
HORTSCIENCE 50(3):351–357. 2015.

Physiological, Morphological, and
Energy-use Efficiency Comparisons of
LED and HPS Supplemental Lighting
for Cucumber Transplant Production
Ricardo Hernández1 and Chieri Kubota
School of Plant Sciences, the University of Arizona, 1140 E. South Campus
Drive, Tucson, AZ 85721-0036

Additional index words. daily light integral, light emitting diodes, Cucumis sativus, seedlings,
blue:red photon flux ratio, high-pressure sodium, fixture growing efficiency

Abstract. To increase the available photosynthetic photon flux (PPF) for plant growth,
greenhouse growers sometimes use electric lighting to supplement solar light. The
conventional lighting technology used to increase PPF in the greenhouse is high-pressure
sodium lamps (HPS). A potential alternative to HPS is high-intensity light-emitting
diodes (LEDs). The objective of this study is to compare supplemental LED lighting with
supplemental HPS lighting in terms of plant growth and morphology as well as discuss
the energy use efficiencies of the fixtures. There were three light treatments: 1) blue LED
(peak wavelength 443 nm); 2) red LED (peak wavelength 633 nm); and 3) HPS, to provide
3.7 ± 0.2 mol·mL2

·dL1 (background solar radiation of 6.3 ± 0.9 mol·mL2
·dL1). Cucumber

(Cucumis sativus) plants at the transplanting stage (26 to 37 days) under HPS had 28%
greater dry mass than did plants under the LED treatments. This can be attributed to the
higher leaf temperature under the HPS treatment. No differences were observed in
growth parameters (dry mass, fresh weight, or number of leaves) between the blue and
red LED treatments. Plants under the blue LED treatment had greater net photosyn-
thetic rate and stomatal conductance (gS) than those under the red LED and HPS
treatments. Plants under the blue LED and HPS treatments had 46% and 61% greater
hypocotyl length than those under the red LED, respectively. The fixture PPF efficiencies
used in the experiment were 1.9, 1.7, and 1.64 mmol·JL1 for the blue LED, red LED, and
HPS treatments, respectively; however, the fixture growing efficiency (g·kWhL1) of HPS
was 6% and 17% greater than the blue LED and red LED treatment, respectively. In
summary, supplemental red LED produced desirable plant compactness and HPS had
greater fixture growing efficiency than LEDs.

Light is one of the limiting factors for
plant growth. To increase the PPF for plant
growth, greenhouse growers must supplement
solar light with electric-powered light. The
most common lighting technology used to in-
crease PPF in the greenhouse is HPS. HPS are
well accepted as a result of their relatively
high fixture PPF efficiency. For example,
single-ended and double-ended magnetic and
electronic HPS PPF efficiencies range between
0.93 to 1.85 mmol·J–1 (Nelson and Bugbee,
2013, 2014; Philips-Electronics, 2012). An al-
ternative to HPS is the high-intensity LEDs,
which currently have reportedly a PPF effi-
ciency ranging between 0.84 and 2.3 mmol·J–1

(Nelson and Bugbee, 2013, 2014; Philips,
2014) and are projected to have a 20-fold

increase on their flux per lamp output over
the next decade (Haitz and Tsao, 2011).

In addition to their higher efficiencies, LED
fixtures can also be built with a customized
spectrum. By using different color diodes,
growers have the opportunity to optimize spec-
tra for specific growing purposes. In research
using LEDs as the sole source light, plants such
as peppers, wheat, lettuce, potato plantlets,
Arabidopsis thaliana, soybeans, spinach, and
radish grown under red light (600 to 700 nm)
supplemented with blue light (400 to 500 nm)
had greater growth rate and better plant de-
velopment than plants grown under red light
alone (Brown et al., 1995; Goins et al., 1997;
Kim et al., 2005; Massa et al., 2008). Among
limited information, recent studies testing
LEDs as supplemental lighting have shown
that the optimal electrical light spectrum for
plant growth is different under sole-source
lighting than for supplemental lighting For
example, Hernández and Kubota (2014a,
2014b) found that plant responses to red and
blue photon flux (PF) ratios of LED supple-
mental lighting were species-specific and de-
pendent on background solar daily light
integral (DLI). They concluded that mono-
chromatic red supplemental lighting was
preferred for the production of vegetable

transplants because cucumber growth rate de-
creased with the increased of blue PF under
low solar DLI (5.2 ± 1.2 mol·m–2·d–1)
(Hernández and Kubota, 2014a).

To advance the use of LEDs as a supple-
mental lighting technology in greenhouses,
they have to be compared with the current
HPS technology in terms of plant responses
and energy consumption. Limited informa-
tion is available comparing HPS supplemen-
tal lighting with LED supplemental lighting
in terms of plant growth and development.
Currey and Lopez (2013) showed greater leaf
and root dry mass on Petunia cuttings grown
under LED supplemental lighting with 70:30
red:blue PF ratios compared with the cuttings
grown under HPS supplemental lighting.
Bergstrand and Schussler (2013) showed that
Chrysanthemum plant biomass production
was greater under HPS supplemental lighting
than those under supplemental red:blue and
white LED supplemental lighting. Limited and
conflicting research reports are available com-
paring energy consumption between LED and
HPS supplemental lighting. For example, for
fresh head lettuce, Martineau et al. (2012)
showed greater lettuce dry mass per electric
energy input in plants grown under LED
supplemental lighting than those under sup-
plemental HPS lighting and reported a 33.8%
greater electricity consumption by the HPS
supplemental lighting. In tomato, Gomez et al.
(2013) showed no increase in yield under
supplemental LED lighting compared with
the yield under supplemental HPS lighting,
but reported 76% greater electrical consump-
tion by the HPS supplemental lighting treat-
ment compared with the LED supplemental
lighting treatment. Pinho et al. (2012) reported
that a small-scale experiment of supplemental
lighting (1-m2 plant growing area) consumed
a 40% greater electricity by the HPS lighting
than the LED lighting to achieve the same PPF
over the canopy. However, when simulated for
a commercial greenhouse with 800 m2, HPS
lighting was shown to be 44% energy-saving
than LED lighting (Pinho et al., 2012).

Plant growth rate per fixture’s electric
power consumption is highly correlated
to the fixture’s PPF electrical efficiency
(mmol·s–1·W–1 or mmol·J–1). More PPF per
watt (W) often translates to greater growth
rate per kWh. If a LED fixture produces
greater growth rate than a HPS fixture and
both have similar PPF efficiency (LED:
0.84 to 2.3 mmol·J–1, HPS: 0.93 to 1.85
mmol·J–1), two explanations are possible:
1) plant growth rate is much more enhanced
by spectral optimization under the LEDs; and
2) the experimental design causes a dispropor-
tionate amount of supplemental PPF of the
HPS fixture to fall outside the growing area as
a result of a higher fixture density and conse-
quently higher energy consumption than sup-
plemental LED fixtures. In the latter case,
interpretation of energy consumption should
be carefully done because it presents mislead-
ing information and is biased toward LEDs.

To our knowledge, no literature is avail-
able on the comparison of HPS to LED
supplemental lighting for the production of
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greenhouse vegetable transplants. The objec-
tive of this study is to compare supplemental
LED lighting with supplemental HPS light-
ing in terms of plant growth and development
as well as the energy consumption of the
fixtures. We have selected greenhouse cu-
cumber transplants as the model crop because
cucumber is the second most produced veg-
etable in hydroponic greenhouses in the
United States (Nanfelt, 2011). In addition,
cucumber is known to be sensitive to PPF
and light quality variations (Hernández and
Kubota, 2014a, 2014b; Trouwborst et al.,
2010a). Furthermore, cucumber transplants
are commonly grown under HPS supplemen-
tal lighting in North America during the fall
and winter months when solar DLI is the
limiting factor for production.

Materials and Methods

Plant material and growing conditions.
Cucumber (cv. Cumlaude) seeds (Rijk
Zwaan, Bergschenhoek, The Netherlands)
were germinated in rockwool plugs (plug
size: 2.5 cm long · 2.5 cm wide · 4.0 cm
high) (Grodan, Delta, Canada) at 28 �C in the
darkness for 24 h. After radicle emergence,
plugs were transferred to rockwool cubes
(cube size: 10 cm long · 9.5 cm wide ·
6.5 cm high) (Grodan) and moved to a green-
house located in Tucson AZ. The greenhouse
floor area was 108 m2 with 2.5-m gutter height
and 4.3-m peak height and covered with
double-layer acrylic glazing, oriented north
to south, and equipped with a pad-and-
fan cooling system and a natural gas forced
hot-air heating system. When cotyledons were
expanded, uniform seedlings were selected
and subjected to the supplemental lighting
treatments. The plants were subirrigated as
needed with nutrient solution containing
(mg·L–1) 90 nitrogen, 47 phosphorus, 144
potassium, 160 calcium, 60 magnesium, 113
sulfur, 105 chlorine as well as micronutrients.

Solar DLIs were recorded everyday dur-
ing the experiment using three quantum

sensors (one per bench) (LI-190; LI-COR
Inc., Lincoln, NE) placed at canopy height.
Air temperature measured 60 cm above the
canopy and canopy air temperature measured
immediately below a fully expanded leaf at the
top of canopy were recorded for each compart-
ment using two fine-wire thermocouples (Type
T, gauge 24; Omega Inc., Stamford, CT) (six
thermocouples in the greenhouse). Atmo-
spheric moisture was maintained by a misting
system (Orbit Irrigation Products Inc.,
Bountiful, UT) installed under each bench
(plants were not in contact with misting
water). Relative humidity was measured
using a humidity probe (HMP110; Vaisala
Inc., Helsinki, Finland) installed in the mid-
dle of the experimental area. All sensors
were connected to a CR-1000 data logger
with a multiplexer (Campbell Scientific,
Logan, UT) scanned every minute to record
averages at 10-min intervals.

Supplemental light treatments. In the
north side of the greenhouse, three benches
(2.32 m2) were positioned side by side and
assigned for the three supplemental lighting
treatments. These bench areas were separated
by black plastic curtains to prevent light
treatment contamination. The plastic curtains
were placed so that air circulation was
allowed under the three benches. Additional
small curtains were positioned around the
benches to achieve similar solar DLIs be-
tween the compartments. The three supple-
mental light treatments consisted of blue
LEDs, red LEDs, and a HPS. Spectral photon
flux distributions over the bench surface were
measured on 40 locations in the growing area
using a spectroradiometer (PAR-NIR; Apo-
gee Instruments Inc., Logan, UT) and the
treatment PPFs were adjusted based on these
data (Table 1). The phytochrome photosta-
tionary state (Pfr/Ptotal) was calculated for
all three treatments following Sager et al.
(1988) (Table 1). Individual experimental
plants were systematically rotated daily in-
side the growing area to ensure even light
exposure to all plants. Timers connected to

the fixtures controlled the photoperiod, and
kilowatt-hour sensors (Kill A Watt; P3 In-
ternational Inc., New York, NY) monitored
the electrical consumption of the individual
fixtures.

Supplemental light fixtures. The LED
fixtures (Orbital Technologies Inc., Madison,
WI) used in the study were 131 cm long and
2 cm wide and mounted with 24 red [peak
wavelength 633 nm, full width at half max-
imum (FWHM): 16 nm] or 24 blue (peak
wavelength 443 nm, FWHM: 19 nm) LEDs.
Each fixture had a 4.8-W cooling fan to lower
LED operational temperature. A LED unit
consisted of eight fixtures connected to a con-
troller capable of varying the input amperage
to set the required PPF (Orbital Technologies
Inc.). The LED unit was mounted horizon-
tally 0.33 m above the bench with a 0.25-m
space between fixtures. The distance between
the plants and the LED unit was maintained.
A 600-W HPS fixture (P.L. Light Systems
Inc., Beamsville, Ontario, Canada) with
a deep reflector (P.L. Light Systems Inc.)
was installed 1.65 m above the bench. Both
the LED units and the HPS fixture irradiated
an experimental bench area of 1.8 m2 with
a fixture power density of 92.3, 89.9, and
364.4 W·m–2 for the blue LED, red LED, and
HPS treatments, respectively. However, a sig-
nificant portion of photons emitted by HPS
fell outside of the bench area. This was taken
into consideration when we compared the
electrical power consumption.

Evaluation of electrical power consumption
and growing efficiencies. In this study, the
electrical power consumption of the three
lighting systems was compared by extrapolat-
ing the experimental results to what can be
expected for a commercial-scale greenhouse
because a disproportional amount of radia-
tion of the HPS fell outside the growing area in
our experimental condition. A greenhouse
area of 1 ha (10,000 m2) was used for the
theoretical comparison. Two parameters [APC
and FGE in Eqs. (2) and (3)] were used to
compare the three lighting systems in terms of

Table 1. Environmental parameters measured inside the greenhouse.z

Measurement Units Blue LED High-pressure sodium Red LED Specification

Solar DLIy mol·m–2
·d–1 6.2 ± 0.71 6.3 ± 1.13 6.4 ± 0.74 One location per treatment at canopy height

Supplemental radiation mmol·m–2·s–1 55.7 ± 3.1 57.4 ± 3.2 57.3 ± 3.0 Measured at the beginning and end of
each repetition

Pf/Ptotal of
supplemental lightingx

0.471 0.852 0.895 Measured at the beginning and end of
each repetition

Greenhouse air temperature �C Day: 25.3 ± 1.0 Day: 25.3 ± 1.0 Day: 25.2 ± 0.8 One location, 60 cm above canopy for
each treatmentNight:15.9 ± 1.1 Night:16.6 ± 1.2 Night: 16.1 ± 1.2

Canopy air temperature �C Day: 23.5 ± 0.5 Day: 24.0 ± 0.6 Day: 23.3 ± 0.6 One location inside canopy for
each treatmentNight:15.5 ± 1.2 Night:16.0 ± 1.2 Night: 15.5 ± 1.2

Photoperiod Hours 18 (0200 HR to 2000 HR) Solarw plus supplemental light
Vapor pressure deficit kPa Day: 1.50 ± 0.2 One location, canopy height

kPa Night: 0.74 ± 0.1
Atmospheric CO2 mmol·mol–1 Ambient Natural ventilation
Nutrient solution pH 5.82 ± 0.2 Measured each fertigation
Nutrient solution

electrical conductivity
dS·m–1 2.10 ± 0.09 Measured each fertigation

zAverage and SDs of the two repetitions: 1) 22 Dec. 2012 to 28 Jan. 2013; and 2) 21 Apr. 2013 to 17 May 2013.
yDaily light integral.
xPhytochrome photostationary state (Pfr/Ptotal) was calculated for all three treatments following Sager et al. (1988)
wSunset was at 1738 and 1909 HR for the replicated experiments.
LED = light-emitting diode.
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fixture electrical consumption and growing
efficiencies.

According to the method described by
Aldrich and Bartock (1994), with some unit
modification, the number of fixtures needed
in a greenhouse (N) can be expressed as:

N =
PPF · A

EP
[1]

where PPF is the light intensity desired
to add by the supplemental lighting
(57 mmol·m–2·s–1 in our experiment). A is
the target growing area (10,000 m2). EP is the
fixture-specific effective emission of photon
(mmol·s–1). EP is calculated by multiplying
the total photon emission rate of the fixture
(mmol·s–1) by its utilization factor (value that
incorporates a fixture’s beam distribution, re-
flector design, and geometries) and its main-
tenance factor (the decrease in fixture photon
emissions over time). In this study, EP for
HPS and LED lighting was estimated as 81%
and 85%, respectively, of the photon emission
rate of each fixture (Table 4).

Areal electric power consumption (APC)
(kW·m–2) by supplemental lighting was esti-
mated in the following equation:

APC =
N·WF

A
[2]

where WF is the wattage required to power
one fixture (kW) (the power consumption
by the cooling fans was not included in the
calculation).

Finally, fixture growing efficiency (FGE)
expressed as grams of dry mass per kWh of
energy consumption (g·kWh–1) was calcu-
lated as follows:

FGE =
DM

APC·TH
[3]

where FGE is the fixture growing efficiency,
DM is the plant dry mass production per unit
area (g·m–2), and TH is the total number of
hours of supplemental lighting in the exper-
iment (576 h in our experiment). Ideally, DM
should account for the increase in DM asso-
ciated with the supplemental lighting, but in
this study, the total DM of plants collected at
the end of experiment was used.

Plant measurements and experimental
design. Twenty plants were sampled during
the experiment when plants were at the
second true-leaf stage (seedlings: 18 or 26 d
after sowing) and when plants were at the
seventh to eighth true-leaf stage (26 or 37 d
after sowing). The number of growing days
varied between the two repetitions as a result
of seasonal environmental conditions. Plant

height, hypocotyl length, and epicotyl length
were measured using a ruler. Stem diameter
was measured 1 cm below the cotyledons
using a digital caliper. Plant shoots were cut
at the substrate surface line, and the shoot
fresh weight was recorded. Number of leaves
greater than 1 cm in length was counted and
recorded. Counted leaves and cotyledons
were then scanned and leaf area per plant
was calculated using the leaf area analysis
software LIA 32 (K. Yamamoto, Nagoya,
Japan). Chlorophyll concentration was quan-
tified based on Moran and Porath (1980) for
two 56.6-mm2 leaf disks cut from each leaf
plant. Plant shoots were individually packed
in paper envelopes and placed into a drying
oven at 80 �C for at least 48 h to obtain
the shoot DM. Stomatal conductance and
leaf net photosynthetic rate (NPR) were mea-
sured with a portable photosynthesis system
(CIRAS-2; PP System, Amesbury, MA) with
a 1000 mmol·m–2·s–1 PPF (halogen lamp) under
greenhouse temperature of 25 ± 1 �C and
ambient CO2 concentration.

The experiment was conducted twice: 1)
22 Dec. 2012 to 28 Jan. 2013; and 2) 21 Apr.
2013 to 17 May 2013. Each repetition had 40
cucumber plants (experimental units) per
treatment for a total of 120 plants. Experi-
mental plants were protected from edge
effects by one row of 30 ‘‘border’’ plants.
Analysis of variance (P = 0.05) was per-
formed to identify treatment effect con-
sidering each plant as an experimental unit
(n = 40) repeated twice. Mean separations
were analyzed using Tukey-Kramer hon-
estly significant difference (P = 0.05).
Analysis of variance confirmed that there
were no significant interactions between the
treatment and replication in time. The sta-
tistical analysis was performed using JMP
software (SAS Institute, Cary, NC). No
major differences were found between the
seedling stage and the transplant stage;
therefore, only the transplant stage results
are presented.

Results and Discussions

Environmental conditions. Environmen-
tal conditions inside the greenhouse are
shown in Table 1. The average solar DLI
was not significantly different among the
three treatments. Air temperature above the
plant canopy was maintained the same under
all the treatments to minimize temperature
effects on plant growth and morphology.
Canopy air temperature measured was be-
tween 0.5 and 0.7 �C higher in the HPS

treatment presumably as a result of the
infrared radiation from the HPS fixture.

Effects of supplemental light on physiological
responses of cucumber transplants. Shoot DM
was 28% greater in the HPS treatment than
that in the LED treatments and shoot fresh
weight was 28% to 32% greater in the HPS
treatment than that in the LED treatments
(Table 2). Leaf number was 9% to 12% greater
in the HPS treatment than that in the LED
treatments (Table 2). These differences can be
attributed to the higher canopy air temperature
recorded in the HPS treatment caused by the
higher infrared radiation emitted by the fix-
ture. The actual leaf temperature (not mea-
sured) is expected to be higher than the
measured canopy air temperature under the
HPS fixture. Plant growth rate responds line-
arly to temperature increase (Adams, 2001;
Lieth and Pasian, 1990). In the present exper-
iment, the 0.5 to 0.7 �C higher leaf tempera-
ture throughout the entire experiment could
have caused the 28% increase in growth.
Similar trends are reported by other research
groups (Bergstrand and Schussler, 2013;
Dueck et al., 2012; Islam et al., 2012). For
example, in chrysanthemum, Bergstrand and
Schussler (2013) recorded a 0.9 to 1.2 �C
higher temperature and 17% greater DM in the
supplemental HPS treatment compared with
that in the supplemental red:blue LED treat-
ment. Similarly, for poinsettias, Islam et al.
(2012) showed 1.5 �C higher leaf temperature
and 35% to 43% greater DM in the HPS
supplemental light treatment than in the sup-
plemental LED (20B:80R) treatment.

The difference in photosynthetically ac-
tive radiation (PAR) spectral composition
between the treatments could have also influ-
enced the increase in growth rate. The HPS
spectrum applied in the present experiment
was composed of 4.8% blue (400 to 500 nm),
51% green (500 to 600 nm), and 44% red
(600 to 700 nm) (photon flux over PAR) vs.
100% red and 100% blue for the LED light
treatments. Supplemental lighting was turned
on from 0200 HR to 2000 HR during which the
first several hours (0200 HR to dawn) was the
sole source of lighting and the following
hours between dawn and dusk (10.3 to 13.5 h)
as supplemental lighting to the sunlight with
the final 0.8 to 2.4 h (dusk to 2000 HR) as the
sole source lighting. The solar plus electrical
lighting spectrum generally vary depending
on time of day, weather, day conditions, sky
conditions, and growing season. In this study,
the light quality for the solar plus electrical
lighting was evaluated under a clear day
(9 Jan. 2013 and 14 May 2013) around solar

Table 2. Effects of supplemental HPS and LED lighting on plant growth and chlorophyll concentration of cucumber seedlings (mean ± SD).

Light treatment
Plant stage

(days)
Shoot dry
mass (g)

Shoot fresh
wt (g) Leaf number Chlorophyllz (g·m–2) NPRy (mmol·m–2·s–1) gS

y (mmol·m–2·s–1)

Blue-LED 26–37 3.04 ± 0.422 bx 35.5 ± 4.48 b 7.4 ± 0.587 b 0.396 ± 0.040 a 17.5 ± 4.38 a 947 ± 558 a
Red-LED 26–37 3.03 ± 0.531 b 34.5 ± 6.37 b 7.6 ± 0.598 b 0.375 ± 0.038 b 15.5 ± 4.21 ab 721 ± 320 b
HPS 26–37 3.89 ± 0.234 a 45.4 ± 2.77 a 8.3 ± 0.657 a 0.395 ± 0.04 1ab 13.1 ± 3.58 b 682 ± 392 b
zTotal chlorophyll (a and b) per plant leaf area.
yNet photosynthetic rate (rate of CO2 exchange) and gS measured for fully expanded leaves.
xMeans followed by different lower or upper case letters are significantly different at P # 0.05.
gS = stomatal conductance; HPS = high-pressure sodium; LED = light-emitting diode.
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noon, showing that blue, green, and red PF
percentages of the treatments were 55%,
21%, and 24% for the supplemental blue
LED treatment; 18%, 21%, and 61% for the
red LED treatment; and 20%, 40%, and 40%
for the HPS treatment, respectively (data
not shown). The relative quantum efficiency
(RQE) of blue, green, and red wavelengths
for cucumber leaf were reportedly 0.646,
0.840, and 0.846, respectively [from McCree
(1972)]. Using wavelength-specific RQE and
the spectral composition of the different
light treatments throughout the photoperiod,
it is possible to estimate the percent differ-
ence in yield photon flux (YPF) of each
treatment. The YPF of the HPS treatment
was 16% greater than that in the blue LED
treatment and 1% lower than that in the red
LED treatment. Spectral composition could
have contributed to the greater growth rate
of plants under HPS compared with those
under blue LED treatment, but it does not
explain the greater growth rate of plants under
HPS compared with those under the red LED
treatment.

Hernández and Kubota (2014a) recently
examined different red-to-blue PF ratios
of supplemental lighting using LEDs and
demonstrated that cucumber growth rate
decreased with the increase of blue PF
under low solar DLI conditions (5.2 ± 1.2
mol·m–2·d–1). The reduction in growth rate
was attributed to the reduction of leaf area
caused by the increase of blue PF. In the
present study, also conducted under low
DLI conditions (6.2 ± 0.7 mol·m–2·d–1), it
was expected to see a greater growth rate
under the red LED treatment compared with
the blue LED treatment. However, no dif-
ferences in shoot DM, shoot fresh weight,
and leaf number were found between the
plants in the blue and red LED supplemental
lighting treatments (Table 2). A key difference
between the study conducted by Hernández
and Kubota (2014a) and the present study is
that the present study had a 100% blue
treatment, whereas Hernández and Kubota
(2014a) did not. This may have caused the
differences in the results.

Total chlorophyll per leaf area was 6%
greater in plants grown under the blue LED
treatment compared with those in the red
LED treatment and no significant different
from those in the HPS treatment (Table 2).
Chlorophyll biosynthesis has been reported
to be associated with blue light. For example,
Tripathy and Brown (1995) showed that blue
light (30 mmol·m–2·s–1) restored chlorophyll
synthesis on wheat seedlings germinated un-
der red light alone (500 mmol·m–2·s–1).
Oh-Hama and Hase (1981) demonstrated that
blue light was critical to initiate chlorophyll

biosynthesis in algae. In addition, chloro-
phyll concentration has been reported to
increase with the increase of blue photon
flux in algae (Jeffrey, 1980; Jeffrey and
Vesk, 1981; Vesk and Jeffrey, 1977). Also,
Hogewoning et al. (2010b) showed an in-
crease in chlorophyll concentration with the
increase of blue PF in cucumber seedlings
grown under electrical light. More recently,
Hernández and Kubota (2014a) tested dif-
ferent red and blue photon flux ratios of
supplemental lightning (55 mmol·m–2·s–1) in
greenhouse conditions and showed an in-
crease in chlorophyll concentration with the
increase of blue PF under low solar DLI
conditions (5.2 mol·m–2·d–1). In the present
study, the blue PF percentages over PPF
were �55%, 18%, and 20% for the blue
LED, HPS, and red LED treatments, respec-
tively, during the solar plus electrical lighting
period (dawn to 2000 HR, measured at around
solar noon) and 100%, 5%, and 0% for the
blue LED, HPS, and red LED treatments, re-
spectively, during the electrical lighting period
(0200 HR to dawn). Similar to Hernández and
Kubota (2014a), in the present study, the
greater the percentage of blue PF, the greater
the chlorophyll per leaf area under supple-
mental lighting conditions. It is plausible that
plants under the blue LED treatment had
greater capability to biosynthesize chlorophyll
than plants under the red LED treatment.

Effects of supplemental light on net
photosynthetic rate and stomatal conductance
of cucumber transplants. Leaf NPR in the blue
LED treatment was 34% greater than in the
HPS treatment (Table 2). Leaf NPR in the blue
-LED treatment was not significantly different
from that in the red LED treatment (Table 2).
Stomatal conductance was 31% and 39%
greater in the blue LED treatment than in the
red LED and HPS treatments, respectively
(Table 2). Hogewoning et al. (2010b) showed
no difference on NPR between plants grown
under different percentages of blue PF
(7%, 15%, 22%, 50%) under low PPF (less
than 500 mmol·m–2·s–1); however, at near-
saturating PPF (500 to 2000 mmol·m–2·s–1),
NPR increased with the increase of blue PF.
The increase of NPR at the near saturating
PPF was attributed in part to the increase of
gS at near-saturating PPF caused by the in-
crease of blue PF. In the present study, similar
to NPR responses, gS measured at near-
saturating PPF provided by the white light
source was 39% and 31% greater in the blue
LED treatment than in the HPS and red LED
treatments, respectively (Table 2). Hogewoning
et al. (2010b) showed a greater gS in treat-
ments with higher percent blue PF in cucum-
bers and the difference was more evident
under higher PPF. Hogewoning et al. (2010b)

attributed the increase in gS in part to the
increase in stomatal density in the adaxial
leaf surface. Also, Savvides et al. (2012), in
cucumbers, showed greater gS, stomatal den-
sity, pore aperture, and pore area per leaf area
in the treatments with blue light (30B:70R,
100B) than in the treatment with only red
light. In the present study, it is plausible that
cucumbers plants under the blue LED treat-
ment developed higher stomata density and
size than in the red and HPS treatments (not
measured), which could explain the higher
leaf NPR and gS at near-saturating PPF (1000
mmol·m–2·s–1). However, because plants were
grown under light limiting conditions (day-
time maximum PPF: 453 ± 109 and 745 ±
124 for replications 1 and 2, respectively), the
greater photosynthetic capacity of the blue
LED treatment under high PPF did not reflect
in a greater plant growth rate under the low
growing PPF of this study.

Effects of supplemental lighting on cucumber
transplant morphology. Cucumber hypocotyl
length was 46% and 61% greater in the blue
LED and HPS treatments, respectively, than in
the red LED treatment (Table 3; Fig. 1). Plant
epicotyl length was 36 and 50% greater in
the HPS treatment than in the blue LED and
red LED treatments, respectively (Table 3).
Stem diameter was 7% to 9% greater in the red
LED treatment than in the HPS and blue LED
treatments, respectively (Table 3). In the pres-
ent study, plant height was greater in the HPS
treatment followed by those in the blue LED
treatment and red LED treatment (Table 3).
The greater plant height in the HPS treatment
compared with that in the blue LED treatment
was mainly caused by the higher epicotyl
length in the HPS. In contrast, the greater
plant height in the HPS treatment compared
with that in the red LED treatment is the result
of the combination of greater epicotyl length
and hypocotyl length of plants under the HPS
treatment.

It has been reported that higher percent-
ages of green/yellow light (500 to 600 nm)
caused stem elongation in plants (Mortensen
and Strømme, 1987; Spaargaren, 2001). In
this experiment, during the solar plus elec-
trical lighting hours, the percentages of green/
yellow PF (measured at solar noon under a
clear sky) were 40% in the HPS treatment
compared with 22% in the LED treatments.
Similarly, during the electrical lighting period
(0200 HR to dawn), the percentages of green/
yellow PF were 51% for the HPS treatment
and 0% for the LED treatments. Therefore,
cucumber plants under the HPS treatment were
exposed to higher percentages of green/yellow
light during the entire experiment and this may
have contributed to the higher plant height.
Higher growing temperatures are also known

Table 3. Effects of supplemental HPS and LED lighting on morphological parameters of cucumber seedlings (mean ± SD).

Light treatment Plant stage (days) Plant ht (cm) Hypocotyl length (cm) Epicotyl length (cm) Stem diam (mm) Leaf area per plant (m2)

Blue LED 26–37 18.5 ± 2.02 bz 5.80 ± 0.75 a 12.5 ± 2.15 b 7.50 ± 0.64 b 0.081 ± 0.011 b
Red LED 26–37 15.4 ± 2.17 c 3.97 ± 0.57 b 11.3 ± 1.63 b 8.19 ± 0.52 a 0.089 ± 0.016 b
HPS 26–37 23.4 ± 3.07 a 6.41 ± 1.15 a 17.0 ± 2.46 a 7.67 ± 0.88 b 0.102 ± 0.026 a
zMeans followed by different lower or upper case letters are significantly different at P # 0.05.
HPS = high-pressure sodium; LED = light-emitting diode.
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to increase stem length. For example, Gray
et al. (1998) reported that Arabidopsis thali-
ana seedlings grown at 29 �C temperature
showed an 89% increase in hypocotyl elon-
gation compared with seedlings grown at
20 �C. In our experiment, the air temperature
measured at the canopy was 0.5 to 0.7 �C
higher in the HPS treatment compared with
the LED treatments. However, in this exper-
iment, we only measured air temperature in
the canopy and not the leaf temperature.
Therefore, the average leaf temperature dif-
ferences between the treatments might have
been higher than what was recorded in the
canopy, which may have contributed to the
higher stem extension in the HPS treatment.
The greater plant height in the HPS treatment
can also be attributed to the greater growth
rate. In this experiment, plants under the HPS
had 36% and 50% greater epicotyl length
than in the blue LED and red LED treatment,
respectively, and a 28% greater DM (greater
growth rate). Greater stem length in plants
under supplemental HPS treatment than plants
under supplemental LED treatments has been
documented before. For example, Islam et al.
(2012) compared supplemental red:blue LEDs
with HPS in their effects on plant height of
poinsettias, and the research showed a 34%
reduction of stem length when LEDs were
used as supplemental light compared with the
HPS. Currey and Lopez (2013) showed an
11% reduction in stem length in the 100% red
LED supplemental light treatment compared
with the plants under HPS supplemental light
treatment in Petunia cuttings.

The lower plant height in the red LED
treatment compared with that in the blue LED
treatment is mainly attributed to the 46%
reduction of hypocotyl length. The light
quality at the end of day could have contrib-
uted to the difference of hypocotyl length
between the two LED treatments. The addi-
tion of far-red (FR) light at the end of the day
promotes hypocotyl elongation (Blom et al.,
1996; Chia and Kubota, 2010; Decoteau
et al., 1988; Kasperbauer and Peaslee,
1973). Research in different plant species
showed that the response of stem length to the
Pfr/Ptotal is linear; with the increase in
Pfr/Ptotal, the stem extension rate decreases
(Runkle and Heins, 2001; Smith, 1982). In
the present study, the Pfr/Ptotal ratio is
different between the red LED treatment
(0.895) and the blue LED treatment (0.471)
(Table 1). This difference in Pfr/Ptotal in the
present study may have contributed to the
difference in hypocotyl length between
the LED treatments.

Light quality during the electrical LED
hours (0200 HR to dawn) can also have
contributed to the difference of hypocotyl
length between the two LED treatments. On
a parallel experiment, we tested different red:
blue photon flux ratios using LEDs as the sole
source of light in cucumber and found that the
hypocotyl length of the 0R:100B treatment
was 53% greater than the hypocotyl length of
the 100R:0B treatment (data not shown). Heo
et al. (2002) also reported an increase of
shoot length under pure blue light compared
with red light in Salvia and marigold.

Plants under the red LED treatment had
greater stem diameter and smaller hypocotyl
length, and therefore they were more com-
pact than the other two treatments (Table 3;
Fig. 1). A compact plant is a desirable mor-
phological characteristic for transplants. The
use of chemical growth retardants to de-
crease plant height is under high regulation
as a result of their potential health risk
(Bergstrand and Schussler, 2013; Hendriks
and Ueber, 1995; Lokke and Christensen,
2008). The use of supplemental lighting to
increase the compactness of the transplants
is a sound alternative to chemical growth
regulators. Based on the results of this study,
we recommend the use of red LED supple-
mental light to increase cucumber transplant
compactness.

Leaf area was greater in the HPS treat-
ment than in the LED treatments (Table 3).
This can be attributed to the greater growth
rate of the plants grown under the HPS
treatment. Leaf area was between 15% and
26% higher in the HPS than in the red LED
and blue LED treatments, respectively, and
plant DM was 28% higher in the HPS than in
the LED treatments. Leaf area in the red LED
treatment was not significantly greater than in
the blue LED treatment. Under sole-source
light, the decrease of leaf area with the increase
of blue PF has been reported in cucumber
(Hogewoning et al., 2010a; Trouwborst et al.,
2010b) and lettuce (Li and Kubota, 2009).
More recently under supplemental LED light-
ing, cucumber seedling leaf area also decreased
with the increase of blue PF under low solar
DLI conditions (5.2 mol·m–2·d–1) (Hernández
and Kubota, 2014a). Leaf responses to higher
percentages of blue PF (under the same
PPF) are similar to leaf responses to PPF
increase (Hogewoning et al., 2010b; Poorter
et al., 2009, 2010). It appears that when
irradiating plants with different ratios of red:
blue PF, the increase of blue PF decreases
leaf area, but when irradiating with pure
blue, leaf area is not reduced. In the present
study, the red:blue PF ratio was lower in the
blue treatment (more blue PF) during the
solar plus electrical lighting hours (dawn to
dusk) potentially causing a small decrease in
leaf area, but this may have been compen-
sated by the electrical lighting hours (0200
HR to dawn) when cucumber plants were
irradiated with pure blue PF.

Evaluation of fixture electrical consumption.
High-pressure sodium lamps are the standard

Fig. 1. Cucumber transplants grown for 26 to 37 d inside a greenhouse with an average of 6.3 mol·m–2·d–1

solar daily light integral supplemented with 57 mmol·m–2
·s–1 (3.7 mol·m–2

·d–1) blue LED (left), HPS
(center), and red LED (right) lighting. Notice that hypocotyl length was 46% to 61 greater in the blue
LED and HPS treatment compared with the red LED treatment. LED = light-emitting diode; HPS =
high-pressure sodium.

Table 4. Estimation of areal power consumption and fixture growing efficiency.z

Lamp type
and ballast

Input
power (kW)

Fixture PPF
efficiency
(mmol·J–1)

Effective
photons

(EP, mmol·s–1)w

Number of
fixtures per hectare

Areal power
consumption (kW·m–2)

Fixture growing
efficiency (g·kWh–1)

Blue LEDs 0.0427 1.9y 69 8258 0.035 3.3
600-W HPS 0.656 1.64y,x 871 655 0.043 3.5
Red LEDs 0.0218 1.7y 31 18124 0.039 3.0
zCucumbers were grown under 57 mmol·m–2·s–1 average supplemental photon flux, 1.8-m2 growing area, 18-h photoperiod, and 32 growing days. Fixture growing
efficiency was calculated using the growing area shoot dry mass means and the total power consumption.
yValues provided by Nelson and Bugbee (2014) for red LED (655 nm) and blue LED (455 nm).
xCalculated by dividing the manufacturer specific photon emission rate (1075 mmol·s–1) by the input power 656 W.
wEP was considered as 81% and 85% of total photon emission of HPS and LEDs (see the text for more information).
PPF = photosynthetic photon flux; LEDs = light-emitting diodes; HPS = high-pressure sodium.
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supplemental lighting technology used in
greenhouses as a result of their relatively high
efficiency (1.5 to 1.89 mmol·J–1) and high
effective flux (greater than 1000 mmol·s–1 for
fixtures over 600 W). In commercial green-
houses, HPS fixtures are installed at consider-
able distance above the plant canopy and the
overlapping light beams from multiple fixtures
improve light uniformity and intensity (photon
flux). It is challenging to do a fair energy
consumption comparison between HPS and
LEDs in a small-scale research area. For
example, in this study, to achieve the same
PPF between LED and HPS treatments, LED
fixtures were installed close to the plant canopy
(0.33 m above the canopy) because they had
a relatively low effective flux (37 to 87
mmol·s–1) and most of the radiation fell within
the growing area (1.8 m–2). In contrast, the
HPS was installed 1.65 m above the canopy
and a disproportionate amount of radiation
fell outside the target area. Under the pres-
ent experimental conditions, HPS fixture
density was 0.56 fixtures/m2 and the APC
was 364 W·m–2 (600-W HPS electrical
consumption including ballast: 656 W).
To achieve the same PPF (57 ± 3.1
mmol·m–2·s–1), in a commercial-scale green-
house operation (i.e., 1-ha area), using Eqs.
[1] and [2], the HPS fixture density and the APC
would have been 0.05 m–2 and 42.9 W·m–2

(0.043 kW·m–2), respectively (Table 4). The
calculated APC is �10 times smaller than the
experimental APC and agreed with the APC of
supplemental lighting in a commercial green-
house in Canada (L. Benne, personal commu-
nication). The HPS treatment had 23% and 10%
greater APC than the blue LED and red LED
treatments, respectively (Table 4). However, the
HPS treatment had 6% and 17% greater FGE
than the blue LED and red LED treatments,
respectively (Table 4). This is mainly attributed
to the higher canopy temperature caused by the
infrared radiation emitted by the HPS. How-
ever, the FGE in the present study was obtained
based on the fixture PPF efficiency reported by
Nelson and Bugbee (2014) for blue and red
LEDs (1.9 and 1.7 mmol·J–1) (Table 4). Cur-
rently, LED fixtures with higher PPF efficien-
cies are available in the market. For example,
a commercial LED fixture containing red
and blue diodes for greenhouse applications
is reported to have a fixture efficiency of
2.3 mmol·J–1 (Philips, 2014). If these
high-efficiency LEDs were used, a fixture grow-
ing efficiency of 4 g·kWh could be achieved,
which is 14% greater than the value obtained
under a HPS fixture in the present study.

Conclusion

Cucumber plants under supplemental
HPS lighting had greater growth rate than
plants under LED supplemental lighting. The
greater growth rate under the HPS treatment
was attributed to higher leaf temperatures
caused by the infrared radiation produced by
the fixture. Transplant morphology was more
desirable under the red LED supplemental
lighting because cucumber transplants were
more compact. Leaf net photosynthetic rate

and gS were higher under the blue LED
treatment. However, they did not translate
into a higher growth rate. Compared with
reported LED efficiencies (1.7 to 1.9
mmol·J–1), HPS (1.6 mmol·J–1) had a higher
fixture growing efficiency (g·kWh–1) than the
LED fixtures; however, this is expected to
change because LED fixture efficiencies keep
increasing. More research is needed to ex-
plain unique morphological vegetable plant
responses caused by unique spectrums ob-
tainable with LED technology. The responses
to supplemental light quality of other eco-
nomically important greenhouse crops needs
to be investigated.
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