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Introduction

Efficient environment control by understanding the crop 

growth rate is an important factor for planned crop production 

in plant factories (Mills, 2012). A photosynthetic rate that is 

closely affected by environmental factors is a common 

index to predict crop growth rate (Kim and Lieth, 2003; 

Pastenes et al., 2003). Although leaf photosynthetic rate is 

used to understand the photosynthetic rate of an entire plant 

(Shipp et al., 1998; Flexas et al., 2007; Kaipiainen and 

Pelkonen, 2007; Chang et al., 2009; Shin et al., 2011), it is 

not always representative (Elmore, 1980; Evans, 1996). To 

estimate accurate crop growth, more reliable photosynthetic 

models based on canopy photosynthetic rates are needed.

For investigating crop photosynthesis, several environmental 

factors, such as light intensity and CO2 concentration, have 

been studied (Caporn and Wood, 1990; Wagner and Reicosky, 

1992; Wheeler, 1992; Steduto et al., 2002; Song et al., 2016). 

Lettuce is a model crop that has been studied in various 

environmental conditions within a plant factory due to its 

short cultivation periods (Carporn, 1989; Shimizu et al., 

2008). Due to the complex effects of environmental factors 

in the establishment of photosynthesis models (Johnson et 

al., 2010), photosynthetic rates should be measured under 

all combinations of environmental factors. For this reason, 

an effective measurement method considering system reactions 

to plants should be used while varying environmental factors 

(Mcdermitt et al., 1989; Suh et al., 2006). 

In general, growth chambers have been used to grow or 

store plants for research purposes (Wheeler et al., 1996; 

Austin et al., 2016; Inkham et al., 2019) and to estimate 

photosynthetic or respiration rates of crops by measuring 

CO2 concentration (Wheeler, 1992; Rochette et al., 1997). 

However, few studies have been conducted to calculate 
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photosynthesis rate by measuring changes in CO2 concen-

tration while changing environmental factors inside the 

chamber. Previous attempts to measure canopy photosynthesis 

of plants using an open chamber system have been made, 

but there have been many disadvantages affected by airflow 

(Garcia et al., 2009). Quantitative analysis of environmental 

factors most affecting photosynthesis is required when 

several environmental factors change. In the photosynthetic 

process of plants, light has a fast reaction rate because it 

produces an immediate energy capture reaction through 

electron transfer in microsecond (Rappaport et al., 1998), 

while CO2 has a slow reaction rate as it undergoes the 

process of diffusing into the cell through stomata (Evans and 

von Caemmerer, 1996). When combining the two factors of 

CO2 concentration and light intensity, it is necessary to 

determine which should be held constant and which should 

be changed.

The objective of this study was to formulate a method for 

establishing canopy photosynthetic rate curves of romaine 

lettuce (Lactuca sativa L.) in a controlled growth chamber.

Materials and Methods

1. Plant and Growth Conditions

Romaine lettuce (Lactuca sativa L., cv. Asia Heuk Romaine) 

was hydroponically grown in a plant factory module of 

Seoul National University. Yamazaki nutrient solutions 

(Yamazaki, 1982) with an electrical conductivity (EC) of 

1.2 dS·m-1 were used in deep-flow technique systems. The 

photosynthetic photon flux density in the module was 

maintained at 200 μmol·m-2·s-1 with an 8:1:1 ratio of RBW 

light-emitting diodes (LEDs; FGL-B1200, FC Poibe Co., 

Ltd., Seoul, Korea). The inside temperature, CO2 concentration, 

and relative humidity were maintained at 23-25°C, 700- 

1,000 μmol·mol-1, and 65-75%, respectively. Wind speeds 

around the plants were controlled using an electronic fan at 

0.3-0.5 m·s-1. One hundred plants were transplanted into the 

plant factory module at three weeks after sowing and grown 

for 20 days at a planting density of 16 plants·m-2.

2. Controlled Growth Chamber for CO2 Measurement

Three identical closed acrylic chambers (1.0 × 0.8 × 0.5 

m) with adjustable light intensity, temperature, relative 

humidity, and wind velocity were used for plant growth and 

CO2 measurement (Fig. 1). The same LEDs used in the plant 

factory module were installed. For environmental control, 

sensors for CO2 concentration, temperature, and relative 

humidity (S-VT200B, Soha Tech. Seoul, Korea) were installed. 

Indoor temperature and wind velocity were maintained at 

19.5-22.5°C and 0.3-0.4 m·s-1, respectively. To scrub the 

moisture generated by transpiration, silica-gels were used to 

maintain the relative humidity at 65-75%. The CO2 concen-

tration in the chamber was measured for 90 min with and 

without plants at an initial CO2 concentration of 1,000 μmol·

mol-1 using a CO2 analyzer (LI-820, LI-COR, Lincoln, NE, 

USA). After moving inside air out of the chamber by pump 

for measurement, the air passed through the sensor was 

circulated back into the chamber to prevent air leakage 

Fig. 1. Schematic diagram of a controlled growth chamber with Peltier devices for temperature control and a fan for wind speed control. 
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during measurement. The ventilation number in the chamber 

was calculated using the following formula:





ln










   (1)

where  is the ventilation number (h-1),  is the measurement 

time (h), 

 is the initial CO2 concentration (μmol·mol-1), 


 

is the outside CO2 concentration (μmol·mol-1), and 

 is the 

measured CO2 concentration at  hour (μmol·mol-1). All 

measured data were stored via a data logger (CR-1000, 

Campbell Scientific, Logan, UT, USA).

3. Comparison of Plant Response to Light Intensity or 

CO2 Concentration Change (Exp 1)

The changes in light intensity and CO2 concentration were 

compared in two treatments. In Treatment 1, light intensity 

was adjusted to 340, 270, 200, and 130 μmol·m-2·s-1 at a 

fixed CO2 concentration of 1,000 μmol·mol-1. In Treatment 

2, CO2 concentration was adjusted to 600, 1,000, 1,400, and 

1,800 μmol·mol-1 at a fixed light intensity of 200 μmol·m-2·

s-1. The CO2 consumption was measured in 1 s intervals and 

saved in 5 s intervals. Whole canopy photosynthetic rates in 

Treatments 1 and 2 were compared at the same light 

intensity and CO2 concentration.

The response of the growth chamber system was estimated 

using a time constant measured as the time required to reach 

63.2% of the target value (Gross and Chabot, 1979):







  (2)

where , ,  , and  are the mean target value, mean time 

(s), time constant, and target value after time , respectively.

4. Comparison of Photosynthetic Rate at Light Intensity or 

CO2 Concentration Change (Exp 2)

For further measurement of low light points with rapid 

change in photosynthetic rate and for additional measurement 

of high CO2 concentration points for estimating saturation 

points, additional conditions for light intensity and CO2 

concentration were applied to each treatment. In Treatment 

1 in Exp 2, the environmental conditions were applied 

identically to Treatment 1 in Exp 1 (340, 270, 200, and 130 

μmol·m-2·s-1), but 60 μmol·m-2·s-1 light intensity was added. 

In Treatment 2 in Exp 2, the environmental conditions were 

applied identically to Treatment 2 in Exp 1 (600, 1,000, 

1,400, and 1,800 μmol·mol-1), but 2,200 μmol·mol-1 CO2 

concentration was added.

The canopy photosynthetic rate was calculated by measuring 

CO2 decrement for all conditions excluding the time lag 

identified in Exp 1. The time lag was divided into one min 

and six min intervals, and each canopy photosynthetic rate 

was calculated to confirm the response of the plants to the 

changes in light intensity and CO2 concentration. The experiment 

was repeated three times. For comparison, the leaf photosynthetic 

rate was measured at the same conditions as for Treatment 1. 

A photosynthetic measurement system (LI-6400, LI-COR, 

Lincoln, NE, USA) was used for measurement, and three 

different measurements were repeated with different leaves. 

To compare the difference in canopy photosynthetic rate at 

fixed light intensity and CO2 concentration between the two 

treatments, the canopy photosynthetic rates were calculated. 

In Exp 2, the same time lag calculated in Exp 1 was applied 

to each environmental factor.

Results and Discussion

1. Fresh Weight and Leaf Area according to Growth Stage

Both fresh weight and leaf area exponentially increased 

over time. The number of growth stages was five during the 

25 day-growth period. Since leaf area and fresh weight did 

not show much increase from zero to five days after transplanting 

(DAT), and significant growth was recorded from day 6 to 

the last day of observation (20 DAT), stages 2, 3, and 4 were 

classified in five-day intervals. As growth stage progressed, 

Table 1. Fresh weight and leaf area of the lettuce at 0 to 20 days after 

transplanting (DAT).

DAT Fresh weight (g) Leaf area (cm2)

0  7.0 ± 1.87z  42.2 ± 10.86

5 12.4 ± 1.86 108.3 ± 35.16

10 30.5 ± 1.58 301.0 ± 21.69

15 62.1 ± 2.30 564.9 ± 70.57

20 97.3 ± 2.94 872.0 ± 44.50

zMean of 15 replicates ± SD.



Dae Ho Jung, Tae Young Kim, and Jung Eek Son

46 Protected Horticulture and Plant Factory, Vol. 29, No. 1, 2020 

fresh weight and leaf area of the lettuce exponentially increased 

and reached 97.3 ± 2.94 g and 872.0 ± 44.50 cm2 at 20 DAT, 

respectively (Table 1).

2. Leakage of the Growth Chamber

For testing leakage of the chamber, CO2 concentration 

decrement was measured with and without plants while 

maintaining similar environmental conditions (i.e., 1,010 μ

mol·mol-1 CO2 concentration, temperature, and humidity at 

the same condition, and similar light spectrum). The CO2 

concentration after 5,000 sec without plants was 1,010 μmol·

mol-1 (Fig. 2). The calculated ventilation number of the 

chamber using Eq. 1 was 0.039 h-1. According to Wheeler 

(1992), leakage rate increases as chamber size increases. 

Due to the reasons stated above, closed growth chambers in 

the past have been manufactured in small sizes of 0.19 m3 

(Dutton et al., 1988), 0.3 m3 (Knight et al., 1988), and 0.2 m3 

(Schwartzkopf and Stofan, 1981). The 0.4 m3 chamber used 

in this study confirmed that CO2 concentration measurements 

were adequately carried out. In measurement experiments 

lasting seven hours or more, there will arise a problem in 

calculating the canopy photosynthetic rates of lettuce due to 

chamber leakage. When measuring CO2 consumption for 

longer periods, CO2 leakage before and after the experiments 

should be calculated and considered in calculations of canopy 

photosynthetic rate. In addition, for photosynthesis measurements 

using custom chambers, it is recommended that the measurements 

be completed in a short period of time, changing the environ-

mental factors of rapid response.

3. Measurement of Crop CO2 Consumption and Time 

Constant

Figs. 3 and 4 show the measured CO2 concentrations in 

Treatments 1 and 2 of Exp 1, respectively. The decrease in 

CO2 concentration in the chamber by photosynthesis became 

greater as light intensity increased (Fig. 3). Similar trends 

Fig. 3. Change in CO2 concentration according to light intensity of 340 (a), 270 (b), 200 (c), and 130 (d) µmol·m-2·s-1 at a CO2 concentration of 1,000 

µmol·mol-1. A, B, C, and D denote 5, 10, 15, and 20 days after transplanting, respectively.

Fig. 2. CO2 concentration changes within the growth chamber with and 

without plants.
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were observed when a set point of CO2 concentration became 

higher, but the decreasing slope in CO2 concentration appeared 

smaller than the previous case shown in Fig. 3 (Fig. 4). For 

each condition, the change in second derivative of CO2 

concentration was used to calculate the time lag (Fig. 5). A 

time constant at a light intensity of 200 μmol·m-2·s-1 [case (c) 

in Fig. 5A] was 60 s (Fig. 5B). Time constants observed for 

different environmental conditions varied, but the average 

time constant in Treatment 1 (at fixed CO2 concentration 

with varied light intensity) was 3.24 times shorter than that 

in Treatment 2. This result can be interpreted as lettuce 

being more sensitive to changes in light intensity than CO2 

concentration. The time formula in Fig. 5B is as follows:

 









  (3)

Langensiepen (2012) stated that the response time for 

plant adjustment will be different for each condition in an 

artificially-controlled environment. Bazot (2008) indicated 

that CO2 concentration changes in the atmosphere bring 

Fig. 4. Change in CO2 concentration according to CO2 concentrations of 600 (a), 1,000 (b), 1,400 (c), and 1,800 (d) µmol·mol-1 at a light intensity of 

200 µmol·m-2·s-1. A, B, C, and D denote 5, 10, 15, and 20 days after transplanting, respectively.

Fig. 5. Slopes of CO2 concentration in Treatment 1: the changes in first derivatives of CO2 concentration at a light intensity of 340 (a), 270 (b), 200 

(c), and 130 (d) µmol·m-2·s-1 with a fixed CO2 concentration of 1,000 µmol·mol-1 at 10 days after transplanting, respectively (A) and the change 

in second derivative of CO2 concentration in case (c) of A (B).
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about a complex response in plant physiology. As shown in 

Figs. 4A to 4D, an average of 550 μmol·mol-1 CO2 gas was 

injected for 5 min in all treatments of Treatment 2. The sharp 

change in CO2 concentration in the chamber within a short 

period of time (10 min) requires sufficient response time for 

the plants to adapt to the new environment. Sestak (1971) 

argued that it would take over one hour for plant stoma to 

fully adjust to changes in CO2 concentration. To obtain 

various plant responses depending on CO2 concentration, 

sufficient measurement time is required.

4. Comparison of Canopy Photosynthetic Rates at the 

Same Environmental Conditions

Fig. 6 shows the result of Exp 2. The photosynthetic rates 

measured at one and six min time lags were compared. The 

photosynthetic rates in Treatments 1 and 2 increased with 

increasing light intensity and CO2 concentration, respectively. 

The deviation in Treatment 2 was larger than that in 

Treatment 1. In addition, differences in leaf photosynthetic 

rate and canopy photosynthetic rate increased with increasing 

light intensity and CO2 concentration. The leaf photosynthetic 

rate according to light intensity appeared in the form of a 

typical saturation curve, but the canopy photosynthetic rate 

was not a saturation curve. The leaf and canopy photosynthetic 

rates both showed a linear increase with CO2 concentration. 

When the time lag was set to six min, the changes in canopy 

photosynthetic rate and leaf photosynthetic rate were almost 

identical.

Table 2 shows the canopy photosynthetic rate, which was 

measured by varying the light intensity and CO2 concentration, 

according to growth stage. Time lag was set to one min, and 

canopy photosynthetic rate was calculated according to the 

change of light intensity. As growth stage progressed, the 

canopy photosynthetic rate decreased from 12.38 to 9.61 μ

mol·m-2·s-1. Subsequently, the time lag was set to six min, 

and canopy photosynthetic rate was calculated according to 

change of CO2 concentration. As growth stage progressed, 

the canopy photosynthetic rate decreased from 18.30 to 6.56 

μmol·m-2·s-1. Of the various environmental factors, the 

biggest change with crop growth is light, which is because 

the shape of the crop changes. As the crops grow, the leaves 

of the lower part are covered by the leaves of the upper part, 

thereby reducing the light intensity per crop surface area 

even if they are subjected to the same light intensity (Del 

Pozo et al., 2007).

According to the research by Gross and Chabot (1979), 

there was a time lag of several seconds after the light 

intensity changed when measuring photosynthetic rates. In 

other words, light is the environmental factor allowing 

determination of crop response within a few seconds. 

According to Creese et al. (2014), the response to 

stimulation by stomatal conductance is driven by light 

compared with the response obtained from varying CO2 

concentration. When CO2 is a control element, it is difficult 

to analyze the response by mechanical measurement within 

a short period of time. Therefore, to obtain reliable data, 

experiments for each environmental control element must 

Fig. 6. Comparison of canopy and leaf photosynthetic rates under the 

same light intensities and CO2 concentrations. A and B denote 

changing light intensity at a CO2 concentration of 1,000 µmol·mol-1

and changing CO2 concentration at a light intensity of 200 µmol·m-2·s-1,

respectively.
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be performed after appropriate time. There are established 

photosynthetic rate models that include light intensity, 

temperature, CO2 concentration, and growth period (Jung et al., 

2016; Jung et al., 2017). According to Johnson et al. (2010), 

the canopy photosynthetic rate with increasing light intensity 

does not appear in the form of a general saturation curve but 

in the form of a non-rectangular hyperbola curve. This is 

caused by inconsistent light intensity on the surfaces of all 

leaves due to the morphological characteristics of the crop. 

However, the change of CO2 concentration was not 

influenced by crop architecture in small crops such as 

lettuces.

The canopy photosynthetic response of lettuce showed a 

faster adaptation to changes in light intensity, and adaptation 

to CO2 concentration change required six times longer than 

that of light intensity (Fig. 6). Therefore, for faster measurements 

of canopy photosynthetic rate, it is efficient to vary the light 

intensity at a stable CO2 concentration. Quantification of 

CO2 consumption using growth chambers will help to 

establish efficient CO2 enrichment methods for plant cultivation. 

This can also be coupled with photosynthesis models reflecting 

environmental factors in plant factories or greenhouses for 

management of crop cultivation.

Conclusions 

A method to establish canopy photosynthetic rate curves 

of romaine lettuce (Lactuca sativa L.) using controlled 

growth chamber was developed in this study. The canopy 

photosynthetic rate was measured stably and quickly with a 

time lag of one min when changing light intensity at fixed 

CO2 concentration; a longer time lag of six min was required 

with constant light intensity and variable CO2 concentration. 

Using the chamber system, it was possible to accurately 

measure the canopy photosynthetic rate of lettuces by 

changing the light intensity. For canopy photosynthesis 

measurements with custom chambers, it is recommended to 

change the light and finish the measurement in a short time. 

This result is meaningful in that it established a method for 

measuring canopy photosynthesis with changing environmental 

factors in a closed chamber system. This method can contribute 

to establishment of multi-variable canopy photosynthesis 

models in the future.
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생육 챔버를 이용하여 광도 및 이산화탄소 농도 변수를 갖는 

상추(Lactuca sativa L.)의 군락 광합성 곡선의 효율적 도출 방법

정대호†
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서울대학교 식물생산과학부 및 농업생명과학연구원

적  요. 군락 광합성 모델의 도출을 위하여 생육 챔버가 필요하며, 이를 위한 광합성의 효율적인 측정 방법이 필요하

다. 본 연구의 목적은 내부 환경 제어가 가능한 생육 챔버를 이용하여 광도 및 이산화탄소 농도 변수를 갖는 로메인 

상추(Lactuca sativa L.)의 군락 광합성 곡선을 도출하는 방법을 확립하는 것이다. 실험에 사용한 상추는 식물공장 

모듈에서 재배되었으며, 군락 광합성을 측정하기 위하여 아크릴로 제작된 생육 챔버(1.0x0.8x0.5m)를 이용하였다. 
첫 번째로, 다음의 두 방법을 적용하여 측정된 군락 광합성 속도를 통해 각 방법의 시정수를 계산하여 비교하였다. 
즉, 1) CO2 농도를 고정(1,000μmol·mol-1) 하고 광도를 변화(340, 270, 200, and 130μmol·m-2·s-1) 시키거나, 2) 광도를 

고정(200μmol·m-2·s-1)하고 CO2 농도를 변화(600, 1,000, 1,400, and 1,800μmol·mol-1) 시켰다. 두 번째로, 1)과 2)의 

방식을 적용하여 군락 광합성을 측정했을 때, 특정 광도(200μmol·m-2·s-1)와 특정 CO2 농도(1,000μmol·mol-1)에서 

측정된 군락 광합성 속도 값을 비교하였다. 실험 결과 CO2 농도를 변화시키는 방식의 시정수는 광도를 변화시키는 

방식에 비해 3.2배 큰 값을 나타내었다. 광도를 변화시키며 측정할 때 군락 광합성 속도는 1분 이내에 안정되었고, 
CO2 농도를 변화시킬 경우에는 6분 이상의 시간이 소요되었다. 따라서 광도를 변화시키는 측정 방식이 생육 챔버를 

이용하여 작물의 군락 광합성 속도를 측정할 때 적합한 방식임을 확인하였다.

추가 주제어: 광합성속도, 광합성유효광양자속밀도, 로메인, 시정수, 이산화탄소 소비


