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Abstract: This study investigates and quantifies the integrative effects of CO2 concentration (500, 1000 and
1500 µmol mol−1), illumination intensity (100, 200 and 300 µmol m−2 s−1) and air speed (0.25, 0.50 and
0.75 m s−1) on the growth, gas exchange and light use efficiency of lettuce plants (Lactuca sativa L.)
grown under artificial lighting. The results show that lettuce growth and gas exchange are closely
related to CO2 concentration and illumination intensity, while air speed enhances CO2 transport
during photosynthesis. The most influential two-way interactions were observed between CO2

concentration and illumination intensity on the fresh and dry weights of lettuce shoots with effect
sizes of 34% and 32%, respectively, and on the photosynthesis, transpiration and light use efficiency,
with effect sizes of 52%, 47% and 41%, respectively. The most significant three-way interaction was
observed for the photosynthetic rate, with an effect size of 51%. In general, the fresh and dry weights
of lettuce plants increased by 36.2% and 20.1%, respectively, with an increase in CO2 concentration
from 500 to 1500 µmol mol−1 and by 48.9% and 58.6%, respectively, with an increase in illumination
intensity from 100 to 300 µmol m−2 s−1. The photosynthetic rate was found to be positively correlated
with CO2 concentration, illumination intensity and air speed. The transpiration rate and stomatal
conductance increased by 34.9% and 42.1%, respectively, when the illumination intensity increased
from 100 to 300 µmol m−2 s−1. However, as CO2 concentration increased from 500 to 1500 µmol
mol−1 and air speed increased from 0.25 to 0.75 m s−1, the transpiration rate decreased by 17.5% and
12.8%, respectively. With the quantified data obtained, we were able to adequately determine how
CO2 concentration, illumination intensity and air speed interact with their combined effects on the
growth of lettuce plants grown in indoor cultivation systems with artificial lighting.

Keywords: lettuce; plant factory; photosynthesis; transpiration; stomatal conductance; artificial lighting

1. Introduction

As a typical indoor production system, the primary objective of producing leafy
vegetables in plant factories has always been to improve the growth and quality of plants
with high input resource-use efficiencies [1–4]. Therefore, plant growth, plant quality and
input resource-use efficiencies are important criteria for evaluating the performance of
plant factories. Among all the input resources, the cost of electrical energy consumed
by artificial lighting ranges from 24 to 30% of the total operation cost [5,6]. Moreover,
current light use efficiency is approximately 30% of the theoretical value [6]. As a result,
the commercial use of plant factories for leafy vegetable production is limited.
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The optimal control of environmental variables can significantly improve the growth
of indoor lettuce plants as well as the efficiency of lighting use [5,7]. Light environment,
CO2 concentration and air speed are the most important factors that directly influence
the growth and development rates of lettuce plants grown under artificial light [8–11].
The light environment is crucial for plant growth because it provides the energy and
signals needed for photosynthesis [12,13]. To improve plant growth and light use efficiency
by regulating the light environment, light-emitting diodes (LEDs) were gradually used
for indoor plant production. This type of artificial lighting systems is distinguished by
its high performance, low power consumption, a wide range of wavelengths and low
thermal radiation emissions [5]. Among the wide spectrum of light provided by LEDs,
red and blue wavelengths are the most effective combination for indoor plant growth,
including lettuce [14–16]. Many studies found that the combination of red and blue LEDs
effectively promotes the growth and light use efficiency of lettuce plants grown under
artificial light [17,18]. The ratio between 5–20% blue light was reported to be the optimal
ratio for growth improvement, light use efficiency, photosynthetic and transpiration rates
of lettuce plants produced in plant factories [7,19,20]. A photoperiod of 16–20 h d−1 was
reported by Lee and Kim [10] and Ahmed et al. [7] as an optimal duration for high yield and
low electric-energy consumption in plant factories. According to Sago [21], increasing the
illuminating intensity from 150 to 300 µmol m−2 s−1 increased the fresh and dry weights
of the shoot, relative growth rate, and leaf number of butterhead lettuce plants grown in
a plant factory. Kang et al. [22] found that an illumination intensity of 290 µmol m−2 s−1

resulted in the tallest plant height, and the highest fresh and dry weights of lettuce shoots.
Despite the positive results of previous studies to improve plant growth and quality by
regulating the light environment, high electricity consumption and low light use efficiency
remain a challenge in plant factories. The optimal control of CO2 concentration and air
speed should therefore be taken into account in the improvement of plant growth and light
use efficiency.

Light environment interacts significantly with air speed, in particular, their combined
effect on photosynthesis and transpiration, as well as stomatal conductance [7,23,24]. Pho-
tosynthetic and transpiration rates increase with the increase in air speed [25–27]. During
photosynthesis and transpiration, the transport of CO2 and H2O through the leaf boundary
layer is dramatically influenced by air speed [24,28]. Air speed increases plant growth by fa-
cilitating the transport of water and nutrients to plant leaves during transpiration [24,29,30].
To date, air speed ranges between 0.5 and 0.7 m s−1 have been identified as an optimum
range for the growth of many leafy vegetables produced in indoor cultivation systems [7,30].
The relationship between air speed and plant growth, on the other hand, is not always linear
and tends to a maximum or optimum level [31], which, in turn, confirms the importance
of determining the optimal air speed under different levels of illumination intensity and
CO2 concentration.

CO2 concentration interacts significantly with the light environment [32] and air
speed [28], particularly their combined effects on plant growth and gas exchange rates.
The stomatal opening is stimulated by high levels of illumination and low levels of CO2
concentration. As a result, photosynthesis rates increase. Conversely, even at a high illumi-
nation intensity, high levels of CO2 concentration cause stomatal closure [23]. Additionally,
optimal air speed can improve the distribution of CO2 concentration in the plant canopy
and reduce leaf boundary layer resistance [33], resulting in an increase in the canopy
photosynthetic rate [7,34].

Many previous studies focused on the impact of the light environment on the growth
of indoor plants. However, plant growth in indoor cultivation systems is the result of the
interaction of many environmental factors. The interaction between CO2 concentration,
illumination intensity and air speed is one of the most influential interactions affecting
plant growth. Thus, the determination and quantification of these interactions and their
effect sizes provide a valuable insight into improving the growth and light use efficiency
of lettuce plants produced in plant factories. Therefore, the integrative effects of CO2
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concentration, illumination intensity and air speed on lettuce growth, gas exchange and
light use efficiency are investigated in this study. The main objective is to quantify the
optimal level of the main environmental factors and to evaluate the combined effects of
various combinations of CO2 concentration, illumination intensity and air speed on the
growth, gas exchange and light use efficiency of lettuce plants grown under artificial light.
The size of the significant effect of each variable, their interactions and their correlations
with lettuce growth, gas exchange and light use efficiency are determined.

2. Materials and Methods
2.1. Experimental Treatments and Setup

The experiments were performed in a plant factory (4 × 2.2 × 2.5 m) with artificial
lighting, at the Institute of Environment and Sustainable Development in Agriculture,
CAAS, Beijing, China. The plant factory has four basic modules (1.5 × 0.7 × 2.4 m), each
with three layers (culture beds). Each culture bed has a light-emitting diode (LED) panel
that can be moved vertically (Dongguan Bio-lighting Sciences and Technology Co., Ltd.,
Beijing, China). The air temperature and relative humidity inside the plant factory were
controlled by a heat pump with a cooling capacity of 14 kW (HFW-75-2, Beijing Zhongke
Shiheng Technology Co., Ltd., Beijing, China) [35].

A total of 27 treatments were designed under different combined levels of CO2 con-
centration of 500, 1000 and 1500 µmol mol−1, an illumination intensity of 100, 200 and
300 µmol m−2 s−1 and air speed of 0.25, 0.50 and 0.75 m s−1. CO2 was supplied using a
CO2 gas cylinder. An infrared CO2 controller (ZFP, Fuji Electric Co. Ltd., Tokyo, Japan) was
used to monitor the CO2 level. Red and blue LEDs with maximum wavelengths of 660 nm
and 450 nm, respectively, were used as light sources. A DC power supply (PKU-MS605D,
Dongguan Bio-lighting Sciences and Technology Co. Ltd., Beijing, China) was used to
adjust the illumination intensity, with a lighting ratio of 4:1 for the red and blue lights,
respectively. Airflow was supplied using a multi-fan system consisting of seven small fans
(AUB0912VH, Delta Electronics, INC, Bangkok, Thailand) to generate the airflow from two
opposite horizontal directions [36]. The air speed was adjusted by controlling the operating
capacity of the multi-fan system at 20%, 40% and 60% to achieve air speeds of 0.25 ± 0.10,
0.50 ± 0.15 and 0.75 ± 0.21 m s−1, respectively. The air speed was calculated as the average
of 14 points measured along the length and width of each cultural layer [35].

2.2. Plant Materials and Growing Environment

Lettuce seeds (Lactuca sativa cv. ‘Tiberius’) were germinated in sponge cubes and
incubated for 2 days in a growth chamber (GLED250PY; Beijing Luxi Technology Co., Ltd.,
Beijing, China) in the dark at 20 ◦C. Seedlings on the third day were transferred to the plant
factory and fluorescent lamps (TL-D56W, Osram, Guangzhou, China) with an illumination
intensity of 150 µmol m−2 s−1 were used as a light source (photoperiod of 16 h d−1).
Uniform-sized seedlings on day 15 were transplanted on a floating Styrofoam board with a
spacing distance of 0.12 m and a planting density of 32 plants/m2. An air temperature of
24 ± 0.5 ◦C, relative humidity in the range of 60–70%, and a photoperiod of 16 h d−1 were
maintained for the entire experimental period of 21 days. Yamasaki nutrition solution (EC
of 1.1 dS m−1 and pH of 5.8) was applied for the plant growth. The circulation system was
set to run automatically for one hour per day [35].

2.3. Experimental Measurements
2.3.1. Plant Measurements

Fresh and dry weights of shoots and roots, total leaf area, number of leaves per plant
and plant height were measured on day 21 after transplantation. The fresh weights of
shoots and roots were measured using an electronic scale (Si-234; Denver Instrument, New
York, NY, USA). Shoots and roots were dried in an oven (VS-120203; Vision Scientific,
Daejeon, Korea) at 80 ◦C for 72 h, and the dry weights were also measured. The leaf area
was measured using a leaf area meter (LI-3100C, Li-Cor Inc., Lincoln, NE, USA) [35].
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2.3.2. Gas Exchange Measurements

The photosynthetic rate, transpiration rate and stomatal conductance were measured
on day 21 after transplantation using a portable infrared gas analyzer equipped with a
leaf cuvette fluorometer (LI-6400, LI-COR, Lincoln, NE, USA). Five plants were chosen at
random for each treatment and measurements were taken on fully expanded and mature
leaves. The CO2 concentration, illumination intensity and air speed inside the leaf cuvette
were all kept at the same levels as in the experimental treatments. The air temperature and
relative humidity were set to 24 ◦C and 70%, respectively. The vapor pressure deficit was
kept under 1 kPa. After 10 min, when the stomatal conductance and photosynthetic rate
had reached a steady state, the measurements were taken [35].

2.4. Light Use Efficiency

Light use efficiency (LUE) is the ratio of chemical energy accumulated in the plant
to light energy received by the plant canopy. The LUE was calculated using the equation
reported by Kozai [37] as follows:

LUE =
D × S × f × DW

W

where D is the planting density (32 plants/m2), S is the planting area (1 m2), f is a conversion
coefficient between the dry weight and chemical energy (20 kJ g−1), DW is the average
value of the dry weight of the shoots and roots (g) and W is the light energy received by
the plant canopy (J m−2).

2.5. Statistical Analysis

The SPSS 11.0 statistics software (SPSS Inc., Chicago, IL, USA) was used to analyze
the data. Mean separation was performed using LSD’s multi-range test with p ≤ 0.05.
The correlation between the independent variables (CO2 concentration, illumination in-
tensity and air speed) and dependent variables (lettuce growth, gas exchange and light
use efficiency) was described using Pearson’s correlation coefficient test. The effect size of
each independent variable and their interactions (two- and three-way interactions) were
described using effect size test. The effect sizes were expressed as follows: trivial-effect size
for values less than 10%, small-effect size for values from 10% to 30%, medium-effect size
for values from 30% to 50%, and large-effect size for values greater than 50% [35,38].

3. Results
3.1. Lettuce Shoot Growth

As shown in Table 1, the growth of lettuce shoot is closely related to the CO2 concen-
tration and illumination intensity. Shoot fresh weight, shoot dry weight, total leaf area
and number of leaves were all positively correlated and significantly influenced by CO2
concentration and illumination intensity (Table 1).

With an increase in CO2 concentration from 500 to 1500 µmol mol−1, the shoot fresh
weight, shoot dry weight, total leaf area and the number of leaves increased by 36.2%
(Figure 1), 20.1% (Figure 2), 31.6% and 22.5% (Table 2), respectively, and by 48.9% (Figure 1),
58.6% (Figure 2), 32.8% and 14.7% (Table 2), respectively, as illumination intensity increased
from 100 to 300 µmol m−2 s−1. The plant height increased with increasing CO2 concentra-
tion and the correlation had a positive coefficient (Table 1). The increase in illumination
intensity, on the other hand, was accompanied by a decrease in plant height. However,
an increase in illumination intensity had a small effect size of 22% on decreasing plant
height and their correlation was not significant (Table 1). The non-significant correlation
between the lettuce shoot growth and air speed demonstrated that there was no direct
effect of air speed on lettuce shoot growth (Table 1). In general, regardless of the air speed,
the highest shoot fresh weight of 101.8 g/plant (Figure 1), shoot dry weight of 5.5 g/plant
(Figure 2), total leaf area of 1430.3 cm2 and number of leaves of 27 leaf/plant (Table 2) were
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observed under a CO2 concentration of 1500 µmol mol−1 and an illumination intensity of
300 µmol m−2 s−1.

Table 1. Correlation and effect size of CO2 concentration, illumination intensity and air speed on the
growth, gas exchange and light use efficiency of lettuce plants grown under artificial lighting.

Dependent Variable
CO2 Concentration Illumination Intensity Air Speed

Correlation (%) Effect Size (%) Correlation (%) Effect Size (%) Correlation (%) Effect Size (%)

Shoot fresh weight 55 ** 88 * 76 ** 94 * 5 12 *
Shoot dry weight 24 * 46 * 87 ** 90 * 2 1

Leaf area 60 ** 88 * 56 ** 85 * 7 13 *
Number of leaves 70 ** 74 * 44 ** 52 * 15 11 *

Plant height 76 ** 86 * −11 22 * 2 1

Roots fresh weight 37 ** 66 * 85 ** 91 * 1 1
Roots length −1 19 * −10 8 * 30 ** 20 *

Roots dry weight 24 * 20 * 87 ** 91 * 2 8 *

Photosynthesis 23 ** 79 * 90 ** 98 * 10 ** 51 *
Transpiration −30 ** 38 * 64 ** 71 * −21 ** 21 *

Stomatal conductance −11 ** 67 * 56 ** 63 * −17 ** 14 *

Light use efficiency 46 ** 57 * −44 ** 47 * 5 3

** and * indicate that the correlation coefficient and effect-size ratio are significant at p ≤ 0.01 and 0.05, respectively.
The values of the effect size represent the trivial effect size for values less than 10%, small effect size for values
ranging from 10% to 30%, medium effect size for values ranging from 30% to 50%, and large effect size for values
greater than 50%.
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Table 2. Total leaf area, number of leaves and plant height of lettuce plants as affected by CO2

concentration, illumination intensity and air speed.

CO2
Concentration
(µmol mol−1)

Illumination
Intensity

(µmol m−2 s−1)
Air Speed (m s−1) Total Leaf Area (cm2)

Number of
Leaves per
Plant (−)

Plant Height (cm)

500

100
0.25 578.0 ± 67.1 d 16.3 ± 1.5 c 14.5 ± 1.7 bc

0.50 662.0 ± 93.8 d 18.5 ± 0.6 ab 15.5 ± 1.6 ab

0.75 673.9 ± 74.8 d 17.6 ± 1.1 bc 16.4 ± 0.5 a

200
0.25 870.1 ± 68.0 c 18.5 ± 1.0 ab 15.9 ± 1.0 ab

0.50 980.7 ± 87.2 ab 19.5 ± 1.3 a 16.5 ± 1.5 a

0.75 895.1 ± 61.9 bc 19.0 ± 0.8 ab 16.4 ± 1.3 a

300
0.25 919.0 ± 88.4 abc 19.5 ± 0.6 a 15.4 ± 0.9 abc

0.50 1014.4 ± 35.9 a 19.8 ± 1.0 a 15.9 ± 1.0 ab

0.75 819.9 ± 81.8 c 18.8 ± 1.7 ab 13.8 ± 0.6 c

1000

100
0.25 572.0 ± 58.6 d 18.5 ± 1.0 d 15.1 ± 0.6 ab

0.50 580.0 ± 62.9 d 20.3 ± 1.0 cd 14.6 ± 1.3 ab

0.75 622.3 ± 51.0 d 20.3 ± 1.5 cd 15.0 ± 0.8 ab

200
0.25 849.3 ± 70.3 c 20.8 ± 0.5 bc 16.9 ± 0.6 a

0.50 917.8 ± 27.7 bc 20.8 ± 0.5 bc 16.3 ± 0.5 ab

0.75 1066.3 ± 70.2 a 24.8±0.5 a 16.8 ± 0.6 a

300
0.25 1012.3 ± 88.9 ab 23.3 ± 2.1 a 16.4 ± 0.5 b

0.50 905.0 ± 80.6 c 22.8 ± 3.2 ab 15.4 ± 0.5 ab

0.75 897.3 ± 72.3 c 22.8 ± 1.3 ab 15.9 ± 0.5 ab

1500

100
0.25 911.9 ± 34.6 d 21.8 ± 0.5 c 22.4 ± 0.3 a

0.50 962.5 ± 57.5 d 21.3 ± 1.0 c 21.9 ± 0.9 ab

0.75 992.2 ± 90.4 d 22.5 ± 1.3 bc 22.5 ± 0.4 a

200
0.25 1131.4 ± 97.8 c 21.5 ± 1.7 c 21.4 ± 0.9 ab

0.50 1302.3 ± 100.2 b 23.5 ± 1.7 bc 21.1 ± 1.3 b

0.75 1346.4 ± 83.5 ab 25.0 ± 0.8 ab 22.1 ± 0.6 ab

300
0.25 1394.5 ± 111.5 ab 27.0 ± 3.2 a 21.6 ± 1.1 ab

0.50 1430.3 ± 46.3 a 27.0 ± 2.2 a 19.1 ± 0.3 c

0.75 1358.9 ± 37.4 ab 26.5 ± 2.5 a 19.5 ± 0.6 c

Means and their standard deviations of five replicates (n = 5). Means within columns followed by different
letters are significantly different using the LSD test, p ≤ 0.05. Statistical grouping for each CO2 concentration was
performed separately.

CO2 concentration and illumination intensity had a significant two-way interaction
effect on the lettuce shoot growth, with larger effect sizes of 34% and 32% on shoot fresh
and dry weights, respectively (Table 3). Furthermore, there was a three-way interaction
with effect sizes of 18% and 31% on the shoot fresh and dry weights, respectively (Table 3).

3.2. Lettuce Root Growth

The fresh and dry weights of lettuce roots were positively correlated with and sig-
nificantly affected by CO2 concentration and illumination intensity, with a larger effect
size of illumination intensity (Table 1). Although CO2 concentration and illumination
intensity had a significant effect on the root length, their correlations with root length
were not significant (Table 1). There was no direct effect of air speed on the fresh and dry
weights of lettuce roots. However, an increased air speed was accompanied by an increase
in root length, with a 20% effect size (Table 1). The fresh and dry weights of lettuce roots
increased by 32.0 and 11.9%, respectively, in response to an increase in CO2 concentration
from 500 to 1500 µmol mol−1 and by 62.0 and 61.2%, respectively, in response to an increase
in illumination intensity from 100 to 300 mol m−2 s−1 (Table 4).
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Table 3. Effect size of the two- and three-way interactions between CO2 concentration, illumination
intensity and air speed on the growth, gas exchange and light use efficiency of lettuce plants grown
under artificial lighting.

Dependent Variable C × I (%) C × A (%) I × A (%) C × I × A (%)

Shoot fresh weight 34 * 20 * 14 * 18 *
Shoot dry weight 32 * 8 3 31 *

Leaf area 19 * 15 * 27 * 10
Number of leaves 19 * 7 16 * 10

Plant height 15 * 8 4 17 *

Roots fresh weight 24 * 7 16 * 19 *
Roots length 21 * 22 * 14 * 32 *

Roots dry weight 5 9 11 9

Photosynthesis 52 * 28 * 67 * 51 *
Transpiration 47 * 6 * 14 * 26 *

Stomatal conductance 20 * 5 * 7 * 13 *

Light use efficiency 41 * 14 * 4 29 *
* indicates that the effect sizes of the two- and three-way interactions are significant at p ≤ 0.05. C, I, A indicate
CO2 concentration, illumination intensity and air speed, respectively. The values in the table represent the trivial
effect size for values less than 10%, small effect size for values ranging from 10% to 30%, medium effect size for
values ranging from 30% to 50%, and large effect size for values greater than 50%.

Table 4. Fresh and dry weights of roots and roots length of lettuce plants as affected by CO2

concentration, illumination intensity and air speed.

CO2 Concentration
(µmol mol−1)

Illumination
Intensity

(µmol m−2 s−1)
Air Speed (m s−1) Root Fresh Weight (g) Root Dry Weight (g) Root Length (cm)

500

100
0.25 1.8 ± 0.4 c 0.13 ± 0.03 c 18.5 ± 0.6 b

0.50 1.8 ± 0.4 c 0.11 ± 0.02 c 17.4 ± 0.5 bcd

0.75 2.3 ± 0.2 c 0.14 ± 0.01 c 17.6 ± 0.4 bcd

200
0.25 3.9 ± 0.7 b 0.25 ± 0.06 b 17.1 ± 0.9 cd

0.50 4.1 ± 0.3 b 0.25 ± 0.01 b 18.4 ± 0.8 bc

0.75 3.5 ± 0.2 b 0.24 ± 0.03 b 20.1 ± 1.7 a

300
0.25 5.8 ± 0.5 a 0.38 ± 0.04 a 17.0 ± 1.4 d

0.50 5.2 ± 0.3 a 0.33 ± 0.01 a 18.0 ± 0.8 bcd

0.75 5.1 ± 1.1 a 0.33 ± 0.07 a 18.6 ± 0.5 b

1000

100
0.25 2.5 ± 0.3 c 0.13 ± 0.02 c 17.8 ± 0.5 ab

0.50 2.7 ± 0.3 c 0.14 ± 0.03 c 17.3 ± 1.0 ab

0.75 2.5 ± 0.2 c 0.13 ± 0.01 c 18.3 ± 0.5 a

200
0.25 4.5 ± 0.6 b 0.24 ± 0.03 b 17.8 ± 0.5 ab

0.50 4.6 ± 0.4 b 0.25 ± 0.03 b 18.0 ± 0.8 ab

0.75 5.2 ± 0.5 b 0.27 ± 0.03 b 17.0 ± 0.8 b

300
0.25 7.2 ± 0.8 a 0.35 ± 0.03 a 15.5 ± 0.6 c

0.50 5.4 ± 1.2 b 0.33 ± 0.03 a 17.8 ± 1.0 ab

0.75 6.4 ± 0.4 a 0.36 ± 0.04 a 15.8 ± 1.5 c

1500

100
0.25 2.6 ± 0.2 d 0.13 ± 0.01 d 17.5 ± 0.6 cd

0.50 3.2 ± 0.4 d 0.17 ± 0.03 d 17.4 ± 1.1 cd

0.75 2.7 ± 0.6 d 0.17 ± 0.02 d 18.1 ± 0.6 bc

200
0.25 5.7 ± 0.6 c 0.24 ± 0.03 c 16.9 ± 0.6 d

0.50 5.9 ± 0.4 c 0.25 ± 0.03 c 17.5 ± 0.6 cd

0.75 5.2 ± 0.7 c 0.31 ± 0.03 b 18.6 ± 0.5 ab

300
0.25 7.6 ± 0.8 ab 0.41 ± 0.03 a 17.8 ± 1.0 bcd

0.50 7.4 ± 0.9 b 0.35 ± 0.05 b 16.9 ± 0.6 d

0.75 8.5 ± 1.0 a 0.41 ± 0.06 a 19.6 ± 0.8 a

Means and their standard deviations of five replicates (n = 5). Means within columns followed by different
letters are significantly different using the LSD test, p ≤ 0.05. Statistical grouping for each CO2 concentration was
performed separately.
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A significant 2-way interaction was found between the CO2 concentration and illu-
mination intensity on lettuce root fresh weight and length, with effect sizes of 24% and
21%, respectively (Table 3). Air speed, on the other hand, interacted significantly with CO2
concentration on the root length, with an effect size of 22%, and with illumination intensity
on the root fresh weight and root length, with effect sizes of 16% and 14%, respectively
(Table 3). Furthermore, there was a 3-way interaction with effect sizes of 19% and 32% on
the root fresh weight and root length, respectively (Table 3). According to the results, the
highest root fresh weight of 8.5 g/plant, root dry weight of 0.41 g/plant and root length of
19.6 cm were observed under a CO2 concentration of 1500 µmol mol−1, an illumination
intensity of 300 µmol m−2 s−1 and an air speed of 0.75 m s−1 (Table 4).

3.3. Photosynthesis, Transpiration and Stomatal Conductance

CO2 concentration, illumination intensity and air speed all had positive correlations
and large effect sizes on the photosynthetic rate (Table 1). The photosynthetic rate increased
by 19.3% when the CO2 concentration increased from 500 to 1000 µmol mol−1, 58.5% when
illumination intensity increased from 100 to 300 µmol m−2 s−1 and by 8.5% when the
air speed increased from 0.25 to 0.75 m s−1 (Figure 3). The highest photosynthetic rate
of 20.6 µmol CO2 m−2 s−1 was found with a CO2 concentration of 1000 µmol mol−1, an
illumination intensity of 300 µmol m−2 s−1 and an air speed of 0.75 m s−1 (Figure 3).
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The correlation between the illumination intensity and transpiration rate and between
illumination intensity and stomatal conductance was found to be positive (Table 1). Fur-
thermore, the illumination intensity had a large effect size on both the transpiration rate
and stomatal conductance (Table 1). The increase in illumination intensity from 100 to
300 µmol m−2 s−1 increased the transpiration rate and stomatal conductance by 34.9%
(Figure 4) and 42.1% (Figure 5), respectively. The transpiration rate and stomatal conduc-
tance were negatively correlated with CO2 concentration and air speed (Table 1). The
transpiration rate decreased by 17.5% when CO2 concentration increased from 500 to 1500
µmol mol−1 and by 12.8% when the air speed increased from 0.25 to 0.75 m s−1 (Figure 4).
In general, the highest transpiration rate of 3.6 µmol H2O m−2 s−1 was observed at a CO2
concentration of 500 µmol mol−1, an illumination intensity of 300 µmol m−2 s−1 and an
air speed of 0.25 m s−1 (Figure 4). Stomatal conductance increased by 33.5% when CO2
concentration increased from 500 to 1000 µmol mol−1, then decreased by 41.4% when
CO2 concentration increased from 1000 to 1500 µmol mol−1 (Figure 5). An increased air
speed from 0.25 to 0.75 m s−1 reduced the stomatal conductance by 15.3% (Figure 5). In
comparison to the effect of CO2 concentration, increasing air speed had a small effect size
on reducing stomatal conductance (Table 1). The highest stomatal conductance of 0.54 mol
H2O m−2 s−1 was found at a CO2 concentration of 1000 µmol mol−1, an illumination
intensity of 300 µmol m−2 s−1 and an air speed of 0.25 m s−1 (Figure 5). All two-way
interactions were significant (Table 3). The most influential interactions were found in the
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photosynthetic rate. The effect size of the interaction between CO2 concentration and illu-
mination intensity was 52%, while the effect size of the interaction between the illumination
intensity and air speed was 67% (Table 3). Furthermore, there was a 3-way interaction on
the photosynthetic rate, transpiration rate and stomatal conductance, with effect sizes of
51%, 26% and 13%, respectively (Table 3).
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3.4. Light Use Efficiency

Light use efficiency was found to be significantly related to CO2 concentration and
illumination intensity (Table 1). Light use efficiency increased by 19.6% with increasing CO2
concentrations from 500 to 1500 µmol mol−1, while it decreased by 19.1% with increasing
illumination intensity from 100 to 300 µmol m−2 s−1 (Figure 6). There was no significant
effect of air speed on the light use efficiency (Table 1).
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A significant interaction between CO2 concentration and illumination intensity on
light use efficiency was found, with an effect size of 41% (Table 3). Additionally, there
was a significant 3-way interaction with an effect size of 29% (Table 3). The highest light
use efficiency of 5.6% was observed under a CO2 concentration of 1500 µmol mol−1, an
illumination intensity of 100 µmol m−2 s−1 and an air speed of 0.75 m s−1 (Figure 6).

4. Discussion
4.1. The Effects of CO2 Concentration, Illumination Intensity and Air Speed on Lettuce Growth

Plant growth is the result of the interaction of various environmental factors. In an
indoor cultivation system, the most important factors that directly influence plant growth
and development are CO2 concentration, light environment and air speed [7]. CO2 is
a necessary raw material for photosynthesis and has an impact on many physiological
processes associated with plant growth [39,40]. Light is the only source of energy and
signals needed for photosynthesis [12]. During photosynthesis and transpiration, air speed
provides a mechanism for the transport of CO2 and H2O through the leaf’s boundary
layer [25,36].

Our results show that CO2 concentration and illumination intensity have a significant
effect on the growth of lettuce plants (Table 1). The increased growth of lettuce plants in
response to increasing CO2 concentration and illumination intensity can be attributed to
the critical roles of both variables in photosynthesis improvement [41,42]. Many previous
studies discussed the positive effects of CO2 concentration and illumination intensity on
the growth and productivity of lettuce plants grown under artificial light [2,4,43–46]. Illu-
mination intensity is the most important factor in regulating plant biosynthesis as it plays
an important role in the photochemical reaction that converts CO2 into carbohydrates [13].
Carbohydrates are the most easily available form of energy in plants because hormone
metabolism depends on the supply of carbohydrates. High carbohydrate production may
result in higher hormone concentrations, which may improve plant growth [47]. Our
results agree with those of Chang et al. [48] and Sago [21], who found that an illumination
intensity of 300 µmol m−2 s−1 increased the growth of lettuce plants grown under artificial
lighting. Furthermore, it is widely known that CO2 enrichment stimulates the growth and
productivity of lettuce plants [32]. Zhang et al. [49] found that increasing CO2 concentration
to 1000 µmol mol−1 increased the production of Italian lettuce by 21%.

While there was a significant effect of air speed on lettuce growth (Table 1), it was small
in size and all of the correlations between air speed and lettuce growth were not significant
(Table 1). This result indicates that air speed has an indirect effect on lettuce growth. The
effect of air speed on lettuce shoot growth was found to be related to CO2 concentration.
Under a CO2 concentration of 500 µmol mol−1 and illumination intensities of 200 and
300 µmol m−2 s−1, the shoot fresh weight decreased as air speed increased to 0.75 m s−1

(Figure 1). This result can be explained by the fact that as the air speed increases, the CO2
concentration in the leaf boundary layer decreases [7]. A similar effect was observed with a
CO2 concentration of 1000 µmol mol−1 and an illumination intensity of 300 µmol m−2 s−1.
(Figure 1). In this case, the decrease in lettuce fresh weight is attributed to the negative effect
of high illumination intensity and high air speed on lettuce seedlings’ growth during the
first week. Therefore, high illumination intensity and high air speed are not recommended
for lettuce seedling growth during the first days of transplant. Chen [50] reported that high
air speed reduced lettuce yields and resulted in smaller plants with fewer leaves. Therefore,
the air speed should be gradually increased as the growth rate of lettuce increases. During
the first week of growth, an air speed of 0.25 m s−1 was found to be sufficient for lettuce
seedlings, and 0.75 m s−1 has been reported as a sufficient rate for improving air movement
within the canopy of fully grown lettuce plants [29,30,36].

In terms of two-way interactions (Table 3), the most influential interactions were
observed between CO2 concentration and illumination intensity (Table 3). Both CO2 con-
centration and illumination intensity are important in photo assimilation, which improves
carbohydrate production and the growth of lettuce plants [47]. Lee and Park [41] also
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found that the growth and productivity of lettuce plants grown in a plant factory increased
as the illumination intensity and CO2 concentration increased. The significant interaction
between CO2 concentration and air speed can be explained by the low resistance in the leaf
boundary layer caused by increased air speed over the lettuce canopy, which facilitated
CO2 transport into the stomatal cavity during photosynthesis [25,51]. On the other hand,
the significant interaction between illumination intensity and air speed can be explained
by the two variables directly affecting the conductance of heat and water transfer through
the leaf boundary layer [36]. The significant three-way interaction on the shoot fresh and
dry weights confirms the critical role of CO2 concentration, illumination intensity, and air
speed in the heat and gas exchange processes of lettuce plants with their surroundings.

The root system substantially influences plant growth and improves water and nutrient
uptake from the growing media [7,15]. Our results reveal that the growth of lettuce roots is
significantly affected by CO2 concentration and illumination intensity (Table 1) as well as
their interactions (Table 3). However, the effect size of illumination intensity is found to be
higher than that of CO2 concentration (Table 1). Illumination intensity may, therefore, be the
most effective factor in the growth and development of lettuce roots. The dominant effect
of light environment on the development of lettuce roots was discussed by Lin et al. [15].
In their study, the normal shape and dense morphology of lettuce plant roots treated with
red, blue and white LEDs were found. Johkan et al. [52] reported that the highest root dry
weight was observed under an illumination intensity of 300 µmol m−2 s−1. Additionally,
Yue et al. [47] investigated the effect of CO2 enrichment on the root development of
tomato seedlings grown under artificial lighting. The results show that increasing the CO2
concentration to 800 µmol mol−1 increases the root fresh and dry weights, total root length,
root surface area, root-tip numbers and root diameter, all of which are conducive to the
formation of a strong root system. The results obtained in this study are also consistent
with those obtained by Park et al. [32] who found that the fresh and dry weights, as well
as the length of the roots of lettuce plants grown under red, blue and white LEDs with an
illumination intensity of 140 µmol m−2 s−1, increased as the CO2 concentration increased
from 350 to 1000 µmol mol−1. In this study, lettuce growth showed similar responses in
some treatments due to the interaction of CO2 concentration, illumination intensity and
air speed. As a result, more research into the economic costs of lettuce production under
various environmental factors is needed.

4.2. The Effects of CO2 Concentration, Illumination Intensity and Air Speed on Lettuce
Gas Exchange

The interactive control of CO2 concentration, illumination intensity and air speed had
a significant effect on lettuce gas exchange (Table 1). Our results show that increasing the
intensity of illumination is associated with an increase in photosynthetic rate, transpiration
rate and stomatal conductance. The red and blue light emitting diodes used as a light
source in this study are effective in promoting photosynthesis by increasing chlorophyll
absorption [3,15,16,53]. Furthermore, among the various factors influencing stomatal
conductance, the light environment is the most influential [3,18,23]. Illumination intensity
affects stomatal conductance by increasing proton driving force [53] and the development
of stomata is related to illumination intensity [54].

Many studies have also shown that CO2 concentration is a limiting factor for photosyn-
thesis and growth in many indoor cultured crops [34,39,46]. According to Park et al. [32],
the photosynthetic rate increased significantly as CO2 concentration increased. The nega-
tive correlation between CO2 concentration and transpiration rate (Table 1) indicates that
as CO2 concentration increases, transpiration rate decreases. This finding can be attributed
to an increase in CO2 concentration, which causes a decrease in stomatal conductance
(Figure 5). Yasutake et al. [55] found that an increase in CO2 significantly increased the rate
of photosynthesis, whereas the rate of transpiration and stomatal conductance decreased.

Manipulating air speed in indoor cultivation systems is essential to improve CO2
and H2O transport through the boundary layer of the leaf. According to the results,
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increasing air speed is associated with increased photosynthesis (Table 1). This result can
be explained by an increase in the diffusion of CO2 through the leaf boundary layer as
the air speed increases [27]. Conversely, both transpiration rate and stomatal conductance
were negatively correlated with air speed. However, air speed in the range of 0.25–0.75 m
s−1 had a small effect size in reducing transpiration and stomatal conductance (Table 1).
Kitaya [56] found that at a low air speed, the reduction in transpiration rate was greater than
the reduction in photosynthetic rate. Kitaya et al. [25], Yabuki [26] and Ahmed et al. [36]
also reported that air speed in the range between 0 and 0.8 m s−1 showed a limited effect
on reducing stomatal conductance.

All two-way interaction effects on photosynthesis, transpiration and stomatal conduc-
tance were significant (Table 3). Under constant illumination intensity, an increase in CO2
concentration was accompanied by an increase in photosynthetic rate and a decrease in
transpiration rate and stomatal conductance. High illumination intensity and low CO2
concentration induce stomatal opening, while high illumination intensity and high CO2
concentration induce stomatal closure [23]. However, increasing CO2 concentration from
1000 to 1500 µmol mol−1 resulted in a decrease in transpiration rate (Figure 4) and stomatal
conductance (Figure 5), whereas increasing CO2 concentration from 500 to 1000 µmol mol−1

increased the photosynthetic rate, transpiration rate and stomatal conductance. This result
is consistent with that of Park et al. [32], who found that photosynthesis, transpiration
and stomatal conductance significantly increased as the CO2 concentration increased from
350 to 1000 µmol mol−1.

The interaction between illumination intensity and air speed had a large effect on
photosynthesis, but a small effect on transpiration and stomatal conductance (Table 3).
Under constant illumination intensity, increased photosynthesis and decreased stomatal
conductance were accompanied by increased air speed. Accordingly, stomatal conductance
does not control the photosynthetic rate of lettuce plants, except when the resistance in
the boundary layer is very high [27]. Additionally, the small effect size of the interaction
between illumination intensity and air speed on transpiration and stomatal conductance
indicates that illumination intensity was the most influential factor [54].

The results in Table 3 also show a significant interaction between air speed and CO2
concentration in photosynthesis, but the effect size is small. These findings indicate that
the low resistance in the boundary layer caused by increased air speed over the lettuce
canopy improves CO2 transport during photosynthesis. The findings reported above
are also consistent with those reported by Kitaya et al. [25], who investigated the effect
of air speed ranging from 0.1 to 0.8 m s−1 and CO2 concentrations ranging from 400 to
800 µmol mol−1 on the photosynthetic rate of tomato transplants. The results showed that
the photosynthetic rate was 1.2 times higher at a CO2 concentration of 800 µmol mol−1 than
at a concentration of 400 µmol mol−1. In contrast, the photosynthetic rate was 1.3 times
higher when the air speed was 0.4 m s−1 than when the air speed was 0.1 m s−1.

In terms of three-way interactions, the results in Table 3 show a significant interaction
effect on photosynthesis, transpiration and stomatal conductance. These interactions confirm
that the integrative effects of CO2 concentration, illumination intensity and air speed have a
significant impact on the gas exchange of lettuce plants grown under artificial lighting.

4.3. The Effects of CO2 Concentration, Illumination Intensity and Air Speed on Lettuce Light
Use Efficiency

Light use efficiency is an important factor in evaluating the performance of lighting
systems [10]. The cost of electrical energy consumed by artificial lighting is one of the
main challenges that limit the usage of indoor cultivation systems in the commercial
production of leafy vegetables [6]. Previous studies focused on the effect of the lighting
environment on light use efficiency [2,4,44,57]. However, little attention has been paid
to the integrative effect of CO2 concentration, illumination intensity and air speed on
light use efficiency. The results show that light use efficiency is strongly affected by and
positively correlated with CO2 concentration (Table 1). This finding could be explained
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by an increase in the dry weight of lettuce plants as the CO2 concentration increased.
Light use efficiency, on the other hand, was negatively related to illumination intensity
(Figure 6), indicating that high consumption of electrical energy reduces light use efficiency
in plants. These results are consistent with those reported by Zhang et al. [2]. Generally, the
various combinations of CO2 concentration, illumination intensity and air speed showed
similar effects on the light use efficiency in some treatments (Figure 6). For example, light
use efficiency obtained under a CO2 concentration of 1500 µmol mol−1, an illumination
intensity of 200 µmol m−2 s−1 and an air speed of 0.50 m s−1 was also achieved under a
CO2 concentration of 1000 µmol mol−1, an illumination intensity of 300 µmol m−2 s−1 and
an air speed of 0.25 m s−1, indicating that electrical energy consumption can be reduced
drastically with the optimal control of CO2 concentration, illumination intensity and air
speed in a plant factory with artificial lighting.

5. Conclusions

The integrative effects of CO2 concentration, illumination intensity and air speed on
the growth, gas exchange and light use efficiency of lettuce plants grown in a plant factory
were investigated. The interaction between CO2 concentration and illumination intensity
substantially affected the growth and development of indoor lettuce plants. Furthermore,
under the interaction of CO2 concentration and illumination intensity, many positive effects
related to lettuce gas exchange and light use efficiency were observed. During the first days
after transplantation, a CO2 concentration of 1000 µmol mol−1, an illumination intensity of
200 µmol m−2 s−1 and an air speed of 0.25 m s−1 were sufficient for the growth of indoor
lettuce seedlings. To maximize lettuce growth during the last days of transplantation, a
CO2 concentration of 1000 µmol mol−1, an illumination intensity of 300 µmol m−2 s−1 and
an air speed of 0.75 m s−1 are recommended. A decrease in stomatal conductance with an
increase in CO2 concentration or air speed had no negative effect on the photosynthesis of
fully-grown lettuce plants. Although the effect of air speed on lettuce growth was small, it
had a noticeable effect on photosynthesis. Based on the results of this experiment, similar
responses in the growth of indoor lettuce plants and light use efficiency were observed
due to the three-way interaction between CO2 concentration, illumination intensity and air
speed. Thus, further research on the analysis of the economic costs of lettuce production
under different environmental conditions is needed to maximize the economic benefits of
indoor cultivation systems.
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