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Abstract: Lighting is a fundamental driver of plant productivity in controlled-environment
agriculture (CEA), directly affecting physiological processes, resource efficiency, and sus-
tainability. This study evaluates the effects of distinct lighting systems, industrial Light-
Emitting Diodes (iLEDs), horticultural LEDs (hLEDs), high-pressure sodium (HPS) lamps,
and controls (no supplemental light), each providing unique light spectra, on cucumber
(Cucumis sativus L.) growth, physiology, and environmental impact under a controlled

~1in a commercial CEA setup. The results indicated

light intensity of 250 umol m~2 s
that iLEDs enhance intrinsic water use efficiency (35.65 pmol CO,/mol H,O) and reduce
transpiration, reflecting superior physiological resource use. Electrophysiological measure-
ments indicated significantly more stable stress responses in plants subjected to iLEDs and
hLEDs as compared to HPS and control treatments, indicating the effectiveness of LED light
spectra in mitigating stress-related physiological impacts. Furthermore, compact growth
and shorter stem internodes were observed under iLEDs as well as hLEDs, highlighting
the spectral effects on photomorphogenesis, likely caused by a balanced light spectrum.
HPS lighting achieved the highest yield (42.86 kg m~2) but at a significant environmental
cost, with 342.65 kg CO,e m~2 emissions compared to 204.29 kg COe m~2 for iLEDs, with
competitive yield of 38.84 kg m 2. Economic analysis revealed that iLEDs also offered the
most cost-effective solution due to lower energy consumption and extended lifespan. This
study focused on the interaction between light spectra, photosynthetic performance, stress
resilience, and resource efficiency, advancing sustainable strategies for energy-efficient food
production in CEA systems.

Keywords: cucumber (Cucumis sativus L.); light emitting diodes (LEDs); photosynthetic
efficiency; plant stress response; resource use efficiency; supplemental lighting;
sustainable agriculture

1. Introduction

By 2050, the global population is projected to reach nearly 10 billion, necessitating a
70% increase in worldwide food production [1,2]. Conventional agriculture, constrained
by land degradation, water scarcity, and climate variability, faces significant challenges
in meeting this demand sustainably [3,4]. Controlled Environment Agriculture (CEA),
including greenhouse systems, has emerged as a promising solution by providing opti-
mized growing conditions that enhance crop yields while minimizing resource use and
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environmental impact [5]. Within CEA systems, supplemental lighting is one of the most
critical factors influencing plant productivity, as it directly affects photosynthesis, growth,
and physiological processes [6-8].

For light-demanding crops such as cucumber (Cucumis sativus L.), supplemental
lighting is essential to optimize photosynthetic efficiency and productivity, particularly
in regions where the Daily Light Integral (DLI) is insufficient during winter months [9].
Traditionally, High-Pressure Sodium (HPS) lamps have been the predominant choice for
greenhouse growers due to their high red light output (600-700 nm), which is effective in
enhancing photosynthesis and biomass accumulation [10]. However, these lamps have
notable limitations, including lack of adequate blue light (400-500 nm) (Figure 1), sub-
stantial energy consumption, significant heat emission, and a substantial environmental
footprint. These drawbacks have driven interest in alternatives with more balanced spectra
and sustainability, such as Light Emitting Diodes (LEDs) [11,12].
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Figure 1. Spectral distribution of supplemental lighting treatments and controls used in the study. Pan-
els (a-d) display the control, horticultural LED (hLED), industrial LED (iLED), and HPS treatments,
respectively. On the panels, the x-axis represents the wavelength range in nanometers (nm). Panel
(e) provides a table detailing the percentage distribution of different spectrum ranges (400-750 nm)
for each light source with a photosynthetic photon flux density (PPFD) of 250 pmol m 2 s~!, mea-
sured directly at the canopy level without natural light. For the control treatment (natural light), the
spectral distribution was also measured at a PPFD of 250 umol m~2 s~!. The color bar in the table

corresponds to the spectral ranges depicted in the graphs.

LEDs offer distinct advantages, including customizable light spectra, lower energy
requirements, and reduced carbon emissions, positioning them as pivotal tools for sus-
tainable greenhouse production [13-15]. Full spectrum horticultural LEDs (hLEDs), with
higher technical advancement (Table S3), provide a balance of red, blue, and green light
(Figure 1) and are designed to optimize various growth parameters, such as plant flowering
induction, compact growth, and photosynthetic efficiency [12,16]. Despite their efficacy
in supporting plants” diverse growth requirements, the high initial cost remains a barrier,
particularly for large-scale commercial greenhouses [15,17,18].

To address this, industrial LEDs (iLEDs), originally developed for non-agricultural
applications, have emerged as a cost-effective alternative (Figure 1 and Table S3). While
previous studies have highlighted the resource efficiency of LEDs [19,20], the potential of
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iLEDs for agricultural use, particularly their impact on plant physiology, electrophysiology,
and stress responses, remains underexplored. Understanding how iLEDs compare to
hLEDs and HPS in terms of spectral suitability, energy consumption, and crop performance
is critical for advancing greenhouse lighting strategies [21,22]. Furthermore, the interactions
between yield optimization, energy consumption, and environmental sustainability require
further investigation to develop advanced lighting strategies that align with the principles
of sustainable agriculture [23,24].

This study aims to examine the impact of spectral properties from various supplemen-
tal lighting systems including HPS, iLEDs, and hLEDs on cucumber physiology, photosyn-
thetic performance, stress responses, resource use efficiency, and environmental sustain-
ability. The findings provide critical insights into resource-efficient lighting strategies that
optimize cucumber productivity while reducing environmental impacts, contributing to
sustainable and economically viable agricultural practices in CEA.

2. Results
2.1. Morphological Measurements

Significant differences in morphological traits were observed under different lighting
treatments (Table 1). The Control and HPS treatments resulted in the greatest stem elonga-
tion (SE), with average heights of 881.21 cm and 871.67 cm, respectively (Figure 54), and
the longest internode distances (IDs) of 9.99 cm and 9.54 cm (Table 1). Industrial LEDs
(iLEDs) showed moderate SE at 854.56 cm and an ID of 9.04 cm, while horticultural LEDs
(hLEDs) had the shortest plants, with 838.04 cm of SE and an ID of 8.89 cm (Figure S4).
HPS and iLEDs produced the thickest stems, averaging 14.48 mm and 14.26 mm, respec-
tively, while hLEDs and controls had the smallest stem diameter (SD), averaging 13.67 mm
and 13.35 mm. Plants under HPS lighting flowered the earliest, averaging 24 days post-
transplantation, with iLED showing the most homogeneous flowering induction (Figure 2).
The control group had the latest flowering induction date at 26 days and the least homoge-
neous flowering (Figure 2). Leaf Area Index (LAI) measurements varied significantly, with
hLEDs achieving the highest LAI of 2.10, followed by industrial LEDs at 1.95, HPS at 1.87,
and controls at 1.34 (Figure 2).

Table 1. Mean comparison of plant morphological traits under different lighting treatments.

SE (cm) SD (mm) ID (cm) LAI
Treatment
Mean Std Mean Std Mean Std Mean Std
Control 881.212 38.35 13.354 1.10 9.994a 0.49 1.34b 0.61
HPS 871.67 2 35.33 14.482 1.14 954b 0.39 1.872 0.62
Industrial LED 854.56 b 43.38 14.26 b 1.03 9.04°¢ 0.57 1952 0.67
Horticultural LED 838.04 ¢ 37.64 13.67b 1.23 8.89 ¢ 0.45 2102 0.85

SE: stem elongation; SD: stem diameter; ID: internode distance; LAI: Leaf Area Index. Mean values followed by
different letters within the same column indicate statistically significant differences between treatments (p < 0.05).

2.2. Plant Yield and Fruit Quality

The yield and quality of the cucumbers were significantly influenced by different
lighting treatments (Figure 3). The highest yield was observed in the HPS treatment,
with an average of 42.86 kg m~2, followed by the horticultural and iLEDs, with yields
of 39.03 kg m~2 and 38.84 kg m 2, respectively. The control group produced the lowest
yield of 30.16 kg m~2. Quality assessments based on fruit weight and size distribution also
revealed significant differences among treatments (Figure 3). The highest average fruit
weight was observed in the HPS treatment, with a mean weight of 0.531 kg, followed by
the horticultural and iLEDs, with average weights of 0.523 and 0.512 kg, respectively. The
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control group exhibited the lowest average fruit weight of 0.483 kg. The distribution of
fruit sizes further highlighted the impact of different lighting treatments on fruit quality.
The control treatment had the lowest proportion of large fruits at 48.8% (Figure 3).
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Figure 2. Flowering induction and leaf area index (LAI) response to supplemental lighting. (a) The
distribution and density of flowering days post-transplantation in each treatment group. The y-axis
indicates the number of days after transplantation at which flowering occurred. (b) The temporal
dynamics of Leaf Area Index (LAI) for the same treatment groups throughout the growing season.
Dates formatted as month-day represent the specific days when LAI measurements were taken. The
color legend, Control (red), Horticultural LED (yellow), HPS (blue), and Industrial LED (green),
identifies the treatment groups for both graphs.
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Figure 3. Yield and fruit quality under different supplemental lighting. (a) Yield (kg m~2) over four
different treatment groups. (b) Fruit weight (kg) over the four treatment groups. (c) Fruit size (XS,
S, M, and L) distribution percentages across different treatment groups. The mean yield and fruit
weight are indicated by a red dot, and the mean values are displayed above it. Significance levels
from Tukey’s HSD test are marked with asterisks (* p < 0.05, *** p < 0.001, ns: not significant).

2.3. Photosynthetic Parameters

Photosynthetic parameters, including net assimilation rate (A), stomatal conductance
(gsw), intrinsic water use efficiency (iWUE), electron transport rate (ETR), intrinsic car-
boxylation efficiency (iCE), and transpiration rate (E) varied significantly across treatments
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(Figure 4). The highest net assimilation rate was observed in plants grown under supple-
mental lighting conditions, while the control group exhibited the lowest rate, averaging
16.80 umol CO, m~2 s~! (Figure 4a). The highest gs, was observed under the HPS treat-
ment, averaging 0.77 mol m~2 s~ !, while the horticultural LED group had the lowest value
at 0.59 mol m~2 s~ ! (Figure 4b). HPS also showed the highest transpiration rate (E), with
an average of 5.90 mmol m~2 s~!, compared to the industrial and hLED average of 4.39
and 4.29 mmol m~2 s 1, respectively (Figure 4c). iWUE was significantly higher in the
Industrial LED treatment, averaging 35.65 umol CO,/mol H,O, in contrast to the control
and HPS group’s 22.04 and 24.55 umol CO;/mol H;0, respectively (Figure 4d). The iCE
and ETR followed a similar pattern to the net assimilation rate, with the highest values
observed under the supplemental lighting treatments (Figure 4e,f).
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Figure 4. Photosynthetic parameters across different light treatments. (a) Net assimilation rate
(A, pumol CO, m~2 s71), (b) stomatal conductance over water vapor (gsw, mol m—2s71), (¢) tran-
spiration rate (E, mmol H,O m~2s71), (d) intrinsic water use efficiency (iWUE, umol CO; (mol
H,0)~1), (e) intrinsic carboxylation efficiency (iCE, pmol CO, mol~1), and (f) electron transport rate
(ETR, pumol electrons m~2 s~1). Photosynthetic parameters were recorded under a constant light
of 500 umol m~2 s~! for all treatments. The boxplots display the median, interquartile range, and
mean point (yellow) for each treatment. Different letters above the boxes indicate statistical mean
comparison differences based on the Tukey HSD test (p < 0.05) among the treatments.
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2.4. Plant Stress Response

Electrophysiological recordings revealed distinct differences in the daily amplitudes
of electrical signals between the various lighting treatments. The time course of daily signal
changes (Figure 5A) showed that plants under control conditions consistently exhibited
the highest fluctuations, with peaks reaching over 200 mV. In contrast, plants grown under
LEDs maintained lower and more stable daily amplitudes, averaging around 50 mV. The
HPS group demonstrated moderate fluctuations but with generally higher signal changes
than the LED treatments. A bi-weekly analysis of daily signal changes (Figure 5B) further
highlighted significant statistical differences between treatments at specific intervals.
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Figure 5. (A) Time courses of daily amplitudes (mV) of cucumber electrical signals under different
illumination types (Control, iLED, HPS, hLED) and (B) quantitative comparison of daily amplitudes
(mV) under different illuminations in bi-weekly periods. Line plots represent mean daily amplitude
and shaded envelopes represent standard deviations (1 = 8). Box plots display the median and
interquartile range. Whiskers indicate range of the data. Dots show mean daily amplitudes per
day per group of 8 plants. Bars and labels above boxplots indicate statistical differences between
groups based on the Mann-Whitney test, with following significance ranges: *** p < 0.001, ** p < 0.01,
*p <0.05, n.s. (not significant) p > 0.05.

The Plant Balance Index (PBI) analysis (Figure 6A—C) supported these observa-
tions. Higher PBI fluctuations were observed in plants under control and HPS treat-
ments (Figure 6A). In contrast, plants under LEDs showed lower and more stable PBI
values. Plants grown under control and HPS conditions had frequent periods of elevated
stress (Figure 6B,C), while plants under LEDs exhibited more time in low-stress ranges
(Figure 6B,C). Quantitatively, plants under LEDs spent the largest proportion of time in
the low-stress PBI range (PBI < 0.4), accounting for 71.14% and 67.03% of the total time,
respectively (Figure 6C). In contrast, plants in the control group spent the most time in the
high-stress PBI range (PBI > 0.8), with 22.68%, significantly higher than industrial LED
(32.93%) and horticultural LED groups (24.83%).
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Figure 6. Plant Balance Index (PBI) analysis across different lighting treatments over the trial period.
(A) Bar charts depicting the percentage of time spent in the PBI range below 0.4, (B) in the PBI range
of 0.4-0.8, and (C) above 0.8. Asterisks (*) indicate statistically significant differences between groups
based on pairwise ANOVA tests. (D) Heatmap showing the temporal variation of PBI values for each
treatment (Control, iLED, HPS, hLED) across the trial duration. Colors represent PBI values, with red
indicating higher stress levels and green indicating more balanced states.

2.5. Economic and Environmental Sustainability

Energy consumption analysis demonstrated that the iLEDs were the most energy-efficient,
with an average power consumption of 378.31 kWh m~2, compared to 634.53 kWh m~?2 for
the HPS and 465.39 kWh m~2 for the hLEDs. Consequently, iLEDs achieved substantial
energy savings of 40.38% compared to HPS lights and 18.71% compared to hLEDs (Table 2).
When assessed on a per square meter basis, the initial cost of HPS lighting is 32.29%
more than industrial LEDs and the initial cost of hLEDs is 102.91% more than iLEDs
(Table 2). The resulting total emissions per light type were 342.65 kg CO,e m~2 for HPS,
251.31 kg COze m~2 for hLEDs, and 204.29 kg CO,e m~2 for iLEDs (Table 2). HPS was
found to have a hidden carbon pollution cost of $8.99 m—2 compared to iLEDs, while
hLEDs had a hidden cost of $3.06 m~2 compared to iLEDs (Table 2).

By considering the differences in yield (kg m~2) and power consumption (kWh m~2)
together with the current market prices (CAD 2.96 kg’l, CAD 0.11 kWh~1) [25,26], the net
economic benefit of each lighting type was assessed. Industrial LEDs were found to be the
most profitable, with HPS lights being CAD 16.29 m 2 less profitable and horticultural LED
lights being CAD 9.02 m~2 less profitable in comparison with iLEDs. The analysis here
was based on average wholesale prices for cucumbers, implying the potential profitability
of each lighting system under standard market conditions. Notably, the initial cost per
m? for iLEDs was the lowest, at CAD 124.20, compared to CAD 164.26 for HPS (32.26%
higher) and CAD 252.00 for hLEDs (102.91% higher). Additionally, the warranted lifespan
of industrial and hLEDs was 50,000 h, significantly longer than the 24,000 h for HPS lights
(Table 2).
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Table 2. Energy efficiency of supplemental lighting treatments during the study.
Parameters Light Type
iLED hLED HPS
Number of lights (Light m~2) 0.69 0.28 0.62
Plant density (Plant m~2) 1.65 1.65 1.65
Total hours of light application (h) 2193.08  2193.08  2193.08
Energy consumption (kWh m~2) 378.31 465.39 634.53
Carbon Emission (COpe m~2) 204.29 251.31 342.65
* Energy saving compared to HPS lighting (%) 40.38 26.65 -
Initial light cost (CAD m~2) 124.2 252.0 164.3
** Initial cost compared to iLED lighting (%) - 102.91 32.29
Company warranted lifespan (h) 50,000 50,000 24,000
** Pollution cost compared to iLED (CAD m~2) - 3.06 8.99

* The energy savings are calculated using a direct comparison of each light type to the HPS light. ** The initial cost
and pollution cost are calculated using a direct comparison of each light type to the industrial LED light.

3. Discussion

This study highlights the profound impact of supplemental lighting systems on cu-
cumber physiology, photosynthetic performance, and environmental sustainability in
controlled-environment agriculture (CEA). By analyzing the spectral properties of Indus-
trial LEDs (iLEDs), horticultural LEDs (hLEDs), and HPS lamps, this research underscores
the importance of spectral distribution in optimizing crop growth while balancing economic
and environmental considerations. It should be noted that no supplemental lighting or
natural light was selected as the baseline control to reflect real conditions in a commercial
greenhouse, ensuring the study’s practical relevance for growers.

The spectral composition of the lighting systems significantly influenced morphologi-
cal traits. iLEDs, with a balanced red-to-blue light ratio (26.42% and 8.87%, respectively),
promoted compact growth characterized by shorter internodes and robust plant archi-
tecture (Figure 1). This effect is attributed to blue light’s ability to suppress gibberellin
biosynthesis and redistribute auxin, thereby optimizing canopy structure for light intercep-
tion in high-density cropping systems [21,27,28]. Similarly, hLEDs, with a slightly higher
blue light proportion (10.04%), exhibited even more pronounced photomorphogenic effects.
This photomorphogenic effect is consistent with previous studies, which reported reduced
stem elongation (SE) and improved canopy structure in cucumbers and cherry tomatoes un-
der blue light [11,29]. In contrast, HPS lighting, dominated by yellow-orange wavelengths
(48.06% in the 550-599 nm range), induced greater SE and longer stem internodes, likely
due to far-red light promoting shade avoidance responses. These findings are consistent
with previous research emphasizing the critical role of balanced spectra in improving plant
morphology and space utilization [8,30,31].

The spectral distribution significantly influenced plant yield and fruit quality. HPS
lighting, dominant in green-yellow wavelengths (79.88% in the 550-650 nm range), achieved
the highest yield (42.86 kg m~2), likely due to enhanced light penetration and the addi-
tional heat produced into the canopy [32,33]. The far-red component of HPS lighting may
also have contributed to improved photon capture in shaded canopy layers, promoting
increased biomass accumulation [34]. However, the low proportion of blue light (3.14%)
in HPS resulted in suboptimal physiological efficiency, higher transpiration rates, and
inconsistent fruit size. Industrial LEDs, with 15.97% of their spectrum in the green range
(500-549 nm), achieved competitive yields (38.84 kg m~2) by ensuring even light distribu-
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tion within the canopy. This result highlights the significance of green light in enhancing
photosynthetic performance across plant layers [33,35]. Horticultural LEDs performed sim-
ilarly, achieving yields of 39.03 kg m~2 while improving fruit quality and size consistency.
These outcomes underscore the trade-offs between yield, energy efficiency, and fruit quality
across lighting systems.

Photosynthetic parameters further reflected the influence of light spectra. Industrial
LEDs demonstrated superior intrinsic water-use efficiency (35.65 pmol CO,/mol H,O)
and reduced transpiration rates compared to HPS lighting (Figure 4c,e). These results
suggest that the balanced red-to-blue spectra of the industrial LED spectrum optimized
photosystem II activity and stomatal conductance, consistent with the established roles
of red and blue light in chloroplast development and Rubisco activation [36,37]. Similar
results were reported by Hogewoning et al. (2010), who found that blue light enhances
Rubisco activation and photosynthetic capacity in cucumber leaves [38]. Horticultural LEDs
produced similar outcomes, with slightly higher stomatal conductance due to their elevated
blue light proportion. Other studies documented enhanced photosynthesis and water use
efficiency under LED lighting in tomato cultivation, corroborating these findings [39].
Conversely, HPS lighting, despite achieving the highest net assimilation rates, exhibited
poor water-use efficiency and higher transpiration rates, emphasizing the need for spectral
optimization to maximize photosynthetic efficiency without increasing water loss.

Plant stress responses were also significantly influenced by the lighting systems.
Electrophysiological measurements revealed that both LED treatments stabilized plant
stress responses more effectively than HPS and control treatments (Figures 4 and 5). The
blue light component in these LEDs likely contributed to the activation of antioxidant
pathways and reduced reactive oxygen species (ROS) accumulation [38,40], enhancing
stress resistance [41]. Borbély et al. (2022) highlighted that blue light plays a significant role
in modulating redox homeostasis and activating antioxidant pathways, which are critical
for reducing reactive oxygen species (ROS) accumulation, supporting the hypothesis that
blue light improves stress adaptation under LED lighting conditions [42,43]. In contrast, the
unbalanced spectral composition of HPS lighting resulted in greater stress response, further
highlighting its limitations in maintaining plant stability under controlled conditions [44].

The yield and environmental performance of iLEDs further underscore their poten-
tial as a sustainable alternative to HPS lighting. While HPS achieved the highest yield
(42.86 kg m~2), its energy consumption and carbon emissions (342.65 kg COze m™~2) were
significantly higher than those of iLEDs, which achieved competitive yields (38.84 kg m~2)
with 40% lower emissions. These findings highlight the dual benefits of LEDs in reducing
greenhouse energy consumption and carbon footprints while maintaining crop productiv-
ity [14,45,46]. Singh et al. (2015) also reported energy savings of up to 70% when using
LED:s for greenhouse lighting, emphasizing their feasibility as a resource-efficient solution
for sustainable agriculture [15]. The energy efficiency of iLEDs stems from their stream-
lined design, operating at lower wattage (240 W vs. 720 W for hLEDs), utilizing SMD2835
LEDs, and featuring a compact, lightweight structure that reduces manufacturing and
handling costs. In contrast, hLEDs rely on advanced OSRAM LEDs, which increase energy
consumption and production costs (Table S3). To fully capitalize on the advantages of
iLEDs, future research should explore their long-term impacts across diverse crops and
environments, focusing on molecular mechanisms of stress adaptation and photosynthetic
efficiency, particularly photoreceptor-mediated signaling. Integrating light-temperature in-
teractions and nutrient optimization could reveal synergistic effects to enhance greenhouse
productivity. Including both negative and positive controls in future studies will provide
a more comprehensive analysis of the combined impacts of natural and supplemental
lighting systems on crop performance.
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4. Materials and Methods
4.1. Plant Materials and Greenhouse Conditions

The Verdon RZ F1 cultivar by Rijk Zwaan of the long English cucumber, Cucumis sativus
L., was used in the study. This cultivar produces uniform fruits (450-500 g) with strong roots
and tolerance to pests, yielding 35-45 kg m 2 under optimal conditions [47]. The seeds were
germinated in 2.5 cm X 2.5 cm rockwool cubes starting 15 January 2024 in Lethbridge Poly-
technic’s Center for Sustainable Food Production (CSFP) greenhouse, located in Lethbridge,
Alberta, Canada (49°39'33.8904" N 112°48'24.0516"” W). The commercial-scale greenhouse
(7500 ft?) and its recirculating irrigation system are illustrated in Figures S1 and S2, respec-
tively. Greenhouse and irrigation system sanitization was done a week before starting
the experiment, using (5% peroxyacetic acid (PAA)) and 1.0% hydrogen peroxide. En-
vironmental conditions were controlled 24/7, maintaining a day temperature range of
23 + 2 °C, a night temperature range of 21 & 2 °C, a relative humidity of 65-75%, and a
Vapor Pressure Deficit (VPD) of 0.8 to 1.2 kPa. To achieve the target daily light integral
(DLI) of 27.5 4- 2.5 mol m 2 day !, the supplemental light at the canopy was maintained
at an average Photosynthetic Photon Flux Density (PPFD) of 250 umol m~2s~ 1, with an
18 h photoperiod (light: 12:00 AM to 6:00 PM during the early season and 2:00 AM to
8:00 PM during the late season) followed by 6 h of darkness. The PPFD level for the control
treatment varied throughout the day due to natural variations in sunlight intensity.

Following the initial propagation phase, seedlings were transplanted onto rockwool
cubes (10 cm x 10 cm x 10 cm) on 21 January 2024. After a week, when the plants had
three true leaves, they were transferred onto slabs with carbon-based soilless substrate
(15 cm x 100 cm x 10 cm). The continuous monitoring system of was used to oversee
climate, light, and irrigation conditions 24/7 (Microclimates Inc. Seattle, WA, USA).

Electrical Conductivity (EC) of the feeding solution was maintained at 1800 & 50 uS em~L,
and pH at 5.7-5.9. The irrigation regime was 1 min watering every 4 min in the recirculating
system, allowing 40-50% overdrain. Two concentrated nutrient stock solutions, A and B,
were stored in 100 L tanks (Table S1). An 800 L feeding tank diluted these concentrates with
tap water, delivering the nutrient solution (Table S2) via the irrigation system. Hydrochloric
acid (3.65%) was used to adjust the pH of the feeding tank. A continuous automated system
was used to make the feeding solution and control the irrigation regime (Microclimates
Inc. Seattle, WA, USA). Figure S2 illustrates the recirculating irrigation system components,
including the nutrient solutions, acid stock solution, and feeding tank, as well as EC and
pH sensors.

4.2. Experimental Design

The experiment was conducted from 15 January to 27 May 2024. Randomized Com-
plete Block Design (RCBD) was employed to evaluate three supplemental lighting systems,
High Pressure Sodium (HPS), Industrial LED, and Horticultural LED, alongside a control
(no supplemental light). An SXQ quantum light sensor and spectrometer (Agrowtek Inc.,
Brookfield, WI, USA) was used for quantitative measurement of the light spectra. Spectral
characteristics of the light types used in the experiments are illustrated in Figure 1. Tech-
nical specifications of the light types can be found in Table S3. The treatments, in three
replicates, were randomly distributed in the greenhouse (total 12 plots). Each plot was
measured to be 3.3 m by 4.4 m, with a total area of 14.52 m? (Figure S3). A 50 cm border
separated the plots, and a light-blocking layer was installed to prevent light contamination.
The rows were spaced 110 cm apart, with 55 cm between plants within rows. Each plot
contained 24 cucumber plants grown on 12 slabs, resulting in a density of 1.65 plants
m~2. To manage temperature effects, four fans were installed at the corners of each plot to
enhance airflow and minimize heat accumulation, particularly under HPS lighting. For
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physiological trait measurements, plants were randomly selected from each plot, and data
for yield and quality were collected from all 24 plants in each plot.

4.3. Morphological Measurments

Plant growth and development traits, including stem elongation (cm), stem diameter
(mm), internode distance (cm), and first flowering induction date, were measured for all
the plants within each plot. Stem elongation was measured twice a week. Stem diameter
was also measured twice a week with an electronic caliper at two locations, between the
4th and 5th leaves, counting from the top of the plant and stem base. The first flowering
induction date was recorded when the first flower bloomed on each plant within a given
treatment group. Non-destructive leaf area index (LAI) measurements were conducted
every 15 days using an AccuPAR LP-80 Ceptometer (METER Group, Inc., Pullman, WA,
USA). Measurements were randomly collected from the top and middle (5th expanded leaf
from the top) canopies within each row. The ceptometer was systematically moved across
the canopy to obtain data from both the outer and inner regions of the plant canopy. Each
treatment group consisted of four replicates. The following formula, adapted from [48],
was used to estimate the LAIL:

1—-1/2K)f, —1]int

_ U
LAl = "0 =0475,)

1)

where K is the extinction coefficient for the canopy, f; is the beam fraction, 7 is the ratio of
PAR measured below the canopy to PAR measured above the canopy, and A is the general
absorption coefficient of the canopy, which is equal to 0.86.

4.4. Plant Yield and Fruit Quality Analysis

Throughout the experiment, each fruit was tagged with its corresponding ID based on
the location and treatment in the experiment. Fruits were harvested twice a week when
their minimum diameter reached 41 mm [49]. Fruit quality and market category were
determined based on the CFIA standards [49]. During each harvest, data such as fruit
weight (g) and length (cm) were documented. Furthermore, calculations were performed
for the fruit yield per plant per square meter.

4.5. Photosynthetic Measurments

Photosynthesis measurements were conducted on the canopy using an LI-6800 (LI-
COR, Lincoln, NE, USA) once a week from nine randomly selected plants per treatment,
between 8:00 AM and 11:30 AM, on the fifth or sixth fully expanded and photosynthetically
active leaf. All measurements were taken under a constant light quantity of 500 pmol

2 571, with a spectrum of 10B:90R. Temperature, humidity, and CO, concentration

m

in the chamber were adjusted to greenhouse conditions. Recorded parameters included
net assimilation rate (A, umol CO, m~—2 s~ 1), stomatal conductance (8sw, mol m~2s7 1),
transpiration rate (E, mmol H,O m~2s~1), electron transport rate (ETR, pmol electrons
m~2 s~1), intrinsic water use efficiency i(WUE, umol CO, (mol H,0)™ 1), and carboxylation
efficiency (iCE, umol CO, mol~1). Intrinsic water use efficiency (iWUE) was calculated
as the ratio of net assimilation rate to stomatal conductance (A/gsw), and carboxylation
efficiency (iCE) was calculated as the ratio of net assimilation rate to intercellular CO,

concentration (A /Ci).

4.6. Electrophysiology Measurements

Electrophysiology recordings were conducted continuously throughout the study to
capture diurnal variations in the electrical activity of plants. Eight plants from the center of
each plot were selected for analysis from each treatment group. Electrical signals generated
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by plants were recorded using PhytlSigns devices from Vivent SA (Crans-pres-Celigny,
Switzerland), as described by [50] Tran et al., 2019. For each plant, the PhytlSigns device
measured the electrical potential difference between the main stem and the petiole of the
7th leaf from the base of the plant. The electrical signal was sampled at a rate of 256 Hz and
filtered to remove the frequencies at 60 and 120 Hz. The signal was recorded in millivolts
(mV) and was captured using MATLAB software (V. R2023a) [2].

The daily amplitude was defined as the difference between the maximum and min-
imum electrical potential recorded within a 24 h cycle. For PBI, a comparative analysis
was performed by aligning each day’s signal pattern with the standard deviation of the
previous four days. Instances where the recorded signal exceeded the standard deviation
were marked as significant deviations, indicating plant responses to environmental changes.
The PBI was calculated as a normalized ratio between these deviations and the standard
deviation itself, averaged across all plants in a treatment group. PBI scores were catego-
rized as follows: a range of 0.8-1.0 indicated marginal environmental influence and stable
ambient conditions; a range of 0.4-0.8 reflected moderate adaptation to environmental
factors; and a range of 0-0.4 suggested significant environmental influence and potential
plant stress.

4.7. Energy Use Efficiency and Carbon Emissions

Energy consumption for each lighting treatment was calculated using the follow-

ing formula:

where EC; is total energy consumption (kWh m~2), ER; is the energy rating (W /unit), PF;
is the power factor (%) by light type (i = Industrial LED, HPS, Horticultural LED), T is the
total number of hours the lights were on during the experiment, and A is the total area

covered by each light type (m?). The total experimental period was approximately 3146.33 h
from 17 January to 27 May, while the lights were on for 2193.08 h and off for approximately
953.25 h. A Photosynthetic Photon Flux Density (PPFD) threshold of 245 £ 5 pmol m 25!
was used to determine the total light on and off time. The total area covered by each
treatment group and comprised of 3 replicates was 43.56 m?>.

The environmental impact of light types was assessed based on the CO, emissions
associated with their energy consumption. To calculate the CO; emissions, we used the
electricity consumption intensity [51] value for Alberta for the years 2023 and 2024, which
is 540 g COze per kilowatt-hour (kWh) of electricity consumed [51].

The formula used to calculate the emissions is as follows:

E; = EC; X EFgrGHG 3)

where E; is the total CO, emissions (kg CO,e m~2), EC; is total energy consumption
(kWh m~2) by light type (i = Industrial LED, HPS, Horticultural LED), and EFgy gy is the
electricity consumption intensity (kg CO,e kWh™1).

To evaluate the economic implications of these emissions, the carbon pollution price
of $65 per tonne of CO,e for Canada in 2023 [52] was used. The formula to calculate the
COse-related cost embedded in each kWh of electricity consumption is as follows:

Pco
Cco, = ﬁ X EFEr,GHG 4)

where Ccp, is the CO,e-related cost (cents kWh™1), Pco, is the carbon pollution price (CAD
tonne~! COse), and EFg L,GHG is the electricity consumption intensity (kg CO,e kWh™1).
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Using the carbon pollution price and the electricity consumption intensity, the COje-related
cost embedded in each kilowatt-hour of electricity consumed is 3.51 cents kWh~1.

4.8. Statistical Analysis

Before conducting statistical analysis, data normality was assessed using the Shapiro-
Wilk test, and homogeneity of variance was tested with Levene’s test. Outliers were
identified and reviewed for potential data entry errors or valid extreme values. A one-way
ANOVA was then performed to evaluate differences among treatments. When significant
differences were found (p < 0.05), Tukey’s HSD test was applied for pairwise mean com-
parisons to identify specific treatment differences. Statistical analysis and visualization
were carried out using R (V. 4.2), Python (V. 3.13), and MATLAB (V. R2023a), with relevant
packages [53-55].

5. Conclusions

This study demonstrates the importance of supplemental lighting in optimizing cu-
cumber cultivation in commercial-scale controlled environment agriculture (CEA). High-
pressure sodium (HPS) lighting achieved the highest yields but at significant environmental
and energy costs. In contrast, industrial LEDs (iLEDs) and horticultural LEDs (hLEDs)
provided sustainable alternatives with competitive yields, improved stress resilience, and
lowered energy consumption. iLEDs were found as the most cost-effective and eco-friendly
option, balancing productivity and sustainability. While this study focused on individual
lighting systems, the findings suggest that hybrid lighting systems combining HPS and
LEDs could be explored further as a promising approach. By integrating the high-yield
potential of HPS with the energy efficiency and spectral flexibility of LEDs, hybrid systems
can optimize cucumber crop performance while reducing environmental impacts. These
results emphasize the need for optimizing light spectra to enhance plant physiological per-
formance and reduce environmental footprints, contributing to sustainable CEA systems
capable of addressing global food security challenges.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/horticulturae11010079/s1, Figure S1. Layout of controlled en-
vironment agriculture facility used in the experiment. Figure S2. Schematic diagram of circulating
hydroponics system used in this experiment. Figure S3. Schematic of the Randomized Complete
Block Design (RCBD) to test the effect of supplemental lights on plant performance. Figure S4. Tem-
poral dynamics of plant height under different lighting treatments. Table S1. Fertilizer recipe for stock
solutions A and B. Table S2. Element concentration in the feeding solution for hydroponic system
(EC 1800 uS/cm). Table S3. Technical specifications and cost of different supplemental lighting types.
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