the CO2 concentrations in these treatments were almost the same (Fig. 2).  This is 

because an increase in the air current speed decreases the leaf boundary layer resistance, promoting 

gas exchange between the plant canopies and the ambient air (Yabuki and Fukui, 1981; Martin et al. 

1999; Kitaya et al. 2003; Kitaya, 2005).  A possible reason for the increase in Pn in treatment LH 

compared with Pn in treatment LL is that the number of air exchanges per hour of the growth chamber, 

N, in treatment LH (4.5 h
-1

) was higher than that in treatment LL (3.4 h
-1

).  One possible explanation 

for the higher N in treatment LH is the increased air current speed in the growth chamber where the 

extra fans were installed. 

 

Since Pn can be estimated by Eq. [1], if the CO2 concentration is lower in a greenhouse than 

outside, with/without a CO2 supply system, Pn can be increased by increasing the N. The same applies 

for a greenhouse. 
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Table 2. Effects of CO2 concentration and air current speed on relative growth rate and net 

assimilation rate between days 3 and 7 after treatment and leaf area ratio, specific leaf area, leaf area 

index, dry weights of shoot and root and leaf area of tomato plants on day 7 
z,y

. 

 

Treatment code
 
   

LL LH HL Significance w 

Relative growth rate  

(RGR, gDW g
-1

 d
-1

) 

0.26 ± 0.02 0.34 ± 0.02 0.35 ± 0.03 NS 

Net assimilation rate  

(NAR, gDW m
-2

 d
-1

) 

6.8 ± 0.6 b 9.2 ± 0.8 ab 11.2 ± 1.1 a * 

Leaf area ratio  

(LAR, m
2
 g

-1
) 

0.041 ± 0.002 a 0.036 ± 0.001 a 0.030 ± 0.001 b * 

Specific leaf area  

(SLA, m
2
 g

-1
) 

0.058 ± 0.003 a 0.051 ± 0.002 a 0.042 ± 0.002 b * 

Leaf area index  

(LAI, m
2
 m

-2
) 

4.4 ± 0.18 b 5.3 ± 0.20 a 5.7 ± 0.20 a * 

     

Shoot dry weight per 

plant (mg) 

240 ± 16.9 c 320 ± 21.9 b 420 ± 22.6 a * 

Root dry weight per 

plant (mg) 

26 ± 2.4 c 37 ± 2.7 b 47 ± 2.4 a * 

Leaf area per plant (m
2
) 0.011 ± 0.0004 b 0.013 ± 0.0005 a 0.014 ± 0.0005 a * 

z Means within a row followed by different letters are significantly different at P < 0.05 by the Tukey-Kramer 

test. 
y Each value represents mean ± SE of 10 plants. 
w NS and * indicate non-significant and significant difference, respectively, at P < 0.05 by the 

 Tukey-Kramer test 
 

Plant growth and analysis 

 

On day 7, dry weight significantly varied among treatments, while leaf area and LAI were not 

significantly different between treatments HL and LH (Table 2).  These findings agree with the 

result that increased CO2 concentration significantly increased dry weight more than leaf area 

(Radoglou and Jarvis, 1992). Furthermore, increased CO2 concentration and increased air current 

speed generally increased Pn resulting in increased dry weight and promoted plant growth (Knight and 

Mitchell, 1988; Wheeler and Tibbitts, 1997; Kitaya et al. 2003; Shibuya et al. 2006).  Moreover, 

increase of dry weight in response to increased CO2 concentration and increased air current speed has 

been reported for various plant varieties, i.e. tomato, cucumber, bean, etc. (Porter and Grodzinski, 

1984; Mortensen, 1987; Eamus and Jarvis, 1989). 

 

RGR was not significantly different among treatments between days 3 and 7 (Table 2). NAR was 

higher in treatment HL, whereas LAR and SLA were lower in treatment HL.  These suggest that at 

increased CO2 concentration, the higher values of NAR were offset by lower values of LAR which is 

the result of lower values of SLA (Pettersson and McDonald, 1992).  A reduction in SLA with 

increased CO2 concentration is the result of changes in leaf anatomy and leaf thickness (Radoglou and 

Jarvis, 1992; Farrar and Williams, 1991).  An increase in leaf thickness is the result of greater cell 

enlargement, which is sensitive to CO2 concentration (Radoglou and Jarvis, 1992).  Cell enlargement 

affects the internal leaf surface available for absorption of CO2 gas which is likely to have 

consequences for the photosynthesis and growth of plants (Nobel et al. 1975; Farrar and Williams, 

1991; Pettersson and McDonald, 1992). 
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CO2 utilization efficiency (CUE) 

 

Daily average of CO2 utilization efficiency in treatment HL is presented in Fig. 4.  The daily 

average of CUE tended to increase during the study period.  This can be explained by the fact that 

the daily average of CHL decreased with time due to the increased absorption of CO2 by the plants 

with time, whereas the daily average of Cout was almost constant and the CO2 gas supply rate was 

fixed at 3.0 ml min
-1

 throughout the experiment. Thus, CO2 escaped to the outside decreased with 

time.  

 

CUE also increases with time when the daily amount of supplied CO2 is increased with increasing 

Pn to keep the CO2 concentration inside a growth chamber at a constant level throughout the 

experiment (Yoshinaga et al. 2000).  In HL on day 7, CUE was nearly 100% because Cin was almost 

equal to Cout. 

 

It is clear from the results that CUE in a naturally ventilated greenhouse will be nearly 100% 

when the CO2 concentration inside is maintained at the same concentration as ambient, as is indicated 

by Ohyama et al. (2005) . Also, in a plant production system in which the CO2 concentration is 

maintained at a higher concentration than ambient CO2 concentration, CUE can be increased by 

keeping the N at the minimum value.  

 

Note that CUE increased from day 1 to day 3 and from day 4 to day 7 but decreased from day 3 to 

day 4.  This result is related to the fact that CHL decreased from day 1 to day 3 and from day 4 to day 

7 but increased from day 3 to day 4 (Fig. 2) as mentioned in section 3.1 (CO2 concentration). 

 

If Cin is kept at a constant level higher than outside by increasing the CO2 supply rate with time, 

CUE increases as Pn per floor area increases, because the amount of CO2 released to the outside is 

almost constant at the constant Cin.  Thus, an optimal CO2 concentration must be determined by 

considering all the changes in CUE, Pn, and cost performance of CO2 supply.  

 

 

 

 
Fig. 4. CO2 utilization efficiency (CUE) of the growth chamber with a CO2 supply rate of 3.0 ml 

min
-1

 and the number of air exchanges of 2.1 h
-1

. The numbers of plants placed in the growth chamber 

on days 1–3 and days 4–7 after treatment were 72 and 62 plants, respectively. Each bar represents 

mean ± standard deviation. For definition of CUE, see Eq. (2) in the text.  
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CONCLUSION 

 

     In a plant growth chamber, with 3-5 air exchanges per hour, CO2 concentration in the chamber 

during the photoperiod was 100-200 µmol mol
-1

 lower than that outside.  This difference in CO2 

concentration between inside and outside the plant growth chamber increased when the number of air 

exchanges per hour was decreased, resulting in increased net photosynthetic rate of plants. The net 

photosynthetic rate of plants likewise, increased with increased air current speed and CO2 

concentration.  

 

 The increase in CO2 concentration in the chamber, by supplying CO2 or enrichment higher 

than levels outside, increased the net photosynthetic rate and consequently plant growth.  However, 

the CO2 utilization efficiency (CUE), i.e., amount of CO2 fixed by plants divided by amount of CO2 

supplied, decreased with increasing the CO2 concentration in the growth chamber.  On the other 

hand, when CO2 was supplied to keep the CO2 concentration at the same level as outside, all the CO2 

supplied was fixed by the plants, resulting in no release of CO2 to the outside, namely CUE=1.  It is 

considered that similar results are obtained in the greenhouse.  

 

 The present study demonstrates that CO2 concentration in a plant growth chamber and a 

greenhouse with a limited number of air exchanges per hour is considerably lower than that outside 

during the photoperiod, when plants are grown in it.  This depletion of CO2 concentration limits the 

net photosynthesis and thus growth of plants.  Lastly, CO2 supply or enrichment, to keep its 

concentration at the same level as outside, is an efficient way of promoting the net photosynthesis 

without losing the supplied CO2 to the outside.  This null balance CO2 supply method can be applied 

for any growth chamber and greenhouses, even with a high number of air exchanges per hour. 

   

 

ACKNOWLEDGEMENTS 

 

The authors are very grateful to Prof. Michiko Takagaki for her kind advice during this study. 

They are also thankful to Dr. Tetsuro Nishimura for his comments on the manuscript, Associate Prof. 

Masaaki Hohjo, Mr. Masao Ohyama and Ms. Satomi Koyama for their kind technical support during 

the experiment.  

 

 

REFERENCES 

 

Adaros, G. 1984. Ventilation for supplying bean and tomato plants with CO2. Acta Hortic. 162: 

237–244. 

 

Asrar, G., M. Fuchs, E.T. Kanemasu and J.L. Hatfield. 1984. Estimating absorbed photosynthetic 

radiation and leaf area index from spectral reflectance in wheat. Agron. J. 76: P. 300. 

 

Bacusmo, J.L. 2009. Protected cropping in the Philippines, Country report distributed at the 

Multicountry Observational Study Mission on Controlled-Environment Agricultural 

Production Systems at National Chung Hsing University, Republic of China on 30 

November–4 December 2009. 

 

Besford, R.T., L.J. Ludwig and A.C. Withers. 1990. The greenhouse effect: acclimation of tomato 

plants growing in high CO2, photosynthesis and ribulose-1, 5-bisphosphate carboxylase 

protein. J. Exp. Bot. 41(8): 925–931. 

 



Promoting net photosynthesis and CO2 utilization efficiency..... 

 

 132 

Boulard, T. and A. Baille. 1995. Modelling of air exchange rate in a greenhouse equipped with 

continuous roof vents. J. Agric. Engng. Res. 61: 37–48. 

 

Calvert, A. 1972. Effects of day and night temperatures and carbon dioxide enrichment on yield of 

glasshouse tomatoes. J. Hortic. Sci. 47: 231–247. 

 

Chintakovid, W. and T. Kozai. 2000. Growth of tomato plug transplants in a closed system at 

relatively high air current speed –a preliminary study–, pp 98–101. In C. Kubota and, C. 

Chun (eds.). Transplant production in the 21
st
 Century. Kluwer Academic Pub. Dordrecht 

Boston, London. 

 

Eamus, D. and P.G. Jarvis. 1989. The direct effects of increase in the global atmospheric CO2 

concentration on natural and commercial template trees and forests. Adv. Ecol. Res. 19: 

1–55. 

 

Enoch, H.Z., I. Rylski and M. Spigelman. 1976. CO2 enrichment of strawberry and cucumber plants 

grown in unheated greenhouses in Israel. Sci. Hortic. 5(1): 33–41. 

 

Farrar, J.F. and M.L. Williams. 1991. The effects of increased atmospheric carbon dioxide and 

temperature on carbon partitioning, source-sink relations and respiration. Plant Cell Environ. 

14: 819–830. 

 

Fujiwara, K., T. Kozai and I. Watanabe. 1987. Fundamental studies on environments in plant tissue 

culture vessels. (3) Measurements of carbon dioxide gas concentration in closed vessels 

containing tissue cultured plantlets and estimated of net photosynthetic rates of the plantlets. 

(in Japanese with English abstract). J. of Agric. Meteorol. 43: 21–30. 

 

Jacob, J., C. Greitner and B.G. Drake. 1995. Acclimation of photosynthesis in relation to rubisco and 

nonstructural carbohydrate contents. Plant Cell Environ. 18: 875–884. 

 

Kim, Y.H., T. Kozai, C. Kubota and Y. Kitaya. 1996. Effects of air current speeds on the 

microclimate of plug stand under artificial lighting. Acta Hortic. 440: 354–359. 

 

Kitaya, Y., T. Shibuya, T. Kozai and C. Kubota. 1998. Effects of light intensity and air velocity on air 

temperature, water vapour pressure and CO2 concentration inside a plant canopy under an 

artificial lighting condition. Life Support Biosph. Sci. 5: 199–203. 

 

Kitaya, Y., J. Tsuruyama and M. Kawai. 2000. Effects of air current on transpiration and net 

photosynthetic rates of plants in a closed plant production, pp 83–99. In C. Kubota and, C. 

Chun (eds.). Transplant production in the 21
st
 Century. Kluwer Academic Pub. Dordrecht 

Boston, London. 

 

Kitaya, Y., J. Tsuruyama, T. Shibuya, M. Yoshida and M. Kiyota. 2003. Effects of air current on gas 

exchange in plant leaves and plant canopies. Adv. Space Res. 31: 177–182. 

 

Kitaya, Y., T. Shibuya, M. Yoshida and M. Kiyota. 2004. Effects of air velocity on photosynthesis of 

plant canopies under elevated CO2 levels in a plant culture system. Adv. Space Res. 34: 

1466–1469. 

 

Kitaya, Y. 2005. Importance of air movement for promoting gas and leaf exchange between plants 

and atmosphere under controlled environments, pp 185–193. In Omasa et al. (eds.) Plant 

responses to air pollution and global change. Springer-Verlag Tokyo. 



J. ISSAAS Vol. 17, No. 1:121-134 (2011) 

 

 

  

133 

Knight, S.L. and C.A. Mitchell. 1988. Growth and yield characteristics of ‘Waldmann’s Green’ leaf 

lettuce under different photon fluxes from metal halide or incandescent + fluorescent 

radiation. Sci Hortic. 35: 51–61. 

 

Kozai, T., K. Fujiwara and I. Watanabe. 1986. Fundamental studies on environments in plant tissue 

culture vessels. (2) Effects of stoppers and vessels on gas exchange rates between inside and 

outside of vessels closed with stoppers. (in Japanese with English abstract). J. of Agric. 

Meteorol. 42: 119–127. 

 

Leverenz, J.W. and T.M. Hinckley. 1990. Shoot structure, leaf area index and productivity of 

evergreen conifer stands. Tree Physiology. 6: 135–149. 

 

Martin, T.A., T.M. Hinckley, F.C. Meinzer and D.G. Sprugel. 1999. Boundary layer conductance, 

leaf temperature and transpiration of Abies amabilis branches. Tree Physiol. 19: 435–443. 

 

Madsen, E. 1976. Effects of CO2 concentration on morphological histological, cytological and 

physiological processes in tomato plants. State Seed Testing Station, Lyngby, Denmark. 

 

Mortensen, L.V. 1987. CO2 enrichment in greenhouses. Crop responses. Review article. Sci. Hortic. 

33(1–2): 1–25. 

 

Morse, R.N. and L.T. Evans. 1962. Design and development of CERES – an Australian phytotron. J. 

Agric. Engng. Res. 7: 128–140. 

 

Nobel, P.S., J.L. Zaragoza and W.K. Smith. 1975. Relation between mesophyll surface area, 

photosynthetic rate, and illumination level during development for leaves of Plectranthus 

parviflorus Henckel. Plant Physiol. 55: 1067–1070. 

 

Norman, J.M. and T.J. Arkebauer. 1991. Predicting canopy photosynthesis and light-use efficiency 

from leaf characteristics, pp 75–94. In K.J. Boote and, R.S. Loomis (eds.). Modeling Crop 

Photosynthesis-from Biochemistry to Canopy. American Society of Agronomy, Madison, 

WI. 

 

Ohyama, K., T. Kozai, Y. Ishigami and Y. Ochi. 2005. A CO2 control system for a greenhouse with a 

high ventilated rate. Acta Hortic. 691: 649–654. 

 

Papadopoulos, A.P. and D.P.Ormrod. 1988. Plant spacing effects on light interception by greenhouse 

tomatoes. Can. J. Plant Sci. 68: 1197–1208. 

 

Papadopoulos, A.P. and S. Pararajasingham. 1997. The influence of plant spacing on light 

interception and use in greenhouse tomato (Lycopersicon esculentum Mill.): A review. 

Scientia Horticulturae. 69: 1–29. 

 

Pettersson, R. and A.J.S. McDonald. 1992. Effects of elevated carbon dioxide concentration on 

photosynthesis and growth of small birch plants (Betula pendula Roth.) at optimal nutrition. 

Plant Cell Environ. 15: 911–919. 

 

Porter, M.A. and B. Grodzinski. 1984. Acclimation to high CO2 in bean. Plant Physiol. 74: 413–416. 

 

Radoglou, K.M. and P.G. Jarvis. 1992. The effects of CO2 enrichment and nutrient supply on growth, 

morphology and anatomy of Phaseolus vulgaris L. seedlings. Ann. Bot. 70: 245–256. 

 



Promoting net photosynthesis and CO2 utilization efficiency..... 

 

 134 

Sanchez-Guerrero, M.C., P. Lorenzo, E. Medrano, N. Castilla, T. Soriano and A. Baille. 2005. Effect 

of variable CO2 enrichment on greenhouse production in mild winter climates. Agric. Forest 

Meteorol. 132: 244–252. 

 

Sharma, J.D. 2009. Protected cultivation of horticultural crops in India, Country report distributed at 

the Multicountry Observational Study Mission on Controlled-Environment Agricultural 

Production Systems at National Chung Hsing University, Republic of China on 30 

November–4 December 2009.  

 

Shibuya, T. and T. Kozai. 1998. Effects of air velocity on net photosynthetic and evapotranspiration 

rates of a tomato plug sheet under artificial light. (in Japanese with English summary). 

Environ. Control Biol. 36: 131–136. 

 

Shibuya, T., J. Tsuruyama, Y. Kitaya and M. Kiyota. 2006. Enhancement of photosynthesis and 

growth of tomato seedlings by forced ventilation within the canopy. Sci. Hortic. 109: 

218–222. 

 

Stulen, I. and J. den Hertog. 1993. Root growth and functioning under atmospheric CO2 enrichment. 

Plant Ecol. 104/105: 99–115. 

 

Thongbai, P., T. Kozai and K. Ohyama. 2010. CO2 and air circulation effects on photosynthesis and 

transpiration of tomato seedlings. Scientia Horticulturae. 126: 338–344. 

 

Wadsworth, R.M. 1959. An optimum wind speed for plant growth. Ann. Bot. 23(89): 195–199. 

 

Wang, S., T. Boulard and R. Haxaire. 1999. Air speed profile in a naturally ventilated greenhouse 

with a tomato crop. Agric. Forest Meteorol. 96: 181–188. 

 

Wheeler, R.M. and T.W. Tibbitts. 1997. Influence of changes in day-length and carbon dioxide on the 

growth of potato. Ann. Bot. 79: 529–533. 

 

Yabuki, K. and H. Fukui. 1981. Studies on natural farming, pp 38–41. In K. Yabuki. Photosynthetic 

rate and dynamic environment. Kluwer Academic Pub. Boston, London. 

 

Yabuki, K. 2004. Photosynthetic rate and dynamic environment. Kluwer Academic Pub. Boston, 

London. 126 p. 

 

Yamada, C., K. Ohyama and T. Kozai. 2000. Time course of net photosynthetic rate of sweetpotato 

plants in a closed-type transplant production system. Environ. Control Biol. 38(4): 247–254. 

 

Yoshinaga, K., K. Ohyama and T. Kozai. 2000. Energy and mass balance of a closed-type transplant 

production system (Part 3) – Carbon dioxide balance –. SHITA J. 12(4): 225–231. 

 

Ziska, L.H., K.P. Hogan, A.P. Smith and B.G. Drake. 1991. Growth and photosynthetic response of 

nine tropical species with long-term exposure to elevated carbon dioxide. Oecologia 86: 

383–389. 

 

 


