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Introduction
Light sources based on light emitting diode (LED) tech-

nology are often suggested as suitable light sources for horti-
cultural purposes (Morrow, 2008). One of the most attractive 
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features with the LED technology is the possibility to cus-
tomise the light spectrum by building a fixture with different 
types of diodes, whereas the commonly used high pressure 
sodium (HPS) lamps have a fixed spectrum. Using LED tech-
nology thus introduces the possibility of tailoring the light 
spectrum and even adjusting the spectral output of the lamps 
over time. This creates new options for using LED light to 
control plant growth and development (Folta and Childers, 
2008; Van Ieperen, 2012). It has also been suggested as a 
possible way to increase the photosynthetic rate, by using 
wavelengths targeting the peaks in the photosynthetic action 
spectrum (Pinho, 2008). Moreover, using LED technology 
could result in significant savings in the amount of electrici-
ty used for driving photosynthesis in greenhouse operations 
owing to the higher electric power conversion rate by the 
blue and red LEDs compared with discharge lamps and also 
owing to the ability to supply wavelengths with the highest 
photosynthetic response (Poulet et al., 2014). The total light-
ing efficiency of a greenhouse system has been described as 
a combination of the electric efficiency of the light source and 
the plant response to the actual light quality produced by the 
light source (Nelson and Bugbee, 2014). The electric pow-
er conversion rate of commercial LED fixtures is currently 
around 2.4 µmol W-1,  compared with 2.0 µmol W-1 for 1,000 
W HPS (Bergstrand et al., 2015), indicating potential for en-
ergy saving by using LED-based technology. 

However, initial results using lamps with light mainly in 
the blue (~460 nm) and red (~660 nm) spectral region have 
sometimes been disappointing, an effect that may be attrib-
utable to the low infrared radiation from LED lamps resulting 
in lower leaf temperature (Bergstrand and Schüssler, 2013; 

 Summary
Background: The use of light emitting diode (LED) 

technology within plant lighting applications pro-
vides possibilities for designing specific spectra for 
different purposes. In order to maximise the use of 
light, it has been suggested that the light spectrum 
should be composed with respect to the photosyn-
thetic response of the green plant. In greenhouse ap-
plications, artificial light is often used in combination 
with CO2 injection to increase the concentration of CO2 
in the greenhouse air to 600–900 µmol mol-1. Objec-
tives: The objective of this study was to examine inter-
actions between light quality and CO2 concentration 
with respect to photosynthesis in horticultural plants. 
Methods: Experiments using leaf-chamber photosyn-
thesis measurements were performed in order to 
examine plant responses to different wavelengths in 
relation to CO2 concentration. Three different plant 
species were used in the experiments; Solanum lyco-
persicum (tomato), Cucumis sativus (cucumber) and 
Euphorbia pulcherrima (poinsettia). Photosynthesis 
was measured using four different narrow-band light 
qualities; 450 nm (blue), 530 nm (green), 620 nm 
(orange) and 660 nm (red). In addition, four differ-
ent CO2 concentrations were used for measurements; 
400, 600, 800 and 1,000 µmol mol-1. Results: The re-
sults revealed a clear difference in photosynthetic 
response to the four different wavelengths used, with 
the highest carbon assimilation obtained when the 
plants were subjected to 620 nm light, followed by 
660, 530 and 450 nm. However, there was no inter-
action between light quality and CO2 concentration. 
Conclusions: In tomato and poinsettia, but not in cu-
cumber, a multi-wavelength spectrum also containing 
green wavelengths results in higher photosynthet-
ic activity than a narrow-band spectrum composed 
solely of blue and red wavelengths. However, increas-
ing the CO2 concentration has a much larger effect 
than changing the spectral distribution, emphasising 
the importance of good control of CO2 concentration 
in the greenhouse.
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Significance of this study
What is already known on this subject?
• It is already known that light quality and CO2 

concentration individually affect photosynthesis in 
green plants. 

What are the new findings?
• This study demonstrates that a combined spectrum 

gives higher photosynthesis than red-blue light, but 
that there is no interaction between light quality and 
CO2 concentration regarding photosynthesis.

What is the expected impact on horticulture?
• Light fixtures designed for horticultural purposes 

should provide a combined spectrum and that 
accurate control of CO2 concentration to >800 µmol 
mol-1 is important.
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Dueck et al., 2011). However, even when comparing plant 
performance with respect to light source in growth cham-
bers with negligible differences in leaf temperature, plants 
cultivated with narrow-band light in the blue and red area do 
not perform better than plants grown with HPS lamps (Berg-
strand et al., 2016).

Modern commercial greenhouses and plant factories 
operate at a high technical level, with possibilities for con-
trolling temperature, humidity, fertigation and CO2 con-
centration with high accuracy. CO2 is injected to maintain a 
concentration of 600–900 µmol mol-1 in order to increase 
growth (Mortensen, 1987). The introduction of new LED-
based lighting technology also introduces the possibility for 
controlling the light environment to a high extent. However, 
little is known about the interactions between light quality 
and other climate factors such as CO2 concentration and fur-
ther efforts are needed to optimise the use of artificial light 
in horticultural applications (Hemming, 2011). In order to 
make the most efficient use of the supplementary light to re-
duce energy consumption and to enable reasonable pay-back 
times on the investment costs connected with installing LED 
technology, these interactions need to be clarified.

This study examined the photosynthetic performance of 
three horticultural plant species in relation to light quality  
and CO2 concentration. The hypotheses tested were that:  
i) photosynthetic response is related to an interaction be-
tween light quality and CO2 concentration; ii) CO2 concentra-
tion has a larger impact on photosynthesis than light quality; 
and iii) a combined spectrum is more efficient for driving 
photosynthesis than a narrow-band spectrum.

Materials and methods

Experiment 1
1. Plant material. Three plant species were used in the 
experiments: tomato, Solanum lycopersicum L. ‘Espero’; cu-
cumber, Cucumis sativus L. ‘Odeon’; and poinsettia, Euphor-
bia pulcherrima Klotzsch ‘Christmas Feeling’. Tomato and 
cucumber were cultivated from seeds sown in 12-cm pots 
with ‘Veksttorv’ peat-based growing medium (Degernes 

Torvstrøfabrikk AS, Degernes, Norway). The growing plants 
were fertigated with nutrient solution (Kristalon Indigo NPK 
9-5-25+micronutrients, +Ca(NO3)2, Yara, Oslo, Norway) at 
electric conductivity of 1.5 mS cm-1. Poinsettia plants were 
propagated from stem cuttings with three leaves remaining, 
which were placed in a peat-based growing medium as de-
scribed above. All plants were grown in a greenhouse cham-
ber with the following climate set-points: heating at 18°C, 
ventilation at 22°C and misting if the relative humidity was 
below 70%. Supplementary lighting (a combination of HPS 
and high pressure mercury lamps (HPI) at ratio 2:1, 100–120 
µmol m-2 s-1) was supplied to maintain a photoperiod of 16 
h day-1. 
2. Measurements. Photosynthesis measurements were 
performed using a CIRAS 2 portable gas-exchange photosyn-
thesis measurement system (PP Systems International, Inc., 
Amesbury, MA, USA). The area of leaf segment measured was 
2.3 cm2 and 4-week-old (cucumber), 6-week-old (tomato) 
or 10-week-old (poinsettia) plants were used for measure-
ments. Before the photosynthesis measurements, the plants 
were transferred to a climate chamber with no natural light 
and with a climate controlled to 20.0 ± 0.5°C, 70 ± 5% RH. 
Light was provided using an adjustable LED lamp (Helio-
spectra L4A, Heliospectra AB, Gothenburg, Sweden). The 
quality of the light output was measured using a JAZ spec-
trometer (Ocean Optics Inc., Dunedin, FL, USA) (Figure 1).

The third fully expanded leaf, counting from the apex, 
was used for measurements. All measurements were made 
at a photosynthetic photon flux density (PPFD) of 100 ± 5 
µmol m-2 s-1, measured at the top of the leaf chamber with 
a light meter (Li-Cor Li 250, Li-Cor, Lincoln, NE, USA). This 
light intensity was chosen to ensure that it was in the lin-
ear region of the light response curve (Paradiso et al., 2011). 
Measurements were made at four different wavelengths of 
narrow-band light, with peaks at 450, 530, 620 and 660 nm, 
and at four different CO2 concentrations, 400 ± 4, 600 ± 6, 
800 ± 8 and 1,000± 10 (± 1%) µmol mol-1. Plants were al-
lowed to adapt for at least 20 minutes after any change in 
light quality or CO2 concentration before any measurements 
were made.

Figure 1. Relative spectral distribution of the narrow-band wavelengths used in the experiments.
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FIGURE 1. Relative spectral distribution of the narrow-band wavelengths used in the experiments. 
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Experiment 2
1. Plant material. Plant material was produced as for Ex-
periment 1.
2. Measurements. Gas exchange measurements were per-
formed using a CIRAS 2 leaf chamber photosynthesis meter 
(PP Systems International, Inc. Amesbury, MA, USA) as de-
scribed for Experiment 1. Measurements were made using 
two different spectra; spectrum 1 contained the wavelengths 
with peaks at 450 (blue, B) nm and 660 (red, R) nm (B:R 1:5) 
and spectrum 2 contained the wavelengths with peaks at 450 
(B), 530 (green, G), 620 (orange, O) and 660 (R) nm (B:G:O:R 
2:1:1:10). Measurements were made at a light intensity of 
200 µmol m-2 s-1, a temperature of 20°C and at four different 
CO2 concentrations; 400, 600, 800 and 1,000 µmol mol-1. 

Statistics
Three different plants of each cultivar (two for Experi-

ment 2) were used and 20 individual measurements were 
made on each plant. To calculate differences and interactions 
in Experiment 1, a General Linear Model (GLM) was applied, 
with means from the 20 measurements on each plant regard-
ed as one observation (n = 3). A Tukey pair-wise comparison 
test was used to separate means at p < 0.05. For Experiment 
2, one-way ANOVA was used to test for differences. All calcu-
lations were performed using Minitab 16 (Minitab Inc., State 
College, PA, USA). 

Results
Net photosynthesis in tomato and poinsettia, but not 

in cucumber, was affected by light quality (Table 1). For all 
three plant cultivars, narrow-band orange (620 nm) and red 
(660 nm) light was the most effective for photosynthesis, fol-
lowed by green (530 nm) light. Blue (450 nm) light resulted 
in the lowest net photosynthesis for all cultivars in the exper-
iment (Figure 2), although for cucumber the photosynthetic 
response to blue light was not significantly different from 
that to green light. 

In terms of response to CO2 concentration, the different 
CO2 concentrations tested only resulted in differences for 
tomato and cucumber when data for all wavelengths were 
combined in a GLM (Table 1). On comparing net photosyn-
thesis with CO2 concentration for each wavelength, however, 
there was a strong positive linear correlation in the range 
400–1,000 µmol mol-1 (Figure 3). This response to increased 
CO2 concentration was stronger for tomato and poinsettia 
than for cucumber (Figure 3). Data analysis revealed no in-
teraction effects between light quality and CO2 concentration 
(Table 1). 

In Experiment 2, a combined spectrum composed of four 
different wavelengths resulted in higher net photosynthesis 
than a narrow-band spectrum composed of just two wave-
lengths for tomato and poinsettia (Figure 4). However, this 
was dependent on the CO2 concentration, with the most pro-
nounced differences at lower CO2 concentrations (400–600 

µmol mol-1). For cucumber, the trend was the opposite, with 
no differences in net photosynthesis for the two spectra, but 
slightly lower photosynthesis at a CO2 concentration of 1,000 
µmol mol-1 when using a combined spectrum instead of a 
narrow-band spectrum.

Figure 2. Net photosynthesis (Pn) resulting from different 
light qualities and CO2 concentrations in a) tomato, b) cu- 
cumber and c) poinsettia. Measurements were made us-
ing a leaf chamber photosynthesis meter measuring at 100 
µmol m-2 s-1 light intensity and 20°C temperature (mean ± SE, 
n = 60).
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Table 1. Probability (P-value) of combined effects of light 
wavelength and CO2 concentration on net photosynthesis 
in three horticultural plant species (General Linear Model, 
n = 3).

Factor Tomato Cucumber Poinsettia
Wavelength 0.012 0.267 0.007
CO2 concentration 0.000 0.004 0.065
Wavelength × CO2 0.968 1.000 0.724
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Figure 3. Net photosynthesis (Pn) of a) tomato, b) cucumber 
and c) poinsettia at four different types of narrow-band light 
(peaks at 450, 530, 620 and 660 nm) as a function of dif-
ferent ambient concentrations of CO2. Measurements were 
made at 100 µmol m-2 s-1 light intensity and at a surrounding 
air temperature of 20°C (mean ± SE, n = 60). Lines represent 
linear regression. 

9 

 
 
  

0

1

2

3

4

5

6

400 600 800 1000

P
n

(µ
m

ol
 m

-2
s-

1 )

CO2 concentration (µmol mol-1)

Tomato

0

1

2

3

4

5

6

400 600 800 1000

P
n

(µ
m

ol
 m

-2
s-

1 )

CO2 concentration (µmol mol-1)

Cucumber

0

1

2

3

4

5

6

400 600 800 1000

P
n

(µ
m

ol
 m

-2
s-

1 )

CO2 concentration (µmol mol-1)

Poinsettia
450

530

630

660

Linear 
(450)
Linear 
(530)
Linear 
(630)
Linear 
(660)

a 

Figure 4. Net photosynthesis (Pn) of A)  tomato, B) cucum-
ber and C) poinsettia measured at four different CO2 concen-
trations and two different light spectra; one narrow-band 
spectrum composed of 450 and 660 nm light (NBL) and one 
combined spectrum composed of 450, 530, 620 and 660 nm 
(Cont) (mean ± SE, n = 60). Different letters indicate signifi-
cant difference at 5% level.
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Discussion
The results obtained did not confirm hypothesis (i), as 

there were no interaction effects between light quality and 
CO2 concentration for the three plant species studied. This 
indicates that stomata conductance of CO2 was not a limiting 
factor for CO2 uptake in the conditions provided. Blue light 
increases stomata aperture (Sharkey and Raschke, 1981; 
Tallman and Zeiger, 1988), which would have led to lower 
response to increased CO2 concentration in the blue region of 
the spectrum. The increased photosynthesis resulting from 
increased CO2 concentrations in the range 400–1,000 µmol 
mol-1 is in good agreement with findings described else-
where (Mortensen, 1987) and supports our hypothesis (ii). 

The photosynthetic response was highest for orange 
light (620 nm), which conforms with the generalised photo-
synthetic spectrum presented by McCree (1972). This sup-
ports our hypothesis (iii) and also confirms the claims that 
the orange-red region of the light spectrum is essential for 
horticultural production (Nelson and Bugbee, 2014) and 
that light spectra consisting only of blue and deep-red parts 
are not optimal for plant growth (Lin et al., 2013). Further 
evidence of the importance of applying full-spectrum light, 
including the green part of the spectrum, was provided by 
the fact that, for tomato and poinsettia, full-spectrum light 
resulted in higher photosynthesis rate than the narrow-band 
light composed of 450 and 660 nm. The positive effects from 
adding green light to the spectrum might derive from better 
spread and distribution of light within the canopy and within 
the leaf. The green light transmitted by the upper leaf layers 
would then be absorbed by the lower leaf layers, ensuring 
that the whole canopy performs active photosynthesis (Kim 
et al., 2004; Wang and Folta, 2013). In this study, only one 
leaf layer was used for measurements. However, even for a 
single leaf, a portion of green light in the light spectrum will 
help to achieve a more even distribution of light within the 
leaf (Sun et al., 1998), thus probably reducing the risk of pho-
tochemical damping and chloroplast movement induced by 
high light resulting in lower light use efficiency (Terashima 
et al., 2009). It is obvious from our data that photosynthetic 
action spectra such as that presented by McCree (1972) only 
have an effect when specific wavebands are applied individ-
ually, but not when they are combined, meaning that these 
kinds of action spectra are not useful for assessing the effi-
ciency of different combined light spectra. 

For various reasons, attempts to date to optimise the 
use of light by plants through using narrow-band solid state 
lighting technology have not been very successful. One rea-
son might be that light quality is the only parameter changed 
in those experiments, without adjustment of other climate 
parameters that might be necessary to obtain maximum 
photosynthetic output for the actual spectrum. Adjustment 
of air temperature might be one measure that needs to be 
taken to compensate for lower long-wave radiation from 
LED-based light sources. It can be concluded from the results 
in this study that a light spectrum designed for maximum 
photosynthesis should be a continuous spectrum also con-
taining light in the 500–600 nm range and that elevating the 
CO2 concentration to >600 µmol mol-1 is crucial. 
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