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Summary
Artificial light is used for many horticultural 

crops produced in greenhouses, not least ornamen-
tal pot plants. New technologies such as LEDs will 
possibly replace high intensity discharge lamps as 
the main technology for lighting in horticulture. 
However, LEDs are quite different from discharge 
lamps as regards the handling of waste heat. They 
have low output of radiant heat, but the waste heat is 
produced in the fixture and must be cooled away us-
ing fans or heat sinks. The low radiant heat will re-
sult in lower leaf temperature in the crop, possibly 
prolonging production time. LED fixtures are often 
voluminous due to the need for cooling systems, cre-
ating large shade effects when installed at the top 
of the greenhouse. To overcome these issues, this 
greenhouse study tested placing the light source, 
in the form of LED bars, under the crop, thus illu-
minating the abaxial side of the leaves. The results 
showed that the growth and elongation of the Eu-
phorbia plants was similar irrespective of whether 
the light was supplied at the abaxial or adaxial side 
of the leaves. The air temperature within the canopy 
increased when the light source was placed within 
the canopy and fresh weight, dry weight and bract 
length of the bract also increased compared with 
when the same light was supplied from above, prob-
ably due to the higher temperature. Placing LED 
light sources below the canopy of potted ornamen-
tals was found to be a feasible solution for supplying 
supplementary light. 
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Introduction
Modern ornamental pot plant production heavily relies 

on artificial lighting (AL). At northern latitudes and espe-
cially during winter, AL is a prerequisite for successful pro-
duction of high-quality ornamentals. In the past, discharge 
lamps such as high pressure sodium or metal halide lamps 
were used, placed in the top of the greenhouse, with re-
flectors distributing the light over the benches. However, 
during recent years light-emitting diode (LED) technology 
has emerged as an alternative light source for horticultural 
applications (Bula et al., 1991; Morrow, 2008). The LED 
technology comes with advantages such as high energy ef-
ficiency, controllability, long lifetime and a range of options 
regarding fixture design. However, unlike discharge-type 
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Significance of this study
What is already known on this subject?
• Using LEDs for assimilation light is different from 

using high intensity discharge lamps, as very little 
infrared heat is emitted from the LEDs. It is also 
known that increasing the Red:Far red ratio within 
the canopy will reduce stem elongation.

What are the new findings?
• Stem elongation was not affected with respect to the 

direction of the supplementary light. However, plant 
fresh- and dry weight was increased if light was 
given from below, as was the air temperature within 
the canopy.

What is the expected impact on horticulture?
• LED lighting systems provide possibilities for pre-

cision lighting. Placing luminaires inside or below 
the canopy might be an efficient way of providing 
light with high precision, and be able to heat the crop 
inserted of the greenhouse air with the waste heat. 
Placing fixtures inside canopy also reduces shadow 
effects.

lamps, LEDs emits only low amounts of heat (infrared light) 
(Bourget, 2008). This has sometimes been described as an 
advantage (Bliznikas et al., 2009; Gómez et al., 2013; Massa 
et al., 2008), which may hold true for applications where 
the light source is placed close to the plant (i.e., multi-layer 
production). However, when applying LED as top-lighting in 
greenhouse environments, the lack of radiant heat will slow 
growth and lead to extended production time (Bergstrand 
and Schüssler, 2013). One way of overcoming the problem 
would be to place the light source within the canopy, as al-
ready done for high-wire crops. For practical reasons, this 
means that the LEDs would have to be mounted in profiles 
and placed in between the gutters of the benches, directing 
the output radiation upwards and thus penetrating the can-
opy from below. The obvious advantage of this layout is that 
the heat delivered by convection from the LEDs will create 
an upward warm air stream through the canopy, increasing 
leaf temperature and accelerating transpiration. Moreover, 
by placing the fixtures below the canopy, shading lamp 
installations in the top of the greenhouse could be elimi-
nated, thus increasing the amount of natural light reach-
ing the plants. The objectives of the present study were to 
evaluate the feasibility of a system supplying potted crops 
with light from below the canopy and to determine the in-
fluence of such a system with respect to plant development.  
Our hypotheses were that: 1) supplying intracanopy light 
increases growth, and 2) supplying intracanopy light re-
duces stem elongation.
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Materials and methods
Experimental conditions and plant material

An experimental greenhouse chamber of 50 m2 was 
used for the experiments. Heating temperature was set to 
18°C and ventilation temperature to 20°C. Shading screens 
were set to close when natural radiation exceeded 700 W 
m-2. The temperature and humidity in the canopy were 
logged every 30 minutes (HOBO H8, Onset Computer Corp., 
Bourne, USA). Rooted cuttings of Euphorbia pulcherrima 
‘Novia’ (Syngenta Flowers, Malmö, Sweden) were potted 
in mid-August in 13C pots with a peat-based potting me-
dium (Hasselfors K-soil, Hasselfors, Örebro, Sweden). The 
plants (10 per treatment) were placed in gutters on metal 
grid benches. To avoid edge effects, additional gutters 
with plants were placed on the sides, so that a canopy was 
formed. Three different treatments were used: one where 
LED bars (Philips Green Power DR/B 150, Philips, Eind-
hoven, the Netherlands; installed power 110 W m-2) were 
placed in between gutters, with the light directed upwards; 
a second where LEDs of the same type were installed above 
the crop in the conventional way; and a control treatment 
without supplementary lighting. The LED sources con-
sisted of red (R) and blue (B) LEDs, at an R:B ratio of 2:5. At 
the start of the experiment, the photosynthetic photon flux 
density (PPFD) was 150 µmol m-2 s-1

 at the top of the plants. 
Light was supplied for 16 h day-1 for the first four weeks 
of the experiment, and thereafter for 8 h day-1 for flower 
initiation. The plants were irrigated manually with respect 
to demand and fertigated using soluble nutrients (Superba 
NPK 14-4-21+micronutrients and Ca(NO3)2, Yara, Oslo, Nor-
way), with 50 mL per plant of nutrient solution at EC 2.0 mS 
cm-1 supplied weekly.

Biometric measurements
The length of the main shoot was measured weekly. At 

the end of the experiment, plant height, stem diameter and 
plant width were measured and the number of nodes, num-
ber of bracts and number of cyathia were counted. Inter-
nodal length was calculated by dividing the shoot length by 
the number of nodes. Time (in days) from the start of the 
experiment to anthesis was recorded.

Physiological measurements
The photosynthetic capacity of the leaves was mea-

sured using a leaf-chamber infrared gas exchange photo-
synthesis meter (LC Pro+, ADC BioScientific Ltd., Hoddes-
don, UK) at 10 different light intensities from 0 to 1800 
µmol m-2 s-1, as previously described by Hogewoning et al. 
(2010). The third fully developed leaf from the apex was 
used for the measurements. The data were plotted and a 

curve was fitted using non-linear regression according to 
the model:

y=a*(1-exp(-b*(intensity+c)))
Chlorophyll fluorescence was measured using a flu-

orometer (PAM-2500, Heinz Walz GmbH, Effeltrich, Ger-
many) on the third fully developed leaf from the apex, 
which was dark-adapted for 30 minutes before measuring 
the minimum chlorophyll fluorescence (F0). The maximum 
chlorophyll fluorescence (Fm) was measured after giving 
the leaf a saturating pulse (7800 µmol m-2 s-1 PPFD). From 
these measurements, the maximum quantum yield of PSII 
(Fv/Fm) was calculated ((Fm - F0)/Fm). Fv/Fm reflects the ca-
pacity of PSII and is a widely used stress indicator. 

Chemical measurements
The chlorophyll (chl-a and chl-b) content of the leaves 

was determined using High Performance Liquid Chroma-
tography (HPLC). Discs from the leaves were cut out at 
the end of the experiment and stored at -80°C until anal-
ysis. The leaf discs were lyophilised and milled and sam-
ples were extracted using a mixture of ethyl acetate and 
ethanol (80/20) in an ultrasonic bath for 10 minutes and 
a heating bath at 60°C for 60 minutes. The samples were 
centrifuged at 7500g and 4°C for 10 minutes. The superna-
tant was used for HPLC analysis. A Phenomenex Silica 5 µm 
250*4.6 column (Phenomenex, Torrance, USA) was used, 
with n-hexane and isopropanol (95 and 5%, respectively) 
as eluent. The injected volume was 10 µL and the flow rate 
was 1.5 mL min-1. A standard curve using chlorophyll (Sig-
ma-Aldrich, St. Louis, USA) was used. The chlorophyll con-
tent was determined as µg chl g-1 leaf dry weight.

Statistics
The experiment was repeated in two consecutive years. 

The data presented are mean values from the two years. 
The data were treated statistically using Analysis of Vari-
ance with Tukey’s multiple comparison test, with p<0.05 
considered significant. Climate data were tested for differ-
ences using a t-test. All calculations were performed using 
Minitab 16 (Minitab Inc., State College, USA).

Results
Biometric analysis of the plants revealed no differences 

with respect to plant height or internodal length, irrespec-
tive of whether supplementary light was given from above 
or below. Stem diameter, number of cyathia and number of 
lateral shoots were also not affected by the direction of the 
light. However, fresh weight and dry weight were higher 
when light was supplied from below (Table 1). Bract length 
and overall plant width were also significantly larger when 
the supplementary light was supplied from below. Plants 

Table 1. Plant biometric measurements of Euphorbia pulcherrima ‘Novia’ which received supplementary light from 
above, below or no supplementary light (No SL). Values within columns with different letters are significantly different 
(ANOVA,+Tukey’s multiple comparison test, n=20), p<0.05 considered as significant.

Treatment
Plant 
height 
(mm)

Plant 
width 
(mm)

Stem 
diameter 

(mm)

Number of 
lateral 
shoots

Internodal 
length 
(mm)

Number 
of 

cyathia

Fresh 
weight 

(g)

Dry 
weight 

(g)

Bract 
length 
(mm)

Above 219.2 b 290.8 c 9.1 a 9.4 a 7.9 b 13.8 a 271.6 b 56.2 b 129.4 b

Below 221.3 b 305.9 b 8.6 a 9.3 a 8.5 b 14.6 a 326.3 a 62.9 a 154.0 a

No SL 275.0 a 387.6 a 7.5 b 8.7 a 10.1 a 5.3 b 215.0 c 49.8 c 95.0 b
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which did not receive any supplementary light were more 
elongated and had thinner stems, fewer lateral shoots and 
lower fresh and dry weight than those in the treatments 
which were supplied with light (Table 1). The plants which 
were illuminated from below gave an impression of being 
somewhat more stretched (Figure 1), but the larger bracts 
contributed positively to the overall quality impression.

There were differences between treatments with re-
spect to chlorophyll content. For both chl-a and chl-b, the 
relative amount in the leaf was around twice as high in 
the treatment without supplementary light as in the treat-
ments with supplementary lighting. However, there was no 
significant difference depending on whether plants were 
illuminated from above or below (Table 2). A similar situa-
tion was found for chlorophyll fluorescence. The minimum 
fluorescence (F0) was significantly higher for plants that 
had not received any supplementary lighting (Table 2). On 
the other hand, Fv/Fm was significantly lower for the plants 
grown only in natural light (Table 2). 

The photosynthetic capacity of the leaf displayed sig-
nificant differences (Figure 2). For irradiance of 400 to 
1800 µmol m-2 s-1 the specific photosynthetic capacity (up-
take of CO2 per unit leaf area) was higher for leaves that had 
received light from above than for leaves that had received 
light from below or no supplementary lighting. However, 
the dark respiration did not differ between treatments 
(Figure 2).

During the hours of the day when the lights were on, the 
treatment where the light fixtures were mounted below 
the crop had 2°C higher air temperature in the canopy and 
the lowest relative humidity. During the hours of the day 
when the lights were off, temperature and 
humidity were similar for all treatments 
(Table 3).

Discussion
The low radiant heat from LED-based 

lighting systems is often described as an 
advantage (Bliznikas et al., 2009; Bour-
get, 2008; Gómez et al., 2013; Massa et al., 
2008). However, recent studies on the use 
of LED lighting for greenhouse crops have 
revealed that lack of radiant heat can re-
duce growth and prolong crop duration 
(Bergstrand and Schüssler, 2012). At the 
same time, the intensive cooling required 
for compact design LED fixtures poses 
technical problems. Effective cooling to 

reduce the junction temperature of LED fixtures is of the 
utmost importance to provide high output and maximise 
the lifetime of the LEDs (Bourget, 2008). The suggested 
cooling solutions include water cooling, fan cooling or 
passive cooling using heat sinks. These solutions all have 
drawbacks when used for top-lighting systems, such as 
high cost, energy consumption and shading effects. Using 
LED bars with low specific power output, thus reducing the 
need for active cooling, can both reduce the cost of the in-
stallation and ensure durability and technical robustness, 
which is required in the tough greenhouse climate. Placing 
the light source below the canopy in potted crops has the 
benefits of reducing shading and making use of the waste 
heat within the canopy, without any reduction in growth 
and even improved product quality. 

In an early study, Moss (1964) showed that the photo-
synthetic activity of plants was the same irrespective of 
whether the light was applied to the adaxial or abaxial side 
of the leaf. Paradiso and Marcelis (2012) demonstrated a 
decrease in photosynthetic capacity when light was ap-
plied to the abaxial side of the leaf, as was also found in the 
present study. In this study, (natural) light was also given 
to the adaxial side of the leaf at DLI in the same range as 
the supplementary light, thus making the effect of the sup-
plementary lighting less obvious, but there was still a dif-
ference.

The differences in photosynthetic capacity observed 
here indicate acclimatisation of leaves to light conditions, 
as plants given red/blue light from above are better suited 
for using these particular light qualities. In future stud-
ies, it would be of interest to examine whether differences 
would be obtained respective of the side to which artificial 
light is supplied during the measurement.

The decrease in F0 shown in plants illuminated with 
supplementary light may be due to the subsequent decrease 
in chl-a, as F0 shows the fluorescence from chl-a in the light 
harvesting complex of PSII (Table 2). The stress indicator 
Fv/Fm showed that plants not illuminated with supplemen-
tary light were more stressed. This is most probably attrib-
utable to the low light conditions, almost classed as shade 
when compared with outdoor conditions, but normal for 
greenhouse conditions. Under optimal conditions, Fv/Fm 
has a mean value of 0.83 (Johnson et al., 1993). The light 
response curve showed that the plants illuminated with 
supplementary light from above had the highest maximum 
photosynthetic rate. The chlorophyll content was not the 
cause of this, because the supplementary light treatments 
contained equal amounts of both chl-a and chl-b. In fact, 

Figure 1. Euphorbia pulcherrima ‘Novia’ grown under 
greenhouse conditions with supplementary LED lighting 
from above (left) or below (right).

Table 2. Chlorophyll (chl-) content of the leaf and min. (F0) and max. (Fm) 
chlorophyll fluorescence and max. PSII quantum yield (Fv/Fm) in Euphorbia 
pulcherrima ‘Novia’ as affected by the supply of supplementary light (SL). 
Figures within columns with different letters are significantly different 
(ANOVA+Tukey’s multiple comparison test, n=5). ***p<0.001, *p<0.05, NS 
non-significant.

Treatment chl-a 1 chl-b 1 F0 Fm Fv/Fm 

Above 11.2 b 4.7 b 2048 b 6789 a 0.698 a

Below   9.2 b 3.6 b 2028 b 6787 a 0.695 a

No SL 19.3 a 9.8 a 2233 a 6790 a 0.671 b

Significance *** *** *** NS *
1 mg (g leaf dry mass)-1
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it appeared that the plants illuminated from below acted 
as though they were shade plants, which could be due to 
differences in the arrangement of chloroplasts or in sto-
mata regulation. According to Soares et al. (2008), there 
are dorso-ventral gradients in the leaf that determine ad-
axial/abaxial CO2 fixation and these gradients can only be 
changed in early leaf development. A vast amount of stud-
ies have examined light interception in crop stands (e.g., 
Higashide, 2009; Warren Wilson et al., 1992). It is of the 
utmost importance for the efficiency of lighting and the 
performance of the crop that the light is intercepted by the 
crop, and not lost to the ground. The penetration of light 
into the canopy is another important factor. The spectrum 
of the light alters as the light makes its way through the 
canopy. Typically, the red:far red ratio decreases after pas-
sage through one or more leaf layers (Kasperbauer, 1971; 
Sattin et al., 1994). Green light is also more 
abundant within the crop than in natural 
light (Kasperbauer, 1971). By placing light 
sources within the canopy, these filter-
ing effects are to some extent eliminated, 
which could be expected to lead to in-
creased growth and less elongation. This 
proved to be true with respect to biomass 
accumulation, but not stem elongation. It 
has previously been shown that interlight-
ing in high-wire crops improves the per-
formance of the lower leaves in the canopy 
(Trouwborst et al., 2010). It is possible that 
the less dense canopy in an ornamental pot 
plant crop benefits less from applying light 
within the canopy. In that case, better per-
formance might be achieved by distributing 

the light partly as top-lighting and partly as inter-canopy 
lighting. 

Conclusions
There were positive effects on plant growth and quality 

when the light source was placed so that the leaves were 
illuminated from below, despite the fact that the specific 
photosynthetic capacity of the leaf was impaired by light 
being supplied to the abaxial side. There were no differ-
ences in chlorophyll content or Fv/Fm depending on the di-
rection of the supplementary light. The air temperature in 
the canopy was increased by placing light fixtures under 
the canopy. Lighting from below was found to be a feasible 
solution for potted ornamental crops grown on benches in 
greenhouses.
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Figure 2. Light response curve of Euphorbia	pulcherrima ‘Novia’ grown under different lighting conditions; light 
given from above (Above), from below (Below) or no supplementary light (No SL). Asterisk (*) indicates significant 
difference (ANOVA+Tukey’s multiple comparison test, p<0.05). 
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Figure 2. Light response curve of Euphorbia pulcherrima ‘Novia’ grown under different lighting conditions; light given 
from above (Above), from below (Below) or no supplementary light (No SL). Asterisk (*) indicates significant difference 
(ANOVA+Tukey’s multiple comparison test, p<0.05).

Table 3. Air temperature and relative humidity (Rh) within the canopy of 
Euphorbia pulcherrima ‘Novia’ grown in a greenhouse chamber with LED 
bar fixtures mounted above the crop (Above), below the crop (Below) or no 
supplementary lighting (No SL).

Year Treatment Temp day 
(°C)

Temp night 
(°C)

Rh day 
(%)

Rh night 
(%)

2012 Above 21.6±3.7 17.7±0.7 63.3±11.2 72.7±  9.8

Below 23.8±2.7 18.3±0.9 55.1±  9.5 71.8±  8.5

No SL 20.6±2.9 18.1±0.6 67.6±13.8 74.9±11.8

2013 Above 21.9±3.7 17.7±0.7 66.6±12.2 76.1±  8.1

Below 24.0±3.5 18.2±0.8 57.9±12.7 72.6±11.4

 No SL 20.9±3.1 18.1±0.5 69.1±12.8 74.7±11.6
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