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In Nordic countries during the winter months supplemental lighting is essential for year-round cucumber produc-
tion. In this research the effects of full HPS (top and interlights) illumination is compared to hybrid (HPS top, LED
interlights) and full LED (top and interlights). The results showed that fruit yield was highest in the HPS-LED treat-
ment whereas the electrical use efficiency (kg yield J?) increased when HPS was replaced with LED. In LED-LED
the light use efficiency (g fruit FW mol? PAR) was highest but resulted in a fewer number of fruits in mid-winter
particularly and the lowest yield potential. The lower temperature and lower light level due to LED-LED lighting
lead to reduced photosynthesis capacity, flower initiation rate and water use efficiency whereas increased stem
elongation and leaf expansion compared to other treatments. Differences in light quality of LED and HPS are also
discussed in terms of cucumber yield formation.
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Introduction

Energy efficiency in greenhouse cultivation in Nordic countries is important for economically feasible production
and to lower the industry’s carbon footprint. Greenhouse cucumber is commonly cultivated at northern latitudes
under high pressure sodium (HPS) supplemental lighting year-round when the solar light level (Daily light inte-
gral [DLI]) is low during fall and winter and even on cloudy summer days. Luminaire installations, both as top and
intercrop lights, are frequently utilized in cucumber and tomato cultivation because of the higher yields associ-
ated with these lighting systems (Hovi et al. 2004, Hovi-Pekkanen and Tahvonen 2008). Currently, the installed
lamps for both positions are of the HPS type.

LED luminaires have developed rapidly in recent years and are suitable for greenhouse use, especially for low
canopy crops like lettuce and micropropagated plants (Hahn et al. 1996, Li et al. 2014). Light production efficien-
cy is better in LED than for HPS lights (umol PAR J electricity) and their efficiency is increasing in contrast to HPS
units (Ouzonis et al. 2015c¢, Pattison et al. 2016). Heat output relative to light output is higher in HPS than in LED
lights and while HPS lights strongly radiate heat downward, most LED armatures lose convective heat upwards even
though the light is focused on the plants. This results in lower leaf temperatures and in some cases requires more
pipe borne heating, thus reducing the energy savings. The LED interlighting in contrast to the HPS luminaires can be
installed very close to the plants without leaf damage resulting from excessively high temperatures from HPS lamps
(Jokinen et al. 2011). Some tomato growers have recently installed LED luminaires in the middle of the canopies
while HPS lamps are used as top lights and full LED installations are being introduced as well. In cucumber produc-
tion, aisle width can be reduced and rows increased for enhanced cultivation if HPS interlights are replaced with
LED luminaires. HPS installation as interlight has often no focusing armature, while LED interlight can be directed
towards the leaves. There is, however, little information available comparing HPS supplemental lighting with
LED as top and interlights, respectively, in terms of plant growth, development and energy efficiency. The colour
composition of LED in interlighting may need to differ in spectrum from top lights, since blue lights alone have
not been successful (Trouwborst et al. 2010).

Light and temperature are important growth factors for plants and cucumber is known to respond well to light
intensity (photosynthetic photon flux (PPF) (Hovi-Pekkanen and Tahvonen 2008). However, cucumber forms a

tall canopy where self-shading affects vertical spectral light distribution. The vertical distribution of tempera-
ture and light may affect plant structure and photosynthesis efficiency with consequences for yield formation.
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Several light quality studies have been done with no clear conclusions (Hogewoning et al. 2010, Trouwborst et al.
2010, Hernandez and Kubota 2014, 2015, ).

The challenge is that most of the research has been done under solely artificial lighting conditions with rather
incomparable LED units (Ouzounis et al. 2015b) and even there the diodes and configuration differ dramatically
between products. LED manufacturers tend to focus on a fixed spectra, typically 80% red and 20% blue, due to
the high efficiency of these combinations as these are the maximum absorption spectra for chlorophyll pigments
a and b. There is evidence that also green light is used in photosynthesis (Terashima et al. 2009, Kong et al. 2015)
and far red light as well (Murakami et al. 2015).

In greenhouse conditions spectral manipulation using LED might only make sense in the darkest periods of the
year, or by using it outside the natural light period (Ouzounis et al. 2015a). For cucumber seedlings and different
ornamental plants different blue and red ratios in LED lights have not been found to improve photosynthesis when
used as supplemental light (Hernandez and Kubota 2014), but they have increased the content of phenolic acids
and anthocyanins (Ouzounis et al. 2014). Ouzonis et al. 2014 reported that lighting with red LED only resulted in
malformations but Hernandez and Kubota (2014) found that red LED was preferred and blue light was not bene-
ficial. However DLI in their experiments was low, being only about 5.4 mol m2 d™. Even with low solar irradiation
plants’ blue light needs were satisfied (Hernandez and Kubota 2014). Even with LED light as the only light source,
pepper plants benefitted from a combination of blue and red compared to red light alone (Brown et al. 1995).

Brazaityte et al. (2009) grew cucumber transplants in phytotrons and the recommended light spectrum included
blue, red, far red, green and orange light. Leaves acclimate their photosystem composition to the growth light
spectrum, which also suggests that a combination of different wavelengths can substantially enhance quantum
yields (Hogewoning et al. 2012).

Heat radiation from luminaires and plant morphological differences caused by lamp type and light spectra induce
varied transpiration rates. The heat consumed by the transpiration and applied during ventilation is a predomi-
nant part of the consumption of heat energy in a greenhouse; during warm weather humidity can be reduced by
ventilation or used by a heat exchanger, both resulting in considerable energy use.

The main objectives of the study were to test feasibility of LED lighting alone or combined with HPS lighting for
growing cucumber and electricity saving. Although LED as both top and interlight was an extreme lighting combi-
nation due to reduced light intensity of LED top light, we wanted to compare it to HPS if the spectral composition
of LED could compensate its PPF insufficiency in cucumber high wire cultivation. Increased efficiency of electric-
ity use was found possible (Kaukoranta et al. 2015). Based on available measurements, we aim here to clarify the
physiological and physical mechanisms that led to the higher electricity use efficiency: photosynthesis response,
spectrally specified light distribution, leaf and fruit temperature, growth balance, and transpiration.

Materials and methods

Greenhouse cucumber cv. Toploader was cultivated in Natural Resources Institute Finland (60.39°N, 22.55°E) in
three separate greenhouse compartments, 50 m? each; each corresponding to an experimental treatment. In
one compartment LED was used as both the top light and interlight (LED-LED), in the next compartment HPS was
used as the top light and LED as the interlight (HPS-LED) and in the third compartment HPS was used as both the
top light and interlight (HPS-HPS). HPS top lights were Philips 400 W SON-T Greenpower and HPS interlights were
Philips 250 W SON-T. LED lights were Valoya AP67 with two vertical light bars in every second aisle, top lights facing
down and interlights facing plant rows vertically on both sides of an aisle. The aisle width was 0.97 m. The
Valoya AP67 LED spectra was <400 nm 0%, 400—-500 nm (blue) 14%, 500—600 nm (green) 16%, 600—700 nm (red)
53%, 700—800 nm (far-red) 17%, in the PAR-range 400-700 nm 83%. Electrical power and PPF output of light
treatments are shownin Table 1. PPF was measured at the height of plant top in November, December and January. The
values are means of 25—-40 measurements. Interlight PPF was measured at three heights both in interlight row
and in row without interlight. The heights were 125, 175 (interlight) and 225 cm from the ground (n=15) and the
sensor was directed from leaf to light source (LI-COR quantum sensor LI-190 SA, LI-COR Inc., USA). Other technical
details of the experiment are presented in Kaukoranta et al. (2015).
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Table 1. Electrical power used for supplemental lighting systems and PPF output?in
greenhouse in winter at observation rows: LED-LED, HPS-LED and HPS-HPS

Treatment Power (W m?) PPF (umol s* m?)
Top light Interlight Top light Interlight
LED - LED 128 64 160 125
HPS - LED 180 64 290 125
HPS - HPS 180 56 290 90

The cucumber growing period was from November 19, 2013 to March 18, 2014. The plant density was 2.6 plants
m2 until the end of January and thereafter 2.2 plants m2. Additional plants for measurements were located
between the blocks.

The experiment was carried out with eight replicates in a randomized complete block, separate blocks at each
greenhouse systems. Each replicate consisted of three plants. Selected model based on used experimental design:

Yy =B+ bIock(GH)ij +GH, +FE _+ GH*FE_ + &

where Y, Is response variable (mean of three plants), p is the general mean, bIock(GH)ij is the random effect of
j™ block at i" greenhouse compartment, GH, is the fixed effect of greenhouse compartment, FE_ is the fixed effect
of k™ lighting system, GH*FE, is the interaction effect of greenhouse compartment and lighting system, and € is
residual error. Selected model is equivalent to the model for multilocation experiments (Singh et al. 1993, Littell
et al. 2006, Manninen et al. 2008).

Model was fitted using REML-estimation method and SAS/MIXED procedure (SAS version 9.2.). Planned compar-
isons of t-type were used to compare treatment means (Mize and Schultz 1985). Comparisons were performed
using HSD test in the SAS/MIXED.

The treatments were compared for light response of (1) photosynthesis, (2) light spectral irradiance distribution
at adaxial and abaxial sides of leaves(3) leaf temperature, (4) leaf size and specific leaf weight (SLW), stem length
and weight and vegetative dry matter accumulation, (5) water use efficiency (WUE), (6) yield accumulation and
(7) yield formation efficiency.

(1) The photosynthesis measurements were made in the third week of January at the height of interlights with
portable IRGA and connected cuvette CIRAS-2 (PP Systems Inc., USA). Chlorophyll content measurements at
different heights: top, middle (interlights) and base were made with SPAD 502 (Spectrum Technologies Inc., USA)
at the aisle both with and without interlight installation.

(2) Light spectral irradiance (uWW cm? nm™) was measured at the interval 0.5 nm with a spectrometer Jaz (Ocean
Optics Inc., USA) on January 20, 2014. The main light source during the measurements was artificial lighting. The
light sensor was set horizontally at interlight height of 175 cm on adaxial and abaxial sides of leaves, and below
(=25 cm) and above (+25 cm) the interlights on adaxial sides of leaves. Measurements from five points at each
location were averaged.

(3) Leaf temperatures were measured in the second week of January with a FLIR PM 695 thermal camera (Flir
Systems Inc., USA). Measurements from four points at each location were averaged.

(4) The leaf area (LI-3100 Area meter, LI-COR Inc., USA) and fresh and dry weights of leaves were determined once
during the experiment from six plants and at the end of the experiment from eight plants per treatment, two
plants per block in four blocks. SLW was calculated at the beginning of February and at the end of the experiment.
Total number of leaves over the experiment, stem length and stem weight and dry matter content were deter-
mined at the end of the experiment.

(5) WUE was calculated from accumulated first-grade yield and crop transpiration. The transpiration was estimated
from irrigation and drainage from the growing media measured at every block in the treatments.
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(6) Accumulation of yield as weight and number of fruits was recorded by harvesting fruits three times a week. The
fruit dry matter content was determined three times during the experiment in December, February and March.

(7) Yield formation efficiency was determined for two plants per block in four blocks of a treatment, in total eight
plants in a treatment. The efficiency was defined as a ratio of number of fruits to number of leaves on a plant at
the end of the experiment. The number of fruits included harvested fruits and immature fruits at the end of the
experiment.

Results

(1) The overall response of the net photosynthesis (P ) to light intensity was slightly stronger in the HPS-LED treat-
ment than in the other treatments (Fig. 1) but the treatments did not significantly differ with regardto P, P_
at saturating light and the quantum yield. However, the light compensation point in LED-LED was at higher light
level than in the other treatments (p<0.01) (Fig. 1). The chlorophyll content did not differ between different leaf

positions and treatments. The average amount was 38.7+1.9 pug cm 2.
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Fig. 1. Net photosynthesis (Pn) measurements of cucumber leaves
at the height of interlight in different light treatments and modelling
thereafter

(2) The light spectral irradiance measurement showed that the HPS-LED treatment provided more diverse spectral
distribution (350—850 nm) for the leaf layer at the interlight height (17525 cm) than the LED-LED and HPS-HPS
treatments. A small fraction of PAR-region (400—700 nm) irradiance penetrated through the leaves. In the HPS-LED
and HPS-HPS treatments infrared irradiance from top HPS armatures reached leaves even at the interlight height
and a significant proportion of the infrared radiation penetrated through the leaves (Fig. 2).

(3) Thermal camera images showed that leaf temperature, especially at the centre parts of leaf blades, were 4-5 °C
higher under the HPS interlights than under the LED interlights (Table 2). On the top of the canopy, the leaf tem-
perature under HPS top lights was 3—4 °C higher than that under the LED top lights (Table 2). HPS top lights also
varmed the leaves at interlight height on the row without interlighting (Table 2).
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Fig. 2. Effects of different light treatments on the spectral irradiance
distribution in the cucumber canopy. 1. on adaxial (upper) surface
of a leaf at interlight height of 175 cm, 2. on adaxial surface of a leaf
at interlight height of 175 cm, 3. on adaxial (upper) surface of a leaf
below interlight (175-25 cm) and 4. on adaxial (upper) surface of a
leaf above interlight (175+25 cm)

Table 2. Mean values of leaf temperature measurements under top
lighting, beside interlighting and on the row without interlights. Leaf
distance from interlights: HPS 30 cm, LED 22 cm

Treatment Temperature °C
Top light Interlight No interlight
LED-LED 23.7 243 22.7
HPS-LED 25.7 26.5 255
HPS-HPS 25.7 28.1 26.2

(4) At the end of the experiment, plants in the LED-LED treatment had longer stems and internodes, where-
as the stem dry matter content and the number of leaves were lower than in the other treatments (Table 3).
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The leaf area of the LED-LED treatment at the end of the cultivation period was higher than in the other two treat-
ments (Table 3). In LED-LED (data not shown), the leaf area of a whole plant was larger early in February, though
not statistically significantly, and the difference from the other treatments continued to increase when solar
radiation increased in February. The SLW at the end of the experiment was highest in the HPS-LED treatment, but
the difference between LED-LED and HPS-HPS treatments was not significant (Table 4). The SLW at the beginning
of February was lowest in LED-LED (211+1.1 g m™) and slightly higher in HPS-LED (221+3.1 g m™) than in HPS-HPS
(216+2.1 g m?) treatments.

5) The WUE was lower in LED-LED than in the other treatments (Table 3).

Table 3. Stem length, internode length, stem dry content, the number of leaves and water use efficiency of a whole
plant. Different letters indicate statistical significance p<0.05.

Treatment Stem length Internode length Stem Number of Water
m cm dry content % leaves | kg grade 1

LED-LED 12.8a 10.2a 9.1a 126 a 9.3a

HPS-LED 12.0b 8.7b 9.8b 138 b 7.6b

HPS-HPS 12.1b 8.8b 10.0b 137b 8.1b

Table 4. Yield potential as fruit leaf* in % during whole growing period
and specific leaf weight (SLW) and leaf area at the end of growing
period, leaf n=31. Different letters indicate statistical difference

p<0.05.

Treatment Fruitleaf’%  SIWgm? Leaf areacm™
LED-LED 76 a 208 a 20363 a
HPS-LED 83b 222 b 17361 b
HPS-HPS 84 b 210a 17328 b

(6) The yield weight was highest under the HPS-LED treatment and lowest under LED-LED (Table 5). Number of
fruits per plant was equal in HPS-LED and HPS-HPS treatments but lower in LED-LED. The fruit weight was highest
in HPS-LED and fruit dry matter content tended to rise during the darkest winter months with LED interlighting in
HPS-LED and LED-LED treatments (Table 6).

(7) The yield formation efficiency was lower in LED-LED than in the other treatments (Table 4).

Table 5. Yield in pieces and kilograms and average fruit weight at harvest in different treatments. Different letters
indicate statistical difference p<0.05.

Treatment Grade 1 Total yield Grade 1 Total yield Fruit weight
kg plant? kg plant? pc plant? pc plant? g
LED-LED 18a 21a 59 a 76 a 306 a
HPS-LED 24 b 28b 76 b 90 b 319b
HPS-HPS 21c 26¢ 70 b 90 b 297 ¢

Table 6. Fruit dry matter content during experiment in different
treatments. Different letters indicate statistical difference p<0.05.

Treatment December February March
LED-LED 297 a 3.00a 3.15a
HPS-LED 3.01a 3.23b 3.22a
HPS-HPS 2.86a 292a 3.12a

Discussion

In our experiment, where solar light was virtually absent in December and January (DLl 1.3-2.6 mol d?), it was
observed that net photosynthesis rate (P ) per unit area of leaf at equal light level (PPF) was higher in HPS-LED than
in the other treatments, which may have been a result of a broader light spectrum from a mixture of lamp types, but
also due to the higher leaf temperatures in the upper canopy. HPS interlight caused much higher leaf temperatures
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than LED interlight. However, the increased temperature did not affect negatively the chlorophyll content and
the net photosynthesis. In soybean it has been observed that during the growth of leaves PPF levels do not affect
the chlorophyll content, but it decreases under lower R:FR ratio (Torisky and Servaites 1984, Barreiro et al. 1992).

The light intensity at which net photosynthesis is zero (the light compensation point) is normally correlated posi-
tively with the value of light intensity required to saturate photosynthesis (Bazzaz and Carlson 1982). In this case
the relationship was inversed; the higher light compensation point in LED-LED compared to the other treatments
could indicate a specific adaptation to a low light level, as leaves were not capable of responding to increased
light intensity during measurement (Trouwborst et al. 2011). The shade response is generally explained as a
phytochrome-mediated reaction to a lowered red to far-red (R:FR) ratio, centred at 660 and 730 nm, which results
also in a shift in the chl a:b ratio (Barreiro et al. 1992). The R:FR ratios estimated from the red and far-red inten-
sities of the LED and HPS lights in the experiment were approximately 2.5 to 3.5, which were high compared to
sunlight (R:FR 1.2). Hogewoning et al. (2012) reported that the photosystem stoichiometry of cucumber leaves
acclimated to the light spectrum environment where the leaves were grown, and combinations of different light
spectra increased quantum yields.

Due to naturally low efficiency of photosynthesis, nearly all photons are utilized from both HPS and LED. However,
there are differences in heat transfer modes. LED luminaires emit considerably less infrared radiation in general
and even less in the direction of the light compared to HPS luminaires having the same nominal power. The bands
of near infrared radiation, 810—840 nm emitted by HPS and 700-780 nm emitted by the LED top light, were well
diffused and even transmitted through leaf layers.

After two months of growth in mid-winter with very little natural light, the LED-LED treatment plants were show-
ing a lower temperature at canopy top and above interlights, and lower temperature difference between night
and day compared to the other treatments. In the LED-LED treatment this resulted in low leaf appearance rate but
faster stem elongation, faster expansion of leaves, lower flower initiation rate, and high fruit abortion rate. Her-
nandez and Kubota (2015) reached the same conclusion regarding leaf number reduction, but did not measure
the leaf temperature. In a semi-closed greenhouse experiment during summer the appearance of the cucumber
canopy was similar to that in the LED-LED treatment except the rate of abortion of fruit initials (Luomala et al.
2008); the yield in a semi-closed greenhouse with high CO, was better than that in a conventional greenhouse.

Light quality affects leaf anatomical features. Leaves have been reported to become thicker with increasing blue
light ratio and thinner with increasing red light despite increasing R:FR ratio (Schuerger et al. 1997, Hernandez
and Kubota 2014). However, solar radiation often differs in comparison to experiments done solely under artifi-
cial light (Hernandez and Kubota 2014). Researchers showed that the cucumber transplant growth rate decreased
under low solar DLI 5.2+1.2 mol m? d* when blue light was increased. In our results where solar radiation was
included in total illumination, although the amount of supplemental blue light was higher in LED lighting than in
HPS lighting, the leaves became thinner.

In experiments by Trouwborst (2010) with a combination of top HPS lighting and blue-red LED interlighting the
total leaf area was lower and leaf mass higher than in HPS top lighting only, which was suggested to be due to
less blue light in only HPS top lighting. Hernandez and Kubota (2014) claimed that blue light reduces leaf area and
light interception per plant. In our experiment neither LED nor HPS as interlight affected the leaf area significantly
with HPS top light. Because plants in the high-wire growing system are twice a week lowered based to the verti-
cal growth rate of stems, the duration of exposing leaves to different light spectra and radiative heat may consid-
erably affect the responses of plants to the spectrum of the supplemental lights that remain at fixed heights. The
position of the interlight in relation to plant height may also have an impact on the plant response.

Despite longer internodes, the larger leaves resulted in a higher leaf area in LED-LED compared to the other treat-
ments. Even though less radiative heat was transmitted to leaves in LED-LED, a resulting higher transpiration rate
was seen. This in combination with the lower yield in LED-LED reduced the water use efficiency of LED-LED by
more than one litre kg fruit. The water cost is not significant, but energy used to remove the transpired vapour
by opening and closing of screens, and increased ventilation needed in spring impact negatively the energy effi-
ciency of an LED-LED lighting system.

The different light sources had an impact on total accumulated yield. The lowest yield was found in plants culti-

vated under LED-LED lighting partly due to the lowest total light intensity in this treatment. The higher light out-
put efficiency (mol J?) and higher electricity use efficiency could not compensate the negative effect of the lower
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total PAR light input in the LED-LED treatment in December and January, when there was virtually no solar light.
During that period yield accumulation in LED-LED was significantly lower than in the other lighting treatments. When
solar light increased in the latter half of February, the growth rate in LED-LED was equal to the other treatments.

In addition, the light interception in the canopy in the HPS top lighting treatment showed that the infrared light
penetrated well into the lower leaf layers. This could have an important impact on fruit development through warm-
ing up the fruits and accelerating their maturity. Marcelis and Hofman-Eijer (1993) reported that development of
cucumber fruits accelerated when temperature increased. The lower fruit temperature may have decreased fruit
growth in LED-LED directly through reduced cell growth and indirectly through sink strength, but the fruit growth
rate was equal to the other treatments with increasing solar radiation in the latter half of February. Marcelis (1996)
presented that sink strength was depended on growing temperature and that high fruit dry weight is correlated
to sink strength. In the LED interlighting treatment the fruit dry matter content was slightly higher than in the HPS
interlighting treatment; this could have a positive impact on fruit keeping quality.

Conclusion

In conclusion, the highest yield was reached in HPS-LED lighting combination. The light use efficiency expressed
in grams fruit fresh weight per mol™ PAR was highest in the LED-LED lighting treatment but due to fewer fruits in
mid-winter in the LED-LED treatment compared to the other treatments, the yield and yield potential were lowest
in LED-LED. A combination of lower leaf temperature and lower light level resulted in increased leaf expansion and
stem growth, lower flower initiation rate and higher fruit abortion rate in the LED-LED treatment. The lower total
PAR level in the LED-LED treatment in combination with lower fruit temperature reduced the number of fruits.
Whereas the higher leaf and fruit temperatures caused by higher heat radiation from HPS interlights compared
to LED interlights did not improve fruit size. At the current stage of LED technology, the best lighting solution for
high latitude winter growing appears to be HPS top lights combined with LED interlights. This provides the highest
total PAR output, and sufficient radiative heat to the upper part of the canopy to maintain a high leaf and flower
appearance rate, low fruit abortion rate, control leaf expansion, and provide enough radiative heat to fruits and
lower leaves. However, a solution for the near future could be a combination of LED and HPS as top lights to be
able to maintain a suitable temperature, but reduce energy use. This more flexible solution might actually also
be used in a dynamic control allowing for gradually reducing leaf temperatures in the shift from day to night thus
reducing the need for energy requiring humidity management.
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