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Summary

New lighting technologies of interest for the green-
house horticulture have been introduced in the market
during the last couple of years. The LED-technology
has attended special interest from researchers and
business, with attractive features such as long lifetime,
high efficiency and possibilities for tailoring the light
spectrum. In this study, common horticultural crops
were grown in greenhouse conditions using different
LED-light sources as well as HPS-lamps for supple-
mentary lighting. Experiments were conducted both
during increasing (spring) and decreasing (fall) natu-
ral light conditions. Biometric as well as photosyn-
thetic evaluation of plant performance was performed.
Plant parameters such as internodal length, develop-

ment of flowers and lateral shoots, biomass accumula-
tion (fresh/dry weight) and developmental time were
recorded, in addition to photosynthesis and stomata
conductance. Results indicate that biomass production
was the highest when HPS-light was used. For photo-
synthesis and stomata conductance there were no
differences with respect to the different treatments.
Plant morphology was affected, with a reduction in
stem elongation when red/blue or white LEDs were
used as light source in ornamental plants grown during
autumn period, and development was also delayed
when LEDs were applied. However, in experiments per-
formed during springtime there were no differences in
plant morphology related to the different light sources.

Key words. Chrysanthemum – greenhouse horticulture – Kalanchoe – light emitting diode – Pelargonium –
Petunia – Solanum
Introduction

Artificial light is widely used in commercial greenhouses
in northern latitudes. Light is provided as i) photoperiodic
light to control flowering, ii) as supplementary light (SL)
to increase yield, to decrease the time for crop develop-
ment and to obtain higher produce quality. For ornamen-
tal pot plants, quality and timing are the main reasons for
SL (CANHAM 1966). Typical installations of SL at commer-
cial pot plant production sites are at around 4–20 W m–2

PAR, resulting in a photon flux at around 20–100 μmol
m–2 s–1 (EHRET et al. 1989). SL might be given during
daylight hours to compensate for low natural radiation, or
during night time to achieve a sufficient day length and daily
light integral during periods of natural short day conditions.

During the past decades, high pressure sodium lamps
(HPS) have been the main light source for horticultural
purposes. The HPS-technology is widely used (MOE 1997;
VAN IEPEREN and TROUWBORST 2008) due to its high energy
efficiency, long lifetime and relatively moderate invest-
ment costs. The HPS-technology encounter some imper-

fectness, such as spectral distribution of the light being
not optimal for plant growth (BULA et al. 1991; PINHO

2008) and strong radiant heat which may burn plants
placed too close to the light source (VAN IEPEREN and
TROUWBORST 2008). Fast technological developments dur-
ing the past decades have made light emitting diode
(LED) –technology commercially available also for hor-
ticultural purposes (MORROW 2008; PINHO 2008). One
major advantage with LED-technology is the freedom of
choice with respect to spectral distribution. By clustering
diodes with different spectral peaks, it is possible to
design a tailored spectrum (FUJIWARA et al. 2007) and also
to modify the spectrum over time. Other advantages
mentioned are low radiant heat (HOGEWONING et al. 2007)
and long lifetime (SCHUERGER et al. 1997). As pointed out
by some publications, more research is needed regarding
the application of LEDs in greenhouse horticulture
(HOGEWONING et al. 2007; PINHO 2008).

For most ornamental plants, the quality perception is
relying on compactness and the richness in flowers and
side-shoots (LÖFKVIST 2010). Compact plants are also
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requested by retailers as they are easy to transport and
handle (LÖFKVIST 2010). Growth regulation is a necessary
step in the domestication of wild plants into potted
ornamental plants (SKYTT ANDERSEN and ANDERSEN 2000).
To obtain the desired plant quality, chemical growth
retardants, such as flurprimidol, paclobutrazol and dami-
nozide are used (RADEMACHER 1994; SKYTT ANDERSEN and
ANDERSEN 2000). The use of chemical growth retardants is
questionable both from environmental and worker’s
health perspective. The number of available substances
for growth regulation is decreasing due to national and
EU regulations (HENDRIKS and UEBER 1995; LÖKKE and
CHRISTENSEN 2008). Alternative methods have been sug-
gested, such as negative DIF (MOE and HEINS 1990),
altered nutrient regimes (ASHER and LONERAGAN 1967;
BAAS et al. 1995) and controlled irrigation (LÖFKVIST

2010). These methods have so far not fully replaced the
chemical growth retardants. One additional option for
growth control is by manipulation of the light condi-
tions. Modification of the natural light by spectral filters
(RUNKLE et al. 2002), or shortening the photoperiod by
blackout screens (SCHÜSSLER and KOSIBA 2006) are possi-
ble methods. Also the quality of the light has strong influ-
ence on plant development (MOE and HEINS 1990; APPEL-
GREN 1991; HENDRIKS and UEBER 1995; FUKUDA et al. 2002;
FOLTA and CHILDERS 2008). An increasing proportion of
blue light is generally regarded to suppress the stem elon-
gation (APPELGREN 1991; SHIMIZU et al. 2005, 2006; FOLTA

and CHILDERS 2008), and additional red light will increase
the formation of lateral shoots (MOE and HEINS 1990).
Also wavelengths in the IR-spectrum directed towards
plants will affect plant growth (JOHNSON et al. 1996; FAUST

and HEINS 1997). The use of LED-technology will pose
possibilities for influencing plant growth and develop-
ment by manipulating the spectral quality (MASSA et al.
2008). However, this approach is yet poorly investigated
with respect to ornamental crops (MASSA et al. 2008).

The objectives of the present study were to investigate
possible increase in growth and product quality in orna-
mental pot plants when grown with optimized fix-spec-
trum LED-lamps as supplementary light source, as com-
pared to plants grown under conventional HPS lamps.
Our hypotheses were i) Plant biomass production will be
increased when applying supplementary light in an opti-
mized spectrum ii) Plant photosynthesis will be higher in
the optimized spectrum, as compared to HPS-light at the
same PPFD iii) Optimized spectrum will affect stem elon-
gation and lateral branching.

Materials and Methods

Experimental conditions and plant material

Two experiments were carried out within the present study,
one during autumn using short-day plants and one during
spring with vegetable transplants and bedding plants.

In the first experiment, Chrysanthemum × morifolium
‘Token’, Kalanchoë × blossfeldiana ‘Simone’ and Euphorbia
pulcherrima ‘Novia’ were potted in 11 cm pots with a
peat-based growing media (Hasselfors K-soil, Hasselfors
AB, Örebro, Sweden) and grown for 18 weeks from mid-
August to mid-December. The plants were grown in an
experimental greenhouse chamber of 100 m2 at Alnarp
research centre, southern Sweden. Greenhouse tempera-
ture was set to 18 °C day/night with ventilation opening at
20 °C. Three different light regimes were compared: i)
White LED, 4* 90 W, Broham Invest AB, Norsjö, Sweden,
ii) Red/blue LED (Red:Blue 8:1), 350 W (LightGrow, Hel-
singborg, Sweden) and iii) High Pressure Sodium, 250 W
(Philips, the Netherlands). The spectral distributions of the
light sources are shown in Fig. 1. The light intensity from
the supplementary light was adjusted to 100 μmol m–2 s–1

at the top of the canopy. Light was given for 16.0 h day–1

for the first five weeks of the experiment, thereafter pho-
toperiod was adjusted to 8.0 h day–1, equally distributed
before and after midday, to initiate flowers in the short-day
plants. To prevent cross-pollution by light between the
different treatments, the greenhouse chamber was divided
into smaller compartments by opaque black/ white reflect-
ing plastic foil. The chambers were open in the top, mean-
ing that the plants during day-time received a diffuse re-
flected daylight. Plants were hand-irrigated with respect to
water consumption and fertigated twice a week with nutri-
ent solutions, alternating Superba, NPK 14-4-21+micronu-
trients, or Ca(NO3)2 at EC 2.0 (Yara AS, Oslo, Norway).

In the second experiment, performed during spring,
tomato transplants and bedding plants were used. The
experiment was carried out in a greenhouse chamber
with the same climatic conditions as mentioned above.
Two weeks old tomato plantlets (Solanum lycopersicum
‘Aromata’) were potted in 13 cm pots in February and
cultivated for five weeks. Petunia × hybrida ‘Raspberry
Blast’ was potted in 13 cm pots in early March and culti-
vated for eight weeks. Pelargonium × hortorum ‘Ameri-
cana Light Pink Splash’ were potted in 13 cm pots in the
beginning of April and grown for nine weeks. All plants
were fertigated as in the experiment above.

Four different supplementary light regimes were
employed; i) White LED (2* 100 W, Ruud lighting inc.,
USA), ii) Red/blue LED 350 W (LightGrow, Helsingborg,
Sweden) iii) High Pressure Sodium, 250 W (Philips, the
Netherlands) and iv) no supplementary light. The sup-
plementary light was adjusted to 100 μmol m–2 s–1 at the
top of the canopy. Supplementary light was given for
8.0 h day–1 (8:00–16:00), whereas the natural light and
thus photoperiod was increasing from 10.0 to 17.5 h day–1

during the experimental period.

Biometric measurements

For all plant species, the length of the main shoot was
measured weekly during the experiment. At the end of
experiment total shoot length, plant height, width, No of
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lateral shoots, No of nodes, stem diameter, fresh weight
and dry weight was measured. The internodal length was
calculated by dividing the shoot length by the number of
nodes (for the longest shoot).

Photosynthesis measurements

Photosynthetic rate and stomata conductance was meas-
ured using the LCpro + analyser (ADC BioScientific Ltd,
UK). When measuring photosynthesis, blackout screens
were closed and plants received only artificial light at
100 μmol m–2 s–1. For Chrysanthemum measurements
were also performed using the LED-array built in into the
apparatus at light intensities from 0 to 1800 μmol m–2 s–1

as described by HOGEWONING et al. (2010), thus producing
a light-response curve. The ratio of blue:red in the LED
array used for the light response curve measurements
was 10:1. The measurements were performed on the 5th

fully developed leaf, from apex counted, and at ambient
CO2 and humidity conditions. The values were plotted
and curves were fitted to the data by non-linear regres-
sion using the model:

y = Theta 1*(1–exp(–Theta 2*(intensity+Theta 3)))

Physical measurements

The light intensity at the top of the canopy was measured
at the beginning and end of the experiment (Delta OHM
HD 2302.0, probe LP 471, Delta OHM, Padua, Italy). The
light intensity was measured with the planar sensor ad-
justed in the angle were the highest values was obtained
for each position of the cultivation area. The spectral
distribution of the different light sources was measured
at the beginning of the experiment using a spectroradi-

ometer (Licor LI-1800, LI-COR, Lincoln, USA). The tem-
perature of the leaf was measured using an IR-thermom-
eter (Raytek Raynger ST, Raytek corporation, Santa Cruz,
USA, accuracy: ± 2 °C). The measurements were per-
formed at different times of the day on the 5th fully devel-
oped leaf (from apex counted). The plants were well-wa-
tered and turgid at the times when measurements were
taken. The air temperature (°C) and humidity (RH %) at
canopy level was logged every 30 minutes by a datalogger
(HOBO U12, Onset computer corp. Bourne, USA). The
accuracy for the loggers was ± 0.35 °C for temperature
and ± 2.5 % for the humidity.

Statistics

All experiments were repeated twice in two consecutive
years. 10 replicate plants were used for each treatment.
Presented data are mean values from the two repetitions.
Treatment of the data obtained was done by one-way
ANOVA with Tukey’s multiple comparison test, p ≤ 0.05
considered as significant. For the temperature/humidity
measurements, all treatments were pairwise compared
using a t-test, with data were considered statistically dif-
ferent when they were separated by the t-test, and the
difference was larger than the temperature accuracy for
the sensor. All calculations were performed in Minitab 16
(Minitab inc. State College, USA).

Results

Results from experiment 1

For Chrysanthemum, photosynthetic rate was higher in the
red/blue light and lower in the HPS light, as compared to

Fig. 1. Spectral distribu-
tion from the light sources
used in the experiments.
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white light, when photosynthesis was measured using
light from the artificial light sources (Fig. 2 and Fig. 3).
When light was applied from red/blue LEDs to all treat-
ments at intensities from 0 to 1800 μmol m–2 s–1, there
was a trend, significant at 200 μmol m–2 s–1, of higher
photosynthesis capacity in plants grown with supplemen-
tary light from white LED. However, both fresh and dry
biomass was the highest for plants grown with HPS light
(Table 1). For Kalanchoe, dry weight was the lowest for
plants cultivated with red/blue LEDs and highest in plants
grown with white LEDs. For Chrysanthemum, the total
plant height at the end of the experiment was the highest
in the HPS-treatment, on the other hand, the number of
lateral shoots were less. Also for Euphorbia, the total
plant height was higher when the supplementary light
was produced by HPS-lamps. However, the internodal
length did not differ between treatments for either of the
plant species. The stem diameter was not affected by the
treatment for any of the plant species in the experiment.

The air temperature and humidity at canopy level was
affected by the treatment. When applying light from HPS-
lamps, the temperature was significantly higher than
when the light was generated by LEDs. At the same time,
relative humidity (% Rh) was lower (Table 2). Also leaf
temperature was affected by the source of light. Leaf tem-
perature was around 1 °C higher in plants subjected to HPS-
light, than plants that received light from LEDs. Develop-
ment time was delayed in the treatments with LED. The Kal-
anchoe plants reached marketable stage (anthesis) four days
later in the LED treatments than in the HPS-treatments.

Results from experiment 2

For the Solanum plants, grown during February–March
with low natural light, dry weight was lower for plants
grown with no supplementary light (Table 3). The stem

diameter was the lowest in plants grown in HPS-lamps
(data not shown). There were no differences with respect
to plant height or internodal length. The Petunia plants
became more elongated when grown without supple-
mentary light, whereas plants grown under HPS-lamps
had the shortest shoots. The number of flowers and lateral
shoots were the highest in plants grown in red/blue light.
The total biomass produced was the highest in red/blue
light and the lowest for plants grown in HPS-light. Photo-
synthesis measurements revealed no differences between
treatments. For Pelargonium the fresh- and dry weight
were the highest for plants grown with red/blue LEDs as
light sources. These plants were also the most branched
plants. When measuring photosynthesis and stomata
conductance applying only the artificial light, there were
no differences between the different light sources. During
the dark period of the day there were no differences
between treatments with respect to temperature and
humidity in the plant layer, and also during the period
when the lights were on there was no clear trend with
respect to temperature and humidity in the canopy. Both
Petunia and Pelargonium from all treatments represented
high-quality marketable plants at the end of the experi-
ment.

Discussion

When plants are grown in greenhouse environments the
effect of the quality of the supplementary light is depend-
ent on the amount of natural light present. As suggested
from our results, the quality of the supplementary light
will be of less significance when cultivation takes place in
springtime, with increasing daily light integrals, as com-
pared to cultivation during fall. In the experiment per-
formed during springtime, supplementary light was only

Fig. 2. Photosynthesis in
Chrysanthemum × morifo-
lium, cultivated in green-
house conditions using
three different sources
of supplementary light,
White LEDs, High Pressure
Sodium (HPS) and Red/
blue LEDs. Photosynthe-
sis was measured using
red/blue LEDs at 10 differ-
ent intensities. The curves
were fitted using the
model: y = Theta 1*(1–exp
(–Theta 2* (intensity +
Theta 3))). Asterisk (*)
marks significant differ-
ence at p < 0.05.
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applied when natural light was present. An approach
where the supplementary light was used for extension of
the natural photoperiod at the end or at the beginning of
the day would probably assign the light quality greater
impact on plant development. It is however clear from
our data that it is possible to make a significant impact on
plant quality with respect to plant height and the devel-
opment of lateral shoots. The increase in shoot length for
plants grown under HPS-lamps might be partly explained
by the light quality, but also the higher air temperature
will affect stem extension due to DIF effect. It is generally
suggested (KIM et al. 2004; FOLTA and CHILDERS 2008;
HOGEWONING et al. 2010) that a combination of red and
blue light should be favorable to plant biomass production
and photosynthesis. However, our results are to some

extent contradictory in this respect and not as clear as
expected. Our hypothesis that optimized light spectrum
will increase biomass production and photosynthesis
could not be confirmed.

Acclimation of plants to light quality has previously
been demonstrated by HOGEWONING et al. (2007) as well
as DUECK et al. (2012). Interestingly, data presented in
this paper indicates that plants grown using HPS-lamps
have less photosynthetic capacity when subjected to
red/blue light from LEDs, as compared to plants that
were grown in white LED-light for the whole cultivation
period. As was also suggested by HOGEWONING et al.
(2010) the leaf will adopt to the current light quality and
need some lag time before being able to utilize a different
light quality optimally. This effect might be of some
importance when artificial light is used in combination
with natural light before or after the natural photoperiod.
In this case photosynthetic yield might be lost due to the
plant adoption time.

The deviant climate in the treatments with HPS-lamps
is attributable to the different characteristics of the HPS
technology with respect to heat emission, as HPS-lamps
emit most of its waste heat as IR-radiation. This fact was
also stressed by PINHO (2008), HOGEWONING et al. (2007)
and DUECK et al. (2012). The low radiant heat associated
with the LED technology has often been described as an
advantage (MORROW 2008; YEH and CHUNG 2009). How-
ever, as demonstrated in this study, the lower radiant
heat will lead to lower leaf temperatures with delayed
development as a consequence. Compensating for this by
increased air temperature setpoints is possible but will
increase the amount of energy used for greenhouse heat-
ing. The higher relative humidity in the canopy layer in
plant irradiated with LED-lamps may be due to lower leaf
temperature and lower air movement in the canopy re-

Fig. 3. Photosynthesis and stomatal conductance of Chry-
santhemum × morifolium at a PPFD of 100 ± 10 μmol m–2 s–1,
supplied from three different light sources; White LED,
Red/blue LED or HPS-lamps.
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Table 1. Plant growth data from three ornamental plant species cultivated under greenhouse conditions with supple-
mentary lighting (100 μmol m–2 s–1), supplied from three different light sources; White LED, Red/blue LED or HPS-lamps.
Values within the same column and species which do not share a letter are significantly separated (P < 0.05).

Plant height
(mm)

Plant width
(mm)

Internodal 
length
(mm)

Stem 
diameter

(mm)

No. of 
lateral 
shoots

FW
(g)

DW
(g)

Chrysanthemum White LED 340.0 b 333.6 a 14.2 a 4.2 a 6.5 a 82.4 b 10.1 b

HPS 367.0 a 348.3 a 14.9 a 4.0 a 5.5 b 87.3 a 11.3 a

Red/blue LED 340.8 b 337.9 a 14.5 a 4.0 a 6.1 ab 80.0 b 9.4 b

Kalanchoë White LED 269.9 b 254.6 a 32.8 a 9.9 a 7.3 a 289.8 a 16.7 a

HPS 285.8 a 264.9 a 34.0 a 10.0 a 7.8 a 289.7 a 16.4 ab

Red/blue LED 273.0 b 262.5 a 31.9 a 9.6 a 7.6 a 280.6 a 15.1 b

Euphorbia White LED 214.8 b 336.8 a 10.9 a 8.3 a 8.5 a

HPS 234.4 a 336.7 a 11.5 a 8.5 a 8.7 a

Red/blue LED 212.8 b 326.7 b 10.7 a 8.1 a 9.3 a
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lated to less local temperature imbalances. The lower leaf
temperature and higher relative humidity will lead to
reduced transpiration, which may also lead to nutrient
deficiencies, however possibly attended to by increasing
the strength of the nutrient solution supplied.

Conclusions

Using an optimized spectrum did not enhance photosyn-
thesis or biomass accumulation, as compared to conven-
tional HPS-lighting. However, shoot elongation was sig-
nificantly affected by light quality. The lower radiant heat
from the LED-technology delayed development in flower-
ing ornamentals. The canopy microclimate was affected
by lighting technology. There was an adaption of the pho-
tosynthetic system with respect to light source used dur-
ing the cultivation of the plants. It was concluded that re-

placing HPS-lighting systems in commercial greenhouse
production by LEDs is not advisable at the moment.
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