
  

 

ENHANCING YIELD, NUTRITION, AND WATER-USE EFFICIENCY OF LETTUCE (Lactuca 

sativa) WITH GREENHOUSE LIGHT SPECTRUM AND CARBON DIOXIDE ENRICHMENT 

 

 

 

 

 

 

 

 

A Dissertation 

Presented to the Faculty of the Graduate School 

of Cornell University 

In Partial Fulfillment of the Requirements for the Degree of 

Doctor of Philosophy 

 

 

 

 

by 

Jacob Mark Holley 

May 2022



 

 

 

 

 

 

 

 

 

 

 

 

 

© 2022 Jacob Mark Holley



 

 

ENHANCING YIELD, MORPHOLGY, NUTRITION, AND WATER-USE EFFICIENCY OF 

LETTUCE (Lactuca sativa) WITH GREENHOUSE LIGHT SPECTRUM AND CARBON 

DIOXIDE ENRICHMENT 

Jacob Mark Holley, Ph. D. 

Cornell University 2022 

 

Controlled Environment Agriculture (CEA) provides a means to grow fruits and 

vegetables year-round, regardless of local climate. This form of growing is resource 

intensive and requires large inputs of energy to maintain heat, lighting, and humidity. 

New Light-Emitting Diode lighting offers vastly superior electrical efficacy to older 

technologies, and supplementing carbon dioxide can lower overall lighting needs. 

However, relatively little is known about how these technologies impact nutritional 

quality of leafy greens especially in terms of xanthophylls, eye health pigments. Three 

experiments aimed to quantify effects of supplemental light and carbon dioxide on 

the growth, morphology, and nutritional content of lettuce were conducted.  

The objective of Chapter 1 was to quantify the growth, morphology, and 

nutritional difference in lettuce grown under increased concentrations of CO2. Two 

varieties of lettuce, ‘Rex’ and ‘Rouxai’, were grown within growth chambers with CO2 

concentrations at 400, 800, 1200, and 1600 ppm. Lettuce fresh and dry mass 

significantly increased from by 20 to 28 percent as CO2 increased from 400 to 

800ppm, but further increases in CO2 had minimal biomass gains. Violaxanthin, one 



 

type of xanthophyll, was observed to decrease in ‘Rouxai’ between 400 to 1200 ppm. 

However, no other nutritional compounds, such as lutein, anthocyanins, or mineral 

components, were significantly affected. Overall, supplementation of CO2 leads to 

increases in biomass production but was found to only minimally affect nutritional 

content suggesting CO2 enrichment is an energy efficient practice with little impact 

on nutritional quality.  

Supplemental light in greenhouses provides a means to reach daily light 

integral (DLI) targets when sunlight is not sufficient to maintain productive growth. 

Supplemental light fixtures emit different spectra depending on their technology and 

design, and different spectra are known to have effects on plant growth. In Chapter 

2, different spectra of lights including High Pressure Sodium (HPS), Ceramic Metal 

Halide (CMH), narrow spectrum red and blue LEDs, and white LEDs were used as 

supplemental light were applied to plants to determine the impact of spectra on 

plant growth and nutritional quality. Further the experiment was replicated across a 

6 month period with different sunlight values to determine differences of growth as 

different quantities of sunlight and supplemental light contributed to a fixed DLI. Few 

differences were observed between lighting spectra, however, increases in fresh and 

dry weight were positively correlated to the fraction of sunlight that contributed to 

the total lighting goal. Further research if the positive effect of sunlight is due to far-

red, infra-red, leaf temperature, or other factors.  



 

Given contradictory scientific literature on light quality and nutrition and 

water use, the objective of Chapter 3 was to determine the impact of greenhouse 

supplemental light spectra on photosynthesis, whole-plant water use efficiency, 

xanthophyll and anthocyanin nutrition response of lettuce. Lighting sources include 

HPS, CMH, broad spectrum white LEDs and narrow spectrum R:B LEDS. High Pressure 

Sodium (HPS), Ceramic Metal Halide (CMH), narrow spectrum red and blue LEDs, and 

white LEDs were used as supplemental light source for two varieties of lettuce, ‘Rex’ 

and ‘Rouxai’. High Pressure Sodium lights yielded more fresh weight than 70% red 

and 30% blue LEDs. While HPS plants consumed more water per plant, water used 

per unit of fresh mass produced was lower under HPS in comparison to red and blue 

LEDs, making HPS more water-use efficient as a lighting source. The nutritional 

composition, specifically anthocyanins and xanthophylls, were highest under 70% red 

and 30% blue LEDs in comparison to white LEDs and HPS for anthocyanin and only 

HPS for xanthophylls. More work is needed to balance high plant productivity and 

nutritional content which are often at odds with each other. Promising future work 

includes dynamic plant light recipes (adjusting light spectrum during the crop stage) 

as well as developing spectra to emulate sunlight. 
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CHAPTER 1: THE IMPACT OF CO2 ENRICHMENT ON BIOMASS, XANTHOPHYLL CONTENT, AND 

MINERAL NUTRITION OF LETTUCE (LACTUCA SATIVA L.) 

Abstract 

Carbon dioxide concentrations affect the growth rate of plants by increasing 

photosynthesis. Increasing carbon dioxide in controlled environment agriculture (CEA) provides 

a means to boost yield or decrease daily light integral (DLI) requirements, potentially increasing 

profitability of growing operations. However, increases in carbon dioxide concentrations are 

often correlated with decreased nutritional content of the crop. The objectives of this 

experiment were to quantify the effects of carbon dioxide on the growth, morphology, and 

nutritional content of two lettuce varieties, ‘Rex’ and ‘Rouxai’ under four concentrations of 

carbon dioxide. Applied treatments were carbon dioxide concentrations of 400, 800, 1200, and 

1600 ppm in controlled environment chambers with the same background DLI.  Lettuce was 

germinated for eight days in a greenhouse, then transplanted into potting mix and placed in a 

growth chamber illuminated by fluorescent lights. After 21 days, lettuce was destructively 

harvested, and fresh weight and volume were measured. Anthocyanins, xanthophylls, 

chlorophyll, and mineral nutrient concentration were measured. Lettuce fresh and dry weight 

increased with increasing concentrations of carbon dioxide, with the greatest increases 

observed between 400 and 800 ppm and diminishing increases as CO2 concentration further 

increased to 1200 and 1600 ppm. Violaxanthin was observed to decrease in ‘Rouxai’ with 

increasing CO2 concentration. Largely, no significant differences were observed in lutein, 

anthocyanins, and mineral nutrition. Overall, increasing concentrations of carbon dioxide can 
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significantly increase yield for lettuce in controlled environments, while not significantly 

reducing many nutritional components.  

INTRODUCTION  

Lettuce (Lactuca sativa L.) is one of the most commonly grown and important food 

crops in the United States and around the world. Lettuce is 10th ranked produced vegetable by 

weight, with a total of 29 million tons harvested worldwide. Within the United States, lettuce is 

the third most consumed fresh vegetable (FAOSTAT, 2019) (USDA, 2020). Lettuce contains a 

high number of key dietary vitamins and minerals including fiber, vitamins A, C, K, calcium, 

magnesium, iron, and zinc (Natesh et al., 2017). 

The growth of many greenhouse crops given optimal fertilizer, light, and water are 

limited by carbon dioxide. Increasing the concentration of carbon dioxide above ambient 

concentrations allows for increased productivity in many greenhouse crops including lettuce, 

tomatoes, cucumbers, and roses (Taiz and Zeiger, 2010; Hand, 1982). Increases in harvestable 

fresh weight of 19% for tomatoes and 29% 40% for lettuce have been demonstrated with 

carbon dioxide enrichment (Boondum et al., 2019; Singh et al., 2020). Not only can yields be 

improved, additional energy and carbon footprint saving that can be achieved. Greenhouses 

can be maintained at a lower temperature while supplementing carbon dioxide with the 

potential of increasing lettuce weight, while reducing heating requirements (Frantz, 2011). 

Carbon dioxide supplemental also allows a grower to reach the same yield with a lower daily 

light integral (DLI) target. As lettuce is best grown with a DLI of 17 mol·m-2·day-1 under ambient 

carbon dioxide conditions, supplementing carbon dioxide up to 1600 ppm reduces the need for 
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lighting while maintaining yield with as little as 11 mol·m-2·day-1 (Both and Albright, 1998). 

However, impacts on plant nutrition were not evaluated by Both and Albright (1998). Since 

supplemental lighting is often used in greenhouses to maintain production, supplementing 

carbon dioxide further reduces the amount of energy needed for healthy, productive plants. 

The supplementation of carbon dioxide benefits production by increasing yield and lowering 

energy costs, allowing for a more profitably and energy efficient solution for growers.  

In plant cells, carbon dioxide is generated by respiration and consumed during 

photosynthesis. For plants to grow, photosynthesis must consume more carbon dioxide than 

produced by respiration, which is met by drawing carbon dioxide from the atmosphere, 

currently (2021) containing a concentration of roughly 415 ppm. 

Within plant cells, the balance when carbon dioxide is produced by respiration matches 

photosynthesis is known as the CO2 compensation point (Verduin, 1954). The photosynthetic 

limitation of the cell is dependent on the relation of intercellular carbon dioxide to the 

compensation point. At low intercellular carbon dioxide concentrations, the carboxylation 

capacity of rubisco limits photosynthetic rate (Wareing et al., 1968). When intercellular carbon 

dioxide concentrations increase to high levels, the Calvin-Benson cycle and the electron 

transport chain driven by light then becomes the limiting factor (Heber, 1975). Plants regulate 

intercellular carbon dioxide at high concentrations, mainly by controlling the aperture of their 

stomata. With increased carbon dioxide, stomata exhibit reduced gas exchange which in turn 

can decrease transpiration rate. Decreases in transpiration due to increased carbon dioxide 
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concentrations can thereby decrease levels of mineral uptake, and increase water use 

efficiency, and leaf temperature (Taiz and Zeiger, 2010). 

While carbon dioxide enrichment increases productivity of many crops, it is also known 

that carbon dioxide effects the protein and micronutrient concentrations in many agricultural 

crops. Rice grown under elevated CO2, led to decreasing concentration of iron and zinc within 

the edible portion of rice plants in comparison to plants grown under typical CO2 

concentrations (Chumley and Hewlings, 2020). For Indian mustard, seeds contained a lower 

concentration of protein, calcium, zinc, iron, magnesium, and sulfur under elevated CO2 (Singh 

et al., 2013). Wild goldenrod pollen exhibited decreases in protein content over time due to 

increasing atmospheric CO2 (Ziska et al., 2016). For lettuce, increased CO2 has been shown to 

increase amino acid content (Miyagi et al., 2017). Increasing carbon dioxide from ambient to 

800 ppm reduced chlorophyll, nitrogen, and phosphorus concentration in hydroponically grown 

lettuce leafy greens (Singh et al., 2020). More work is needed for lettuce to determine effects 

on mineral nutrient content at multiple concentrations of carbon dioxide.  

Despite the increases in overall biomass, less is known about vitamin impacts of produce 

grown under increased concentrations of CO2. In tomatoes, no differences were observed in 

the carotenoids beta-carotene or lycopene under various concentrations of CO2 (Krumbein et 

al., 2006). Flavonoid glycosides and chlorogenic acid concentrations generally increased in 

lettuce under increased concentrations of carbon dioxide (Becker and Kläring, 2016; Yoshida et 

al., 2016). The overall impact of CO2 on xanthophylls and anthocyanins, two nutrients of 

importance to human health, are not well characterized.  
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Lettuce provides an excellent source of vitamins, minerals, dietary fiber, and antioxidant 

compounds (Mampholo et al., 2016). Provitamin A and anthocyanins stand out among the most 

important nutrition available with lettuce and other leafy greens (Natesh et al., 2017; Perez-

Lopez, 2014). Vitamin A compounds belong to a class of chemicals known as carotenoids, which 

can further be divided into oxygen containing compounds called xanthophylls and oxygen free 

compounds known as carotenes (Higdon, 2015). Zeaxanthin and lutein are xanthophylls that 

when consumed become concentrated within the fovea centralis within eyes. These 

compounds play an important role for humans in preventing photo-oxidative stress, protecting 

the retina of the eye from damaged caused by blue light absorption, quenching of excited 

triplet states of photosensitizers, and physical quenching of singlet oxygen (Widomska and 

Subczynski, 2019). Regular consumption of zeaxanthin and lutein are associated with the 

prevention of age-related macular degeneration. Mammals cannot synthesize xanthophylls and 

therefore to prevent ocular diseases, the recommended consumption of lutein and zeaxanthin 

is 6 to 20 mg per day (Seddon et al., 1995; Ma et al., 2012).  

Within plants, xanthophylls participate in non-photochemical quenching, a mechanism 

shielding the plant from intense light by conversion to heat (Krause and Weis, 1991; Baker 

2008). Three different compounds participate in the xanthophyll cycle, violaxanthin, 

antheraxanthin, and zeaxanthin. Violaxanthin is converted to antheraxanthin, then to 

zeaxanthin in environments with high light. The overall level of irradiance will determine the 

overall ratio of violaxanthin to zeaxanthin. High xanthophyll concentrations are generally 

associated with plants growing in high light; however, they are necessary in shaded plants as 

sunflecks can provide the necessary light to convert xanthophylls in understory crops (Taiz and 
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Zeiger, 2010). Currently there is no information on the literature on xanthophyll responses of 

lettuce to carbon dioxide concentration. 

Red leaf lettuce can add a different color to salads in comparison to traditional leafy 

greens. These plants obtain their distinct color through the production of anthocyanins (Gazula 

et al., 2007). Anthocyanins play several key roles within plants. Anthocyanins protect leaves 

from UV damage, cold temperatures, and water stress (Burger and Edwards, 1996; Chalker-

Scott, 1999). They do so by absorbing ultraviolet radiation and scavenging free radicals thereby 

protecting plants from oxidative stress, and are associated with ameliorating stressors including 

cold, heavy metals, desiccation, and wounds (Gould, 2004). Despite these advantages, plants 

must expend a metabolic cost in the production of anthocyanins (Chalker-Scott, 1999). In 

addition to plants, there is some evidence anthocyanins may benefit human health as well 

(Wang et al., 1999). Anthocyanins are antioxidants and are thought to be involved in scavenging 

of free radicals and sequestering metal ions (Hertog, 1993). In plants, because anthocyanins 

absorb light they may also reduce the amount of light available for photosynthesis. 

Anthocyanins are more chemically active than many other flavonoids and are easily degraded 

as a food during thermal processing or storage (Dangles and Fenger, 2018). Under fluorescent 

and red:blue:white LED light, lettuce has been shown to increase in anthocyanin content with 

increasing CO2, although this was not true under white LED light (Park et al., 2012). 

Understanding the impact of carbon dioxide supplementation within controlled 

environments on the growth and nutritional content of food will determine the effects of CEA 

on long term health of people, as well as the overall production and profitability of CEA 
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operations. While lettuce is a common CEA crop that is routinely subject to enriched CO2, very 

little information is available in the literature on the impact of CO2 enrichment on vitamin and 

nutrient content of leafy greens. The objective of this study was to determine the impact of 

elevated CO2 on yield and nutritional content (chlorophyll, xanthophyll, anthocyanin, and 

mineral elements) of lettuce plants.  

METHODOLOGY 

Two cultivars of lettuce plants, ‘Rex’ and ‘Rouxai’ were chosen to use in the experiment. 

‘Rex’, a green butterhead lettuce, was chosen as it is one of the most common cultivars of 

butterhead lettuce in CEA and ‘Rouxai’, a red oak leaf lettuce, was chosen for red pigmentation 

expression within the leaves. Plants were germinated in 1” rockwool cubes and watered with 

clear water in a glass greenhouse under ambient CO2 without supplemental lighting and 

temperature set points at 25 C day / 20 C night for eight days. Plants were then transplanted to 

3.5-inch pots with commercial potting mix (LM-111; Lamber Peat Mass, Rivière-Ouelle, Canada) 

and placed into four acrylic controlled atmosphere chambers. Four acrylic controlled 

atmosphere chambers (CACs) which measured 100 cm x 68 cm x 46 cm (LxWxH) and were 

contained within two larger walk-in growth chambers (M1 Walk-in; Environmental Growth 

Chambers, Chagrin Falls, OH, USA), resulting in two CACs in each walk-in growth chamber. 

Plants were randomly placed onto ten equally spaced positions. Each chamber provided one of 

four treatments of CO2 concentrations set to 400, 800, 1200, and 1600 ± 50 ppm. Temperatures 

inside were maintained at 22.5 ± 0.5 C using an electric radiator controlled by an Argus control 

system. Light intensities averaged 250 µmol·m-2·s-1 with a duration of 17 hours using T5 High 
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Output (HO) fluorescent bulbs (Philips Lighting Company, Amsterdam, Netherlands) resulting in 

a DLI of 15.3 mol·m-2·day-1. Light intensity was measured at each plant location using a 

quantum sensor (LI-190R; LI-Cor Inc., Lincoln, NE, USA). A randomized complete block design 

was used, with CO2 concentrations randomly assigned to each of the four CACs for each of the 

four replicates. Ten plants were grown in each chamber, five plants of each variety, that were 

randomly assigned within the chamber.  

Plants were fertigated daily (or as needed) with liquid fertilizer (Jack’s 5-12-26 Part A, 

J.R. Peter’s Inc., Allentown, PA and YaraLiva Calcium Nitrate, Yala International ASA, Oslo, 

Norway) and buffered with 1M sulfuric acid to achieve an EC of 1.8 and pH of 5.8 (Table 1-1).     

Table 1-1: Nutritional composition of fertilizer given to ‘Rex’ and ‘Rouxai’ during the 

course of the experiment. 

ppm total 

N 150 

P 39 

K 162 

Ca 139 

Mg 47 

Fe 2.3 

B 0.38 

Mn 0.38 

Zn 0.11 

Cu 0.11 

Mo 0.08 

 

Plants were grown for three weeks in chambers before harvest. Prior to destructive 

harvest, lettuce height to tallest leaf, and two diameters taken perpendicular to one another 
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were taken to calculate volume. Volume was calculated assuming a cylindrical shape with the 

following equation: 𝑉𝑜𝑙𝑢𝑚𝑒 =  (
(𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟1+𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟2)/2

2
)

2

∗ 𝜋 ∗ 𝐻𝑒𝑖𝑔ℎ𝑡. Plants were then cut 

at the substrate surface and weighed for fresh weight. A subset of plants was cut in half and 

frozen in liquid nitrogen for anthocyanin, xanthophyll, and chlorophyll analysis (n=3 samples, 

per block per replicated crop cycle). Plants were then dried for 48 hours at 70° C and weighed 

to determine dry weight. For plants that were sampled for nutritional content, plants were 

reweighed after sampling, then dried and total plant dry weight was adjusted based on percent 

removed during sampling. Mineral nutrient analysis was conducted by a commercial laboratory 

(J.R. Peter’s Laboratory, Allentown, NJ). The experiment was repeated for a total of 4 crop 

cycles (with CO2 treatment randomized by chamber for each crop cycle).  

Chlorophyll and Xanthophyll Analysis 

 To analyze chlorophyll and xanthophylls, after gathering fresh weight measurements 

and plant morphology data, lettuce heads were cut in half and immediately frozen using liquid 

nitrogen. Plants were ground and homogenized using a mortar and pestle under liquid 

nitrogen. Two replicate samples of the powdered plant material weighing 50 mg each were 

placed into 1.5 ml polypropylene microcentrifuge tubes (VWR International, Radnor, PA). The 

extraction solution was comprised of 80% acetone and 20% H2O and 1000 µl of solution was 

added to the centrifuge tubes and vortexed. Samples were vortexed and stored at 4 °C until 

solid material was white. Samples were centrifuged at 14,800 RPM for 5 minutes at 4 °C. 

Supernatant was filtered through a 0.45 µm nylon syringe filter (VWR International, Radnor, 

PA). Afterwards, 600 µl of supernatant was taken and combined with 900 µl of 80% acetone 



 

10 

 

and 20% H2O to bring the total volume to 1.5 ml. Samples were then analyzed using a High-

Performance Liquid Chromatograph with an SPD-10A detector (Shimadzu Scientific 

Instruments, Japan) with detector wavelength at 450 nm. The column used was a YMC C-30 

carotenoid column with a 4.6 x 250 mm I.D., 5 µm particle size (YMC America, Allentown, PA). 

Mobile phase was composed of 81:15:4 methyl turt-butyl ether (MTBE), methanol, and H2O. 

Flow rate was set at 1 ml·min-1 with a 30 µl injection volume.  

 Each sample was injected twice through the HPLC. Concentrations and residence times 

were determined using authentic external standards. The concentration and residence times 

were determined using the area under the curve and residence times of the authentic external 

standard. Chromatograph of a typical lettuce sample is provided (Figure 1-1). 

 

Figure 1-1: Chromatographic profile of pigments in lettuce extract. The labeled peaks and 

residence time represent violaxanthin (A - 9.3 minutes), chlorophyll b (B – 17.9 minutes), lutein 

(C – 19 minutes), and chlorophyll a (D – 31.5 minutes). The isocratic mobile phase used was 

comprised of 81% methyl turt-butyl ether (MTBE), 15% methanol, 4% H2O and processed 

through a YMC C-30 carotenoid column (5µm, 4.6 x 250 mm).  
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Anthocyanin Analysis 

 Frozen tissue, as described from above, was used to determine anthocyanin 

concentrations. Plants were ground using a mortar and pestle while maintaining frozen 

temperatures. Two replicate samples of the powdered plant material weighing 50 mg each 

were placed into 1.5 ml polypropylene microcentrifuge tubes (VWR International, Radnor, PA). 

Next, 300 µl of methanol 1% HCl to each of the centrifuge tubes. Samples were vortexed, then 

stored for at least 24 hours at 4 C. 200 µl of H2O and 500 µl of chloroform were added to the 

centrifuge tubes and spun at 12000 RPM for 4 minutes. Then, 400 µl of the aqueous 

supernatant was taken and added to 2600 µl of methanol 1% HCl in a 3 ml spectrophotometer 

cuvette. Absorbances were read in a Shimadzu UV 1800 UV Visible Scanning 

Spectrophotometer (Shimadzu Scientific Instruments, Japan) at 530 nm and 657 nm (Carvalho 

and Folta, 2014; Neff and Chory, 1998). 

The experiment was a randomized complete blocking designing consisting of four 

replicate crop cycles over time. Within each crop cycle each of four chambers were randomly 

assigned one of four CO2 concentrations, with five experimental units for each variety in each 

experimental replicate. A linear mixed-effect model (package lmer, R, Version 1.3.959, Ames, 

Iowa) was used to analyze data. Random effects included replicate, treatment location, and 

replicate of light position. Fixed effects included variety, CO2 concentration, and light intensity 

at each plant position. Mean separations comparisons were conducted using Tukey HSD with an 

alpha = 0.05.    
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A Michaelis-Menten equation was used to model the increase in lettuce biomass in 

response to CO2 concentration for each variety. The equation is as follows:  

Fresh Weight (g) = 𝑉𝑚𝑎𝑥 ×
[𝑆]

𝐾𝑚+ [𝑆]
  

with Vmax = maximum growth rate 

Km = CO2 concentration at ½ Vmax 

[S] = CO2 concentration 

RESULTS 

Lettuce biomass in terms of fresh and dry weight increased with a higher concentration 

of carbon dioxide with a large increase from 400 ppm to 800 ppm, and insignificant gains 

thereafter (Figure 1-2; Figure 1-3). Lettuce increased in fresh weight 20% and 28% under 

treatments of 800 ppm compared to 400 ppm for ‘Rex’ and ‘Rouxai’ respectively, but only 3% 

and 11% when further increased to 1600 ppm for ‘Rex’ and ‘Rouxai’ respectively. Similarly, in 

terms of plant dry weight, the increase between 400 ppm to 800 ppm was 26% for both 

varieties, while the increase from 800 ppm to 1600 ppm was only 2% and 14% for ‘Rex’ and 

‘Rouxai’ respectively. Michaelis-Menten modeling demonstrates the larger benefit for CO2 on 

‘Rouxai’, as seen with a lower Km, as well as provides a predicitive model that can be used to 

forecast plant growth (Table 1-2). 
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Table 1-2: Results of the Michaelis-Menten model used to predict lettuce growth. 

Results show the maximum size predicted for lettuce to grow in 21 days under maximum CO2 

supplementation is 50.9 g and 57.0 g and the CO2 concentration that results in half of maximum 

growth rate is 262 ppm and 145 ppm for ‘Rex’ and ‘Rouxai’ respectively. Since using R-squared 

is not recommended for nonlinear least squares model, pseudo-R2 was used with pseudo-R2 for 

Rex = 0.206 and pseudo-R2 for Rouxai = .422. 

Variety Vmax Km 

Rex 50.9 262 
Rouxai 57.0 145 

 

 

Figure 1-2:  Fresh weight biomass of lettuce ‘Rex’ and ‘Rouxai’ after 21 days in response to CO2 

concentration. Data represents estimated marginal means and standard error as calculated by 

five plants per cultivar in each of four replicate crop cycles in a complete randomized block 

design. Letters represent mean separation comparison using Tukey’s Honestly Significant 

Difference (alpha = 0.05). 
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Figure 1-3:  Dry weight biomass of lettuce ‘Rex’ and ‘Rouxai’ after 21 days in response to CO2 

concentration. Data represents estimated marginal means and standard error as calculated by 

five plants per cultivar in each of four replicate crop cycles in a complete randomized block 

design. Letters represent mean separation comparison using Tukey’s Honestly Significant 

Difference (alpha = 0.05). 

 Lettuce volume increased for ‘Rouxai’ between 400 ppm and all higher concentrations 

of CO2, but was not significantly different between 800 ppm, 1200 ppm, and 1600 ppm. For 

‘Rex’, there was no significant differences between volumes under any CO2 treatments (Figure 

1-4). 
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Figure 1-4:  Volume of lettuce ‘Rex’ and ‘Rouxai’ after 21 days in response to CO2 concentration. 

Data represents estimated marginal means and standard error as calculated by five plants per 

cultivar in each of four replicate crop cycles in a complete randomized block design. Letters 

represent mean separation comparison using Tukey’s Honestly Significant Difference (alpha = 

0.05). 

 Despite a decreasing trend of nutritional content with higher carbon dioxide 

concentrations, the only significant difference in xanthophylls was observed with violaxanthin 

between the 400 ppm and 1200 ppm treatments in Rouxai with violaxanthin concentrations 

higher in 400 ppm by 19% (Figure 1-5). There were no significant differences observed within 

anthocyanins, lutein, chlorophyll a, or chlorophyll b (Table 1-3). For xanthophylls, only 

violaxanthin and lutein were observed, and xeaxanthin was not detected. Both violaxanthin and 
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lutein yielded highest concentrations on average in the 400 ppm treatment, however carbon 

dioxide treatment did not significantly impact lutein in either variety. 

 

Figure 1-5:  Violaxanthin concentration of lettuce ‘Rex’ and ‘Rouxai’ after 21 days with 

increasing concentrations of CO2. Data represents estimated marginal means and standard 

error as calculated by five plants across four replicates in a complete randomized block design. 

Letters represent mean separation comparison using Tukey’s Honestly Significant Difference 

(alpha = 0.05). 

 Since lettuce biomass increased and violaxanthin decreased with increasing CO2 

concentrations, there were no significant difference in the total violaxanthin content per 

lettuce plant (Figure 1-6). Anthocyanin concentrations did not significantly differ between any 

of the CO2 treatments (Figure 1-7). 
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Figure 1-6:  Violaxanthin within each lettuce plant for ‘Rex’ and ‘Rouxai’ after 21 days increasing 

concentrations of CO2. Data represents estimated marginal means and standard error as 

calculated by five plants across four replicates in a complete randomized block design. Letters 

represent mean separation comparison using Tukey’s Honestly Significant Difference (alpha = 

0.05). 
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Figure 1-7:  Anthocyanin Concentration of lettuce ‘Rouxai’ after 21 days with increasing 

concentrations of CO2. Data represents estimated marginal means and standard error as 

calculated by five plants across four replicates in a complete randomized block design. Letters 

represent mean separation comparison using Tukey’s Honestly Significant Difference (alpha = 

0.05). 
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Table 1-3:  The effect of increasing concentrations of CO2 on lettuce varieties ‘Rex’ and ‘Rouxai’ 

for xanthophyll and chlorophyll content. Separation was determined with the linear model was 

(Variable = Variety * CO2 Concentration + Light Intensity + Random Effects) using Tukey’s HSD 

(alpha = 0.05). Data represents 5 plants per cultivar per treatment per replicate with 4 

replicates over time. 

Variety Treatment 
Violaxanthin 
(mg/100 g) 

Lutein 
(mg/100 g) 

Xanthophylls 
(mg/100 g) 

Chlorophyll A  
(mg/100 g) 

Chlorophyll B 
(mg/100 g) 

Rex 400 3.1 ± 0.2 NSz 2.2 ± 0.1 NS 5.3 ± 0.3 NS 38.5 ± 2.4 NS 7.3 ± 0.5 NS 
 800 3.0 ± 0.2 NS 2.3 ± 0.1 NS 5.3 ± 0.3 NS 39.0 ± 2.4 NS 7.5 ± 0.5 NS 
 1200 2.9 ± 0.2 NS 2.1 ± 0.1 NS 5.0 ± 0.3 NS 39.3 ± 2.4 NS 7.0 ± 0.5 NS 
 1600 2.8 ± 0.2 NS 2.0 ± 0.1 NS 4.8 ± 0.3 NS 37.4 ± 2.4 NS 6.8 ± 0.5 NS 

Rouxai 400 3.8 ± 0.2 B 3.1 ± 0.1 NS 6.9 ± 0.3 B 61.8 ± 2.5 NS 12.6 ± 0.5 NS 
 800 3.5 ± 0.2 AB 2.9 ± 0.1 NS 6.3 ± 0.3 AB 57.4 ± 2.4 NS 11.8 ± 0.5 NS 
 1200 3.2 ± 0.2 A 2.7 ± 0.1 NS 5.9 ± 0.3 A 54.0 ± 2.4 NS 11.2 ± 0.5 NS 
 1600 3.5 ± 0.2 AB 2.9 ± 0.1 NS 6.4 ± 0.3 AB 58.3 ± 2.4 NS 11.9 ± 0.5 NS 

zNot significant at alpha = 0.05 

No significant differences were found in the concentrations of macronutrients (Figure 1-

8) and micronutrients (Figure 1-9) across carbon dioxide concentrations. A pattern of slightly 

declining mineral nutrient concentration in response to increasing CO2 concentration was 

evident across many of the mineral nutrients, however, none were found to be significant. 

Using an ANOVA analysis showed the effect of rising carbon dioxide concentrations to be a 

significant predicting factor for nitrogen concentration, despite no significance with Tukey HSD 

analysis between treatments. 
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Figure 1-8:  Shoot and leaf macronutrients concentration (in % by dry weight) of ‘Rex’ and 

‘Rouxai’ lettuce grown under four increasing concentrations of carbon dioxide. No significant 

differences were noted using Tukey’s Honestly Significant Difference (alpha = 0.05). 

 

Figure 1-9:  Shoot and leaf micronutrients concentration (in mg/kg) of micronutrients within 

‘Rex’ and ‘Rouxai’ lettuce grown under four increasing concentrations of carbon dioxide. No 

significant differences were noted using Tukey’s Honestly Significant Difference (alpha = 0.05). 
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Discussion 

Plant Morphology 

Trends in plant morphology correspond well with previous work with CO2 enrichment. 

The fresh and dry biomass of both cultivars in this study increased by 25 to 44% for ‘Rex’ and 

‘Rouxai’ respectively when CO2 increased from 400 ppm to 1600 ppm, while previous literature 

reports a 20%-40% in lettuce biomass with CO2 enrichment of 800 ppm for lettuce (Singh et al., 

2020). Results corroborate past findings that most CO2 benefits are obtained with 

supplementation up to 800 ppm, and diminishing returns thereafter (Both et al., 1998). The 

similar results to past research validates our methodology and lends support that findings with 

nutritional components will be replicable.  

Nutrition 

For ‘Rouxai’ violaxanthin decreased as CO2 concentration increased from 400 to 1200 

ppm CO2. For other xanthophylls, a slight, but statistically insignificant, trend was observed in 

which overall concentrations of xanthophylls decreased with increasing CO2. In the limited 

literature on leafy greens the overall effect of increased CO2 has been little to no effect on 

flavonoids and carotenoids for lettuce, of which anthocyanins and xanthophylls are included 

(Dong et al., 2018; Perez-Lopez et al., 2014b). ‘Rouxai’ also showed a greater sensitivity to the 

impact of CO2 on xanthophyll content, as violaxanthin concentrations were significantly lower 

at 1200 ppm compared to 400 ppm. This finding coincides well with previous findings, as 

varieties have significantly difference responses in regards to nutritional content and 

carotenoids to elevated carbon dioxide (Baslam et al., 2013).   
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One possible explanation for the slight reduction in violaxanthin concentration could be 

dilution due to growth rate, as plants gain carbohydrate biomass more rapidly under higher 

CO2. As the lettuce plants grow faster with increased CO2, the overall accumulation of 

xanthophylls may not accumulate at the same rate. In fact, the total xanthophyll content per 

plant (Figure 1-6) did increase slightly, although the increase was not found to be significant. 

Dilution has been a major factor for the concentration of nutrients within plants (Loladze, 

2014).  

No measurable quantity of zeaxanthin was detected during this experiment. This may be 

due to the overall low amount of total irradiance on plants, 250 µmol·m-2·s-1 of total light similar 

as reported by Demmig and Adams (1996). It is possible in a greenhouse setting, increases in 

overall light may produce more zeaxanthin.  

No differences in either anthocyanin concentration or total anthocyanins per plant were 

observed, suggesting CO2 has no effect on the overall production of anthocyanin. Anthocyanin 

has been shown to be quickly generated (Gomez and Jimenez, 2020), therefore growth rate 

may not have a significant effect since these compounds can be produced quickly. In addition, 

anthocyanin accumulation only takes place in the presence of light, and the inner part of the 

plants remain green and relatively free of anthocyanins. As plants grow bigger, there is a 

decrease in surface area to volume ratio. This could also account for lack of differences 

between treatments, as treatments with higher CO2 concentrations grew with more volume. 

Despite the larger surface area, this was diluted as total anthocyanins were measured with the 

whole plant, not simply on the surface of the leaves. Other findings with lettuce have shown 



 

23 

 

that light intensity is far more influential than carbon dioxide, with CO2 having no effect on 

anthocyanin production (Perez-Lopez, 2014a).  

Overall mineral nutrition showed a slight, but not significant pattern, of decrease in 

concentration with increasing CO2. Changes in mineral nutrition have been noted to be 

insignificant, have slight decreases, or in some cases, increases (Sicher and Bunce, 1997; 

Loladze, 2014; Baslam et al., 2012; Perez-Lopez, 2014b) in response to CO2 for lettuce. Given 

the small differences and inconsistencies of past research, our results are not surprising in 

showing a decrease that was not significant. Simply increasing carbon dioxide alone did not 

provide consistently similar findings in past research, nor in this project despite plausible 

explanations such as dilution of nutrients due to faster growth and carbohydrate accumulation, 

and decreased transpiration resulting in less bulk flow of nutrients from the root zone.  

Although patterns of slight decreases in nutrition were observed, these were not found 

to be significant in most cases. Since light and nutrient content are often related, the 

combination of these factors with various CO2 concentrations should be investigated. One of 

the benefits of using CO2 supplementation is yield can be maintained with less light (Both, 

1998). Since this experiment kept light constant, reducing DLI may further reduce nutrition. 

Since nutritional components like anthocyanins and xanthophylls are often highly correlated 

with light intensity (Massa et al, 2015; Demmig-Adams and Adams, 1996), reducing DLI would 

reduce the light intensity plants experience resulting in a reduction of these important 

compounds. Also, the spectrum of light has been shown to have significant impacts on nutrition 

in conjunction with CO2 concentrations (Singh, 2020). DLI and light spectrum may further 
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exacerbate the reduction of nutrients likely creating highly significant reductions of nutritional 

content, however, has not yet been demonstrated. More research is needed to determine the 

interactive effects of light and CO2 on lettuce nutrition. 

Conclusion 

This study represents the first in-depth analysis of the response of lettuce xanthophyll 

and mineral element concentrations to elevated concentrations of CO2. Increasing the 

concentration of CO2 is a proven way to increase the growth rate and biomass of lettuce in 

controlled environment production. Therefore, it is important to quantify the nutritional impact 

of CO2 enrichment as well. The greatest benefit of CO2 for biomass production occurred in initial 

increase from ambient (400 ppm) to 800 ppm, with insignificant increases after 800 ppm to 

1600 ppm. Impacts on xanthophyll and anthocyanin concentrations and overall production 

across various concentrations were largely insignificant, with the exception of a slight decrease 

in violaxanthin for Rouxai between 400 ppm and 1200 ppm CO2. Xanthophyll concentrations did 

show a slight, but insignificant, pattern of decrease with increasing CO2 concentrations.  

Overall, CO2 supplementation in controlled environment agriculture has the potential to 

increase yield. The current study finds there are largely not significant impacts of CO2 

enrichment on xanthophyll, anthocyanin, and mineral nutrient concentrations in lettuce. 

Further experimentation is needed to validate these results in a greenhouse setting.  
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CHAPTER 2 

IMPACT OF GREENHOUSE SUPPLEMENTAL LIGHT QUALITY AND FRACTION OF SUNLIGHT ON 

YIELD AND QUALITY OF HYDROPONICALLY GROWN LETTUCE (Lactuca sativa L.) 

Abstract 

The impact of light on plant growth has been well characterized based on light spectra 

and intensity. Despite known differences in yield between various spectra, the overall daily light 

integral (DLI) goals of crops remain largely the same regardless of light source. To test 

differences in growth with equal DLIs but different proportions of sunlight and supplemental 

light, lettuce was grown hydroponically in a greenhouse across two seasons. Ten different 

treatments of supplemental light were set up in a greenhouse from September 16th, 2019 to 

March 25th, 2020. Under each treatment, two varieties of lettuce, ‘Rex’ and ‘Rouxai’ were 

grown, with four rafts per variety in each treatment. Every week, a new raft (8 plants) was 

transplanted and the most mature raft was harvested from every treatment. Fresh weight, 

plant volume, and dry weight data was collected. Light sensors in each treatment quantified the 

total light given from each light source. Some differences in fresh and dry weight of lettuce 

were observed between supplemental light treatments with plants grown under Ceramic Metal 

Halide being heavier than several LED treatments for ‘Rex’. No differences were observed 

between supplemental lighting spectra for fresh or dry weight for ‘Rouxai’. However, increases 

in fresh and dry weight were highly correlated with increases in solar DLI despite similar 

achieved DLI.  Potential reasons include wavelengths of radiation provided by the sun that are 

not accounted for in photosynthetically active radiation: far-red (700-750 nm) which can impact 



 

32 

 

leaf surface area and infra-red (800 nm – 1 mm) which can heat leaves/canopies increasing the 

crop developmental rate. Overall, at the same daily light integral, lettuce exhibits greater 

growth under sunlight in comparison to supplemental light, suggesting the importance of 

wavelengths beyond the PAR spectrum. 

 

INTRODUCTION 

Lettuce is the third most popular consumed vegetable in the U.S. after potatoes and 

tomatoes (FAOSTAT, 2019) (USDA, 2020). While lettuce is primarily produced in fields in 

California and Arizona, there is increasing production of greenhouse lettuce throughout the 

United States, including in northern climates like New York. Lettuce production in protected 

environments including hydroponic greenhouses comprised an annual wholesale value of $71 

million (USDA NASS, 2020). Lettuce contains several important vitamins, minerals, and fiber 

content making it a heathy food (Natesh et al., 2017).  

Light and temperature are the two most important factors affecting plant growth and 

productivity in a greenhouse environment. Temperature differs predictably outdoors 

throughout the year and can be effectively controlled in greenhouse environments. 

Temperature has an important impact on plant growth and development rate affecting factors 

like leaf unfolding rate (Thompson et al., 1998). Unlike temperature, ensuring light is provided 

within a consistent and narrow range if far more difficult to achieve (Albright et al., 2000). 

Greenhouse supplemental lighting presents an interesting challenge, as a consistent lighting 

goal is necessary to ensure crop yields, yet light must be provided by both the sun and 
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supplemental lights. Sunlight differs both seasonally due to daylength and the azimuth of the 

sun, but also daily with unpredictable weather patterns.  

Maximizing yields and ensuring consistent crop production can be done by providing a 

consistent Daily Light Integral (DLI), measured in mol·m-2·day-1 using a combination of sunlight 

and supplemental light in greenhouses. Failure to achieve DLI targets results in plants that are 

leggy (long internode elongation) and poor-quality (low biomass). Over-lighting of head lettuce 

may induce tip-burn, a physiological disorder due to inadequate calcium supply to the growing 

point due to inability of roots to keep up with high plant growth rate (Both, 1998). Over lighting 

can also consume an unnecessarily high amount of energy and increase carbon footprint. 

Optimal DLIs differ by crop type, and for head lettuce a DLI of 17 mol·m-2·day-1 is recommended 

(Brechner and Both, 2013; Faust, 2001). 

Several control systems and algorithms have been created aiming to achieve consistent 

DLI by modulating supplemental light amidst fluctuating sunlight (Albright, 2000; Mahdavian, 

2017; Serale, 2021; Weaver, 2019; Mosharafian, 2021). These control algorithms are not only 

important to ensure crop consistency, but also to reduce energy use, as greenhouse lighting can 

account for nearly one third of energy costs (Watson et al., 2018; Harbick et al., 2018). 

Different technologies of supplemental electric lighting are available for use in 

greenhouses. Since the invention of high intensity discharge (HID) lamps in the 1950s and 1960, 

greenhouse lighting has largely relied on these fixtures as a source of supplemental lighting 

(Wheeler, 2008). One type of HID, high-pressure sodium (HPS), has accounted for 98% of 

greenhouse lighting (USDA, 2017). Beginning around 1990, LEDs began to be used as a plant 
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lighting source, initially only for research purposes (Bula et al., 1991). LEDs offer a unique 

advantage over HID fixtures, as LEDs allow the ability to select and customize specific narrow or 

broad wavelength LEDs which can result in specific plant biochemical, developmental, and 

morphological characteristics (Massa, 2008; Pocock, 2015). LEDs can emit narrow wavelengths 

of light, produce more photons of light per watt of electricity, last longer than HID fixtures, and 

have more direct optics to direct light to a target area (Both et al., 2017). In addition to effects 

on plant physiology, LEDs are more efficacious in producing photons with regards to electricity 

consumption.  

The run costs of electrical lighting are determined by the number of photons produced 

per unit energy consumed. This metric of efficacy is µmol/watt·s, or simply µmol/J. As 

technology continues to improve, the µmol/J of lighting sources continue to improve, although 

at different rates. With each given lighting technology, there is a maximum theoretical efficacy. 

The overall efficacy of LEDs continues to increase rapidly, however other lighting technologies 

like HPS and fluorescent lighting have largely reached their potential efficacy. LEDs create an 

opportunity to reduce power costs and carbon footprint due to their superior electronic 

efficacy in comparison to HID and fluorescent lighting. Currently, horticulture LEDs boast an 

impressive efficacy of up to 3.69 µmol/J, while HPS fixtures are nearing the peak of their 

potential efficacy at 1.72 µmol/J (Kusuma et al., 2020). 

Plants use light for both photosynthesis (Pn) and photomorphogenesis (Pm), which are 

affected by wavelength, intensity, and photoperiod of light (Cope et al., 2014). Illuminating 

plants with different wavelength and intensities of light can be used to influence growth, 
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development, physiology, and metabolite accumulation (Pocock, 2015; Folta and Carvalho, 

2015).  

The ratio of red to blue photons has a profound impact on cell division, cell expansion, 

leaf area, hypocotyl elongation, leaf area, leaf thickness, nutritional content, and water use 

efficiency. (Hernandez and Kubota, 2016; Dougher and Bugbee, 2004; Chen et al., 2021). In 

general, higher quantities of blue light promote more compact plants with thicker cuticles, 

shorter hypocotyl elongation, red coloration (anthocyanins), and higher nutritional content 

(Massa, 2008; Chen et al., 2021; Meng et al., 2020).  

Other wavelengths can promote growth as well. Green light has been shown to 

penetrate deeper into plant tissue and promote higher overall rates of photosynthesis 

(Terashima et al., 2009); Massa et al., 2015). Far-red has also been shown to enhance 

photosynthesis, expand leaf area, and contribute to internode elongation (Zhen et al., 2021; 

Zhen and van Iersel, 2017; Stutte, 2009). 

Currently lighting control systems that aim to ensure consistent plant growth assume 

the overall effect of DLI is considered equal between lighting sources. However, as different 

light sources emit different wavelengths of light, this assumption is not valid. Overall fresh 

weight, dry weight, elongation, and flowering differs significantly under different spectra of 

supplemental light in many horticultural crops including lettuce, cucumbers, tomatoes, and 

floriculture crops (Zhang et al., 2019: Hernandez and Kubota, 2014: Gomez and Mitchell, 2015: 

Wollaeger and Runkle, 2015). Work with artificial solar spectrum as a lighting source has been 

demonstrated to increase in plant growth productivity in comparison to LEDs or HPS with equal 
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DLI (Zou et al., 2020; Hogewoning et al., 2010). It also follows that solar DLI could be preferable 

to promote crop growth in comparison to light provided by electric fixtures.  

DLI is calculated based on total accumulation of photons within the Photosynthetically 

Active Radiation (PAR) region. PAR is quantified as the micromoles of photons within the 

wavelengths 400-700 nm per meter squared per second (µmol·m-2·s-1) (McCree, 1971). There is 

currently a debate as to the proper range PAR should include. When PAR was originally defined, 

experimental and technological limitations allowed for only low intensities of single 

wavelengths of light to be used to determine photosynthetic activity. Simultaneous application 

of multiple wavelengths of light, particularly in the far-red region, are known to drive 

photosynthesis greater than the sum of when wavelengths were applied independently 

(Emerson, 1957). These findings were largely ignored when describing plant light until recently. 

Current proposals suggest redefining PAR to extend to 400-750 nm (Zhen et al., 2021). This 

range is described as extended PAR, or ePAR. Using ePAR, we can calculate a new DLI, or eDLI, 

and may be a more useful metric to estimate plant growth than traditional DLI. More work is 

needed to establish eDLI targets for common greenhouse crops and light sources. 

Given the importance of sunlight in greenhouses, the addition of different light sources 

to achieve a DLI may not be equal. The objective of this study was to understand the effect of 

supplemental light source (comparing LED vs. traditional MH and HPS fixtures) as well as 

determine the relative impact of sunlight (either DLI [400-700 nm] or eDLI [400-750 nm]) in 

comparison to supplemental light in a greenhouse environment.  
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Materials and Methods 

Due to the daily and seasonal changes of sunlight throughout the year, plants were 

grown on a continuous sequential crop cycle to best capture differences in the ratio of DLI 

provided by sunlight and supplemental light from September 16th, 2019 to March 25th, 2020 in 

three replicates. Lettuce plants were grown in a 10.6 m by 10.6 m glass research greenhouse 

(42.5°N, 76.5°W at 275m above sea level) with an east-west oriented ridge. The greenhouse 

was set up with ten treatment areas to apply different spectra of supplemental light. Each of 

the treatment areas contained eight hydroponic rafts (0.3m x 1.2 m) divided between two 

varieties, with four rafts per variety. Lettuce was planted and harvested sequentially, with one 

raft of lettuce being planted and harvested each week. After eight weeks, lighting treatments 

were rerandomized within the greenhouse.  

Plants were grown in ten 2.4 m (L) x 1.2 m (W) x 180 cm (D) ponds (Botanicare) on 

polystyrene rafts. Sixty-four lettuce plants were grown in each system with a spacing of 450 cm2 

per plant. The pond was covered in eight individual rafts containing eight plants each. The 

system was divided in half across its length by variety and the rafts planted and harvested were 

determined randomly at the start of the experiment. A 125-gallon reservoir held 70 gallons of 

fertilizer solution which was pumped through the pond.  

The greenhouse lighting and retractable shade curtains were controlled by the Lighting 

and Shade System Implementation algorithm (LASSI) set to achieve 17 mol·m-2·s-1 daily light 

integral with no limits on photoperiod (Albright et al., 2000).  



 

38 

 

Plants were seeded weekly in 1” rockwool in a separate greenhouse and transplanted 

into the experimental ponds eight days after seeding.  

Plant roots were submerged in hydroponic fertilizer solution (General Hydroponics 

Floraseries, General Hydroponics, Hawthorne, California) with a nutrient compositions 

beneficial for leafy greens (Table 2-1). The EC and pH were monitored and maintained at 1.8 

ds/cm and 5.8, respectively. The pH was maintained using sulfuric acid.  

Table 2-1: The fertilizer solution applied to plants by mineral in mg/L or ppm. 

ppm total 

N 150 

P 44 

K 191 

Ca 100 

Mg 35 

S 15 

Fe 2 

B 0.2 

Mn 1 

Zn 0.3 

Cu 0.2 

Mo 0.02 

 

Plants were harvested 28 days after transplanting in the system; and were harvested 

weekly for five consecutive weeks. Light treatments were rerandomized after eight total weeks 

for three replicate crop cycles.  

Ten light treatments of different supplemental lighting spectra were applied (Table 2-2). 

Eight LED treatments of broad spectra and/or monochromatic light (red and blue) and two 

treatments of HID lights were used. Target instantaneous light intensity was 150 µmol·m-2·s-1. 
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LumiGrow 650e (LumiGrow, Emeryville, California), Growflux FluxScale Top Light 600TL 

(Growflux, Philadelphia, Pennsylvania), Gavita Pro 6/750e DE Flex HPS (Gavita North America, 

Vancouver, Washington), and Gavita Pro 630e SE CMH (Gavita North America, Vancouver, 

Washington) were used to create the ten different light treatments. The LumiGrow and 

Growflux lights contained the ability to adjust intensity of red/blue/white wavelengths of light 

allowing for many treatments to be created by these fixtures. Quantum sensors were placed in 

the middle of each treatment to record actual light intensity and calculate daily light integral. 

Prior to each crop cycle, light intensity for each plant spot under supplemental light was 

recorded. A spectroradiometer (PS-100, Apogee Instruments, Logan, Utah) was used to 

measure the spectrum of each supplemental light (Table 2-2; Figure 2-1:6). 

Table 2-2: The percent of light contributed to blue (400-499 nm), green (500-599 nm), 

red (600-700 nm) and far-red (701-750 nm) from each light source.  

Light Sources 400-499 nm 500-599 nm 600-700 nm 701-750 nm 

Sunlight 22.7% 31.1% 33.1% 14% 

HPS 7.2% 56.2% 33.2% 3.4% 

CMH 21.1% 52.5% 23.3% 3.2% 

100 White 16.7% 45.0% 35.7% 2.7% 

50 White : 35 Red : 15Blue 24.4% 22.3% 51.7% 1.6% 

18 White : 57 Red : 25 Blue 32.7% 8.9% 57.6% 0.8% 

10 White : 63 Red : 27 Blue 33.0% 4.6% 61.7% 0.7% 

69 Red : 31 Blue 37.5% 0.4% 61.6% 0.5% 

70 Red : 30 Blue 33.8% 0.4% 65.3% 0.4% 

80 Red : 20 Blue 23.2% 0.4% 75.8% 0.6% 

90 Red : 10 Blue  11.5% 0.4% 87.4% 0.7% 
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Figure 2-1: The spectrum of sunlight within the greenhouse on a clear sunny day. 

 

Figure 2-2: The spectrum of 70R:30B LED emitted from the LumiGrow Pro650e. 



 

41 

 

 

 

Figure 2-3: The spectrum of 50 White : 35 Red : 15Blue 
 emitted from the GrowFlux FluxScale Top Light 600TL. 
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Figure 2-4: The spectrum of 100W emitted from the GrowFlux FluxScale Top Light 600TL. 

 

 

Figure 2-5: The spectrum emitted from the Gavita Pro 630e SE CMH. 
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Figure 2-6: The spectrum emitted from the Gavita Pro 6/750e DE Flex HPS. 

Upon harvest, plant height, two width measurements at 90 degrees to one another, and 

fresh weight were taken. Plants were then dried and 60°C for one week and reweighed to 

determine dry weight. Volume was calculated assuming a cylindrical shape with the following 

equation: 𝑉𝑜𝑙𝑢𝑚𝑒 =  (
(𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟1+𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟2)/2

2
)

2

∗ 𝜋 ∗ 𝐻𝑒𝑖𝑔ℎ𝑡. Plant density was calculated by 

dividing the fresh mass by volume.  

The experiment was a completely randomized design with 10 lighting treatments per 

replicate crop cycle randomly arranged within a greenhouse. The experiment was repeated for 

a total of 3 replicate crop cycles over time. Within each replicate crop cycle there were 8 

replicate plants harvested weekly for five weeks for each of two cultivars. Statistical analysis 

was done by using a linear mixed-effect model (package lmer, R, Version 1.3.959, Ames, Iowa). 

Random effects included date of harvest, treatment location, and replicate of light position. 

Fixed effects included variety, spectra, total DLI, Solar DLI, and average temperature with 

random effects of replicate, treatment, and weekly harvest number. An alternative model was 

created using eDLI instead of DLI to examine the predictive potential of fresh and dry weight of 

lettuce in terms of eDLI instead of DLI.  

RESULTS 

Overall differences in fresh weight and dry weight did not differ significantly between 

the majority of the supplemental lighting spectrum, with the exception of 90R:10B and 

10W:90RB having significantly less fresh weight than 50W:50RB and Ceramic Metal Halide for 
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only the ‘Rex’ variety (Table 2-3). No differences in fresh weight on spectrum was observed for 

‘Rouxai’. 

Spectra of light significantly affected volume and density of both varieties of lettuce 

(Table 2-3). For ‘Rex’, 80R:20B and 90R:10B had significantly lower volume than plants grown 

under HPS light. For ‘Rouxai’, all plants grown under LED lighting were significantly smaller than 

the plants grown under HPS and Ceramic Metal Halide (Table 2-3).  

Both varieties showed significant differences in density as well. For ‘Rex’, HPS had 

significantly lower density compared to 18W:82RB, 50W:50RB, 80R:20B, and 70R:30B (Table 2-

3). For ‘Rouxai’, CMH had significantly smaller volume compared to any of the monochromatic 

red:blue treatments. HPS was significantly less dense than 90R:10B and 69R:31B. 100W was 

less dense that 69R:31B.  

 To compare the predictive power of DLI to eDLI, the model was run substituting DLI for 

eDLI. The r-squared for fixed effects was higher for eDLI and the significance value was higher 

for eDLI as well (Table 2-5). The model using eDLI provided a moderately more accurate 

predictor of fresh and dry weight of lettuce.  

 

Table 2-5: A comparison of the model used substituting eDLI with DLI. Metrics of r2m and Pr(>F) 

show that eDLI is a more accurate predictor of lettuce fresh and dry weight when grown in a 

greenhouse under various spectra of supplemental lighting.  

Model 
Parameter 

Fresh Weight 
r2m 

Fresh Weight 
Pr(>F) 

Dry Weight 
r2m 

Dry Weight 
Pr(>F) 

eDLI 0.57 <2.2x10-16 0.60 <2.2x10-16 
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DLI 0.55 0.2 0.56 0.025 

 

 

Table 2-3: Differences in plant morphological and yield measurements across various 

supplemental lighting spectra. Data was analyzed using the linear model was (Variable = Variety 

* Supplemental Light Treatment + Variety:eDLI of Sunlight + eDLI of Sunlight + eDLI + Average 

Temperature + Random Effects) using Tukey’s HSD (alpha = 0.05). 

Variety Spectrum 
Fresh Weight 

(g) 
Dry Weight 

(g) 
Volume 

(cm3) 
Density 

(mg/cm3) 

 100W 115 ± 13 AB 5.61 ± 0.56 AB 4704 ± 471 AB 24.9 ± 0.9 AB 

 50W:35R:15B 122 ± 13 B 5.94 ± 0.56 B 4457 ± 471 AB 27.7 ± 0.9 B 

 18W:57R:25B 115 ± 13 AB 5.52 ± 0.56 AB 4237 ± 473 AB 27.6 ± 0.9 B 

 10W:63R:27B 103 ± 13 A 5.12 ± 0.56 A 4303 ± 471 AB 24.9 ± 0.9 AB 

Rex 90R:10B 102 ± 13 A 5.08 ± 0.56 A 4188 ± 473 A 25.1 ± 0.9 AB 

 80R:20B 114 ± 13 AB 5.61 ± 0.56 AB 4123 ± 471 A 27.7 ± 0.9 B 

 70R:30B 118 ± 13 AB 5.76 ± 0.56 AB 4268 ± 472 AB 27.8 ± 0.9 B 

 69R:31B 115 ± 13 AB 5.61 ± 0.56 AB 4408 ± 471 AB 26.6 ± 0.9 AB 

 CMH 128 ± 13 B 6.24 ± 0.56 B 4730 ± 474 AB 26.3 ± 0.9 AB 

 HPS 115 ± 13 AB 5.54 ± 0.56 AB 4955 ± 474 B 23.5 ± 0.9 A 

      

 

Treatment 
Spectrum 

Fresh Weight 
(g) 

Dry Weight 
(g) 

Volume 
(cm3) 

Density 
(mg/cm3) 

 100W 58 ± 13 NS 2.93 ± 0.56 NS 3538 ± 473 A 17.5 ± 0.9 ABC 

 50W:35R:15B 61 ± 13 NS 3.14 ± 0.57 NS 3554 ± 474 A 18 ± 0.9 ABCD 

 18W:57R:25B 64 ± 13 NS 3.22 ± 0.57 NS 3208 ± 475 A 19.8 ± 0.9 ABCD 

 10W:63R:27B 63 ± 13 NS 3.25 ± 0.56 NS 3233 ± 475 A 19.7 ± 0.9 ABCD 

Rouxai 90R:10B 65 ± 13 NS 3.29 ± 0.57 NS 3315 ± 477 A 20.5 ± 0.9 CD 

 80R:20B 65 ± 13 NS 3.31 ± 0.57 NS 3228 ± 474 A 20 ± 0.9 BCD 

 70R:30B 67 ± 13 NS 3.39 ± 0.57 NS 3489 ± 474 A 20 ± 0.9 BCD 

 69R:31B 67 ± 13 NS 3.44 ± 0.57 NS 3309 ± 474 A 20.8 ± 0.9 D 

 CMH 74 ± 13 NS 3.74 ± 0.57 NS 4397 ± 475 B 16.7 ± 0.9 A 

 HPS 74 ± 13 NS 3.61 ± 0.57 NS 4357 ± 476 B 17.2 ± 0.9 AB 

*Treatment spectrum is defined by the percentage of each contributing LED to PPFD. For LEDs, 

W represents white LEDs, R represents red LEDs, B represents blue LEDs.  
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The amount of sunlight, i.e. Solar eDLI, was highly significant in explaining differences 

between all variables. As eDLI increased, fresh weight, dry weight, and volume increased for 

both cultivars (Table 2-4). Fresh weight (Figure 2-7) and dry weight (Figure 2-8) were positively 

correlated with solar eDLI. As a greater portion of the eDLI came from sunlight, plants accrued 

more fresh and dry weight.  

Table 2-4: Significance levels for the test of fixed effects in the linear mixed model for growth 

parameters in mature heads of lettuce. 

  Fresh Weight Dry Weight Volume Density 

Fixed Effects   Pr(>)   

Variety ** *** ** * 
Spectrum . .* *** ** 

Solar eDLI ** ** ** *** 
eDLI *** *** NS *** 

Average 
Temperature 

*** *** *** * 

Variety*Spectrum *** *** ** *** 
Variety*Solar eDLI *** ** NS  ** 

P values from F tests. 

***,**,*, . , ns indicate P ≤ 0.001, 0.01, 0.05, 0.1, and nonsignificant respectively 
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Figure 2-7: Dry weight of three replicates of ‘Rex’ and ‘Rouxai’ after 28 days of growth under 

supplemental light in a greenhouse with different eDLI given from the sun. Each point 

represents a lettuce plant harvested. Each replicate shows an upwards trend showing as solar 

eDLI increases, the dry weight of plants also increases. Data was analyzed using the linear 

model: Variable = Variety * Supplemental Light Treatment + Variety:eDLI of Sunlight + eDLI of 

Sunlight + eDLI + Average Temperature + Random Effects using Tukey’s HSD (alpha = 0.05). 

R2=0.925 
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Figure 2-8: Volume of three replicates of ‘Rex’ and ‘Rouxai’ after 28 days of growth under 

supplemental light in a greenhouse with different eDLI given from the sun. Each point 

represents a lettuce plant harvested. Each replicate shows a positive correlation between 

volume and solar eDLI. Data was analyzed using the linear model: Variable = Variety * 

Supplemental Light Treatment + Variety:eDLI of Sunlight + eDLI of Sunlight + eDLI + Average 

Temperature + Random Effects using Tukey’s HSD (alpha = 0.05). R2=0.798 

Discussion 

Few significant differences in fresh and dry weight due to supplemental light spectrum 

were observed in this experiment suggesting that supplemental light source quality may be 

relatively unimportant in a greenhouse with a background of sunlight. The HID fixtures (CMH 
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and HPS) correlated with the highest yield for ‘Rouxai’ fresh weight and were among the 

highest yields for ‘Rex’, although only significantly higher than two treatments for ‘Rex’. Among 

the rest of the yield data, overall proportions of certain spectral components, such as percent 

of light provided by white diodes, or red:blue ratio, did not show any trends or directionality. In 

general, greenhouses are less likely to demonstrate the same range of effects to supplemental 

lighting spectra as growth chambers due to the dilution of light received by a plant by sunlight 

(Hernandez et al., 2020).  

Volume was significantly affected by lighting spectra, particularly in the variety ‘Rouxai’. 

HID fixtures (HPS and MH) produced the largest volumes for both ‘Rex’ and ‘Rouxai’, and 

significantly more than all LED fixtures for ‘Rouxai’. HPS and CMH contain the highest quantity 

of far-red light, which may drive expansion of leaves and thereby plant volume (Park and 

Runkle, 2017). In addition, these fixtures produce the greatest amount of infra-red radiation 

and are known to increase temperatures in leaves, which in some cases can increase plant 

volume (Nelson and Bugbee, 2015; Thompson et al., 1998).  

The two varieties of lettuce fresh and dry weight yield differed greatly. Fresh weight 

average estimated marginal means for ‘Rouxai’ and ‘Rex’ totaled 65.9 g and 114.5 g 

respectively. This may be due to the red pigmentation absorbing select wavelengths in ‘Rouxai’ 

that do not happen in ‘Rex’, as anthocyanins and other plant pigments may absorb light instead 

of chlorophyll for photosynthesis (Burger and Edwards, 1996). These varieties did show 

significant differences between one another in fresh weight, dry weight, volume, and density, 

with ‘Rex’ being a more massive, larger volume, and denser variety of lettuce. Similar findings 
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of green lettuce producing more biomass than red lettuce have been found (Hernandez et al., 

2020).  

The work presented here found a highly significant correlation between Solar eDLI with 

fresh weight increasing 4.8 g and 1.1 g for ‘Rex’ and ‘Rouxai’ respectively for every 1 mol·m-

2·day-1 increase in solar DLI. Since total DLI was kept nearly constant (varied from 15.7-17.6 with 

most values between 16.5 and 17.4) the importance of sunlight is demonstrated as the overall 

growth per unit DLI was highest under sunlight in comparison to any other light source.  

The advantage of sunlight may be in part due to the amount of far-red in solar spectrum 

contributing to leaf area expansion and more efficient photosynthesis, with sunlight containing 

about 14% far-red out of the total light between 400 nm to 750 nm (Table 2-2; Zhen et al., 

2021). Using eDLI instead of DLI better explained increases in biomass observed under 

increased percent eDLI from sunlight but did not account for all of the differences observed 

(Table 2-5). In addition to far-red, infra-red, defined as 750 nm – 1000 µm may improve growth 

by heating leaf surface and driving both photosynthetic rate and plant development, such as 

leaf unfolding rate (Thompson et al., 1998). The temperature of leaves increased more under 

HPS light than sunlight (Nelson and Bugbee, 2015), potentially discounting the effect of 

temperature as a reason for the observed increases in yield being greater with sunlight. 

However, leaves are highly transmissive to infrared light and stems and growing centers of the 

plant may still be affected.  

Photoperiod is an important factor that may explain some of the differences not 

captured by the model, as longer photoperiods with the same DLI have been shown to increase 

yield (Weaver and van Iersel, 2020). Longer photoperiods with equal DLI have been shown to 
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increase the daily electron transport through photosystem II, as well as affect sugar metabolism 

and improving translocation of sugars throughout the plant (Elkins and van Iersel, 2020; 

Logendra and Janes, 1992).  

Another factor that may have large differences contributing to the growth of lettuce 

withing the same DLI with a full, multilayer canopy is the green portion of the solar spectrum. 

Green is known to be the most transmissive wavelength in the PAR range allowing for deeper 

penetration into the canopy and up to 60% is still absorbed by leaves and effectively drives 

photosynthesis (Massa et al., 2015; McCree 1971; Berard et al., 2017). As plants grow and 

develop deeper canopies, the wavelengths of light most beneficial to drive growth may change. 

Sunlight spectra is difficult to replicate using electric lighting. Current lighting fixtures do 

not fully emulate the overall spectrum including the UV and infra-red in sunlight. Despite 

literature suggesting the cause of this may be related to far-red content, leaf surface heating, 

and light in the green portion of the spectrum, the definitive reason sunlight is more valuable to 

increasing fresh weight yield remains elusive (Zhen et al, 2021; Nelson and Bugbee, 2015).  

For quantifying total light, ePAR estimates were used in this experiment for both fixtures 

and sunlight, as opposed to PAR. This estimation boosted the overall quantified photons 

supplied by sunlight (which is relatively enriched in far-red) in comparison to the modest gains 

in photons given to supplemental lighting fixtures (which other than HPS are quite low in far-

red). Despite these changes, model predictors to the effect of solar DLI in comparison to solar 

eDLI were extremely minor, meaning the amount of biomass gain per unit DLI or eDLI will be 

similar. Research with sunlight-like artificial spectra have shown greater biomass and volume 
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production in cucumbers and lettuce in comparison with HPS and LED light sources 

(Hogewoning et al. 2010; Jie et al., 2020).  

Location in the greenhouse may have affected the solar contribution to plant yield. 

Three of the ten treatments were located in suboptimal areas of the greenhouse that were 

shaded during the majority of the experiment. Due to the observed effect of solar eDLI, the 

shaded area may have caused these treatments to yield less. Since the solar ePAR at each plant 

location was not measured, only the center of each treatment, it may not have been fully 

accounted for in the model. Future research can employ both PAR and ePAR sensors, as well 

use sunlight models or interpolation to more accurately estimate the lighting environment. 

Conclusion 

When grown under various spectra of supplemental lighting in a greenhouse, lettuce 

was observed to have significantly different fresh weight, dry weight, volume, and density 

depending on light source. More importantly, with an increased portion of the eDLI coming 

from sunlight, plant fresh weight and dry weight increases. Maximizing sunlight will result in the 

most yield, regardless of lighting source.  

Understanding the impact of the entire light spectrum is needed to accurately predict 

growth of crops like lettuce. Future research should explore the impact of additional 

wavelengths beyond the PAR spectrum, specifically far-red, near infra-red, and infra-red light. 

The overall impact of leaf temperature as it relates to air temperature may also account for 

some differences seen, as the quantity of long wavelength light affects leaf temperature and 

differences may induce airflow over the leaves that would not normally occur by simply raising 

ambient air temperatures. Regardless of the economic viability of infra-red LEDs, this 
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technology could be used to accurately and precisely contribute infra-red light to supplemental 

lighting treatments to properly quantify the optimum amount of infra-red light for healthy and 

productive plant growth.  
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CHAPTER 3 

PHOTOSYNTHESIS, WATER-USE EFFICIENCY, AND PHYSIOLOGICAL RESPONSE OF LETTUCE TO 

SUPPLEMENTAL LIGHTING SPECTRA 

Abstract 

 Controlled environment agriculture (CEA) requires many resources to ensure healthy 

crop growth, including water and electricity, that increase operational costs, carbon footprint, 

and environmental impact. Lettuce, an important CEA crop, responds to different lighting 

sources which modify biomass production and morphology. But information is lacking on how 

supplemental light quality in the greenhouse impacts water-use efficiency, and nutritional 

content. The objective of this experiment was to determine the full plant growth, nutritional 

content, photosynthetic response, and water-use efficacy of lettuce under various 

supplemental lighting spectra. Two varieties of lettuce, ‘Rex’ and ‘Rouxai’, were grown in a 

greenhouse under four different spectra of supplemental lighting. Supplemental lights provided 
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150 µmol·m-2·s-1 on a daily light integral (DLI) control system to provide a daily light integral 

(DLI) of 17 mol·m-2·day-1 (supplemental light plus sun). Supplemental light sources included 

High Pressure Sodium (HPS), Ceramic Metal Halide (CMH), Red:Blue LEDs, and White LEDs.  

Plants were germinated for eight days, then transplanted into four-liter, deep water culture 

hydroponic systems, with one plant per system. The system was weighed three times per week 

to determine whole-plant water loss, and refilled with nutrient solution with a pH of 5.8 and EC 

of 1.8 ds/cm. After 28 days under treatments, plants were destructively harvested, and fresh 

weight, volume, and leaf area were measured. A subset of plants was frozen and analyzed using 

spectrophotometer and high-performance liquid chromatography to determine chlorophyll, 

xanthophyll, and anthocyanin content. The experiment was replicated three times between 

December 14, 2020 and March 31, 2021. Plants grown under HPS accumulated the highest 

biomass and used the least amount of water per unit biomass, using 83-87% of the water per 

gram fresh weight harvested in comparison to LED grown plants. Red:Blue LEDs contained the 

highest concentrations of xanthophylls and anthocyanin but were smaller in size compared to 

HPS and MH.  Photosynthesis response curves to light intensity were created for each 

supplemental lighting spectrum using an infrared gas analyzer with Red:Blue LEDs eliciting the 

steepest photosynthetic curves. HPS light resulted in the highest total photosynthetic rate for 

‘Rex’, while Red:Blue LEDs produced the highest rate for ‘Rouxai’. Despite the potential for 

higher electrical efficacy and photosynthetic rates, plants grown under LEDs did not perform as 

well in regards to biomass production, however plants grown under narrow spectrum Red:Blue 

LEDs did contain the highest content of xanthophylls.   

Introduction 
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Controlled environment agriculture (CEA) is a method of growing plants for food, 

ornamental, or medicinal purposes that allows precise regulation of growing factors including 

temperature, relative humidity, water, and light (Gomez et al., 2019). Light is the most variable 

and complex of these variables in a greenhouse as it differs in not only intensity, but duration 

and spectrum as well (Albright, 2000). 

The amount of solar radiation any given area receives differs both daily and seasonally. 

As seasons progress and with variable weather patterns, the intensity and duration of sunlight 

is not constant (Faust and Logan, 2018). Greenhouses rely on electric lighting to provide light 

during days when the sun does not adequately provide photosynthetic energy for healthy plant 

growth.  

CEA has relied on a variety of different technologies to provide supplemental lighting. 

Light sources differ significantly in their emission spectra. The first commercially viable 

greenhouse lighting solution for providing plants with photosynthetic energy were High 

Intensity Discharge (HID) lights. HID lights provided high intensities of light with high electrical 

efficacies and long operational lives (Cathey and Campbell, 1980). Two variations of HID lights 

were traditionally used in greenhouses, Ceramic Metal Halide (CMH) and High-Pressure Sodium 

(HPS), the latter gaining popularity to become the dominant form of greenhouse lighting. Even 

today 98% of greenhouse lighting is HPS. HPS light fixtures are relatively inexpensive to 

produce, and their ability to reliably produce light contributing to healthy plant growth has led 

them to become the most trusted source of supplemental lighting for greenhouses.  

               Recently, Light Emitting Diodes (LEDs) have gained traction as a new light source for 

CEA production. LEDs have the distinct advantage over HID lighting in the ability to customize 
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and control light intensity and spectrum (Pattison et al., 2018). LEDs can be dimmed to any 

intensity up to their maximum output, offering ability to precisely apply light quantity, even in 

greenhouse environments with changing solar input. In addition, LEDs can be manufactured in a 

variety of spectra. Due to fixtures requiring many LEDs to meet output requirements, different 

spectra of LEDs can be applied to the same fixture resulting in a customizable spectrum. These 

different spectra LEDs can also be adjusted independently of one another, allowing control of 

spectra and intensity that can be changed at any moment. Spectra of light can have a profound 

impact on plant growth and development (Kusuma et al., 2020). LEDs offer a competitive 

advantage not obtainable by any other light source. Combined with increasing electrical 

efficacy, longer operational life, and little to no maintenance, the advantages of LEDs place 

them as a clear contender to replace any other source of plant lighting in the upcoming decade.  

Plants absorb and respond to light wavelengths from ultraviolet to infrared. These 

interactions can be characterized as involving either photosynthesis (PSN) and/or 

photoreceptors (PR) (Pocock, 2015). Photosynthetic light is considered any light absorbed and 

contributing to the fixing of CO2. Photoreceptor light is light absorbed by photoreceptors not 

directly involved in photosynthesis including phytochrome, cryptochrome, phototropin, and 

zeitlupe (Folta and Carvalho, 2015). Photoreceptors play an important role in determining plant 

morphology, circadian rhythm, and metabolism, each of which have a significant impact on the 

value of crops (Pocock, 2015).  

Photosynthetic rate is dependent on a variety of different factors including light 

intensity, light spectrum, carbon dioxide concentration, and leaf temperature (Ogren and 

Evans, 1993; McCree, 1972; Heath and Meidner, 1967; Berry and Björkman, 1980).  
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Plant response to light intensity is characterized by an initial slope, tapering off to a 

maximum photosynthetic rate, followed by photoinhibition where maximum photosynthetic 

rate plateaus (Ye, 2021). Plants need a specific light intensity to optimize growth, as 

photosynthetic inhibition may occur under high and low intensities of light (Shafiq, 2021).  

Photosynthetic light between the wavelengths of 400 to 700 nm triggers photosynthesis 

(McCree, 1972) and is referred to as photosynthetically active radiation (PAR). Within the PAR 

range, red photons around 650 nm are the most effective at driving photosynthesis, with green 

and blue providing 60%-70% of the relative quantum yield in comparison to red light.  

Limits exist as to the scientific understanding of contributions of various wavelengths to 

photosynthesis as synergistic effects, studying two or more wavebands applied at the same 

time, have rarely been fully quantified (McCree, 1971; Emerson, 1957). In addition, whole 

canopy effects exist in addition to effects at the leaf surface. Since plants like lettuce have three 

dimensional canopies of overlapping leaves, light transmitted through leaves can be used for 

photosynthesis lower in the canopy (Massa et al., 2015). The overall transmission of light 

through leaves differs significantly across different wavelengths, with 40%-60% of far-red light, 

7%-18% of green light, 1%-11% of red light, and 0.6%-3% of blue light passing through leaves 

(Massa et al, 2015).  

In addition, wavelengths outside 700 nm, specifically far-red (700-750 nm) have a 

synergistic effect when applied in the presence of light in the PAR spectrum.  Due to these 

synergetic effects, PAR range can be extended to 750 nm and is defined as ePAR (Zhen et al., 

2021). 
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The temperature of leaves influences photosynthetic rate. Photosynthetic rates increase 

in most plant species as temperature increases 10 C to 30 °C (Berry and Björkman, 1980). As 

temperatures further increases, photosynthesis rates decline. However, similar to 

photosynthetic responses to light intensity, temperature responses are also crop specific. 

Lettuce responds to light spectra resulting in a variety of different growth rates, 

morphologies, and production of metabolites (Ouzounis, 2015). Light filtered to give blue light 

with higher red to far-red ratio can reduce dry weight, plant height, and leaf area in lettuce 

(Mortensen and Stromme, 1987). Increases in blue light reduce lettuce hypocotyl elongation 

and cotyledon expansion, while increasing bioprotective compounds (Hoenecke, 1992; Johkan 

et al., 2010). Increases in blue increase phytochemicals in greenhouse grown lettuce as well, 

however no differences in carotenoid concentrations in comparison to HPS (Samuoliene et al., 

2013; Martineau et al., 2012). Anthocyanin, phenolic, and carotenoid concentrations in lettuce 

can be increased with blue LEDs in comparison to cool-white fluorescence (Li and Kubota, 

2009). Lettuce biomass is also affected by light spectrum, as increased blue light can reduce 

fresh and dry mass in lettuce (Meng et al., 2020). Also, end of production application of 

ultraviolet and blue light can reduce fresh weight in lettuce (Gómez and Jiménez, 2020). Overall 

lettuce growth, development, and phytochemical production differs given the light spectrum in 

which it receives during growth.  

Combining natural and artificial lighting sources produce a unique lighting spectrum. 

Apart from LED light sources, spectra emitted from sunlight, High Intensity Discharge (HID), 

fluorescent, and incandescent lights tend to be broad, encompassing wavelengths from within 

and outside the ePAR range. The differences in emitted spectra from various light sources can 
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have a profound impact on plant photosynthesis and morphology (Pocock, 2015; Folta and 

Childers, 2008). 

Many photosynthetic models have been created to describe and predict photosynthesis 

in higher plants. These include rectangular hyperbolic, non-rectangular hyperbolic, negative 

exponential equations, biochemical, and nonasymptotic function models (Baly, 1935; Ogren 

and Evans, 1993; Bassman and Zwier, 1991; Farquhar et al., 1980; Ye et al., 2021).  Of these, the 

nonasymptotic function model developed by Ye best describes photosynthetic response of 

plants to various light intensities, particularly at high and low light intensities (Ye et al., 2021). 

The Ye model uses light intensity (I), the initial slope of the Photosynthesis to light intensity (P/I) 

curve (α), photoinhibition (β), light saturation (γ), and the respiration rate (RD).  The P/I 

equation is as follows: 

𝑃𝑁 = 𝛼
1 − 𝛽𝐼

1 − 𝛾𝐼
𝐼 − 𝑅𝐷 

 

Once modeled, this equation can be reformatted to calculate the maximum photosynthetic rate 

(Pnmax) and light intensity at maximum photosynthesis (Isat) with the following equations: 

𝑃𝑁𝑚𝑎𝑥 = 𝛼 (
√𝛽 − 𝛾 − √𝛽

𝛾
)

2

− 𝑅𝐷 

 

𝐼sat =
√(𝛽 + 𝛾)/𝛽 − 1

𝛾
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Lettuce is a low light crop performing best when grown with a Daily Light Integral (DLI) 

of 17 mol·m-2·day-1 (Albright and Chiu, 2000).  To achieve this DLI, light intensities of 200-400 

µmol·m-2·s-1
 for 12 to 24 hours are needed.  Yet, photosynthesis of lettuce under different 

wavelengths of light have significant differences, with wide spectrum light and light low in 

purple showing better photosynthetic rates than light deficient in green and yellow (Liu et al., 

2018).   Determining optimal DLI requires an understanding of growth under different 

wavelengths.  

Several critical factors determine the commercial feasibility of various electric lighting 

sources. These include capital cost, electrical efficacy, and maintenance costs (Shelford and 

Both, 2020). For a fixture to be commercially feasible in a greenhouse setting, several features 

must exist. Traditionally, the fixture must be compact in size to reduce any shading it may have 

hanging above plants, while having a high output, to reduce overall fixture count. LEDs have 

challenged this aspect of lighting due to their ability to fit any form factor and have a flexibility 

to be designed to efficiently operate across a wide range of intensities. Capital costs, or the 

initial purchase costs, differ between common horticultural lighting sources. High Intensity 

Discharge (HID), lighting including HPS and CMH, tend to be cheaper to purchase in comparison 

to LEDs. HPS fixtures can be purchased at roughly 50% of the price of LED fixtures (Bugbee et 

al., 2014). 

 Operational cost for lighting is determined by the electrical consumption and 

maintenance required. Electrical consumption to light a given area to a specific light intensity is 

affected by the light source’s electrical efficiency. This is determined by calculating the total 
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number of photons produced (units: µmol) by the electrical draw per second (watts·second, or 

joule, J). This results in the description important for horticultural lighting of µmol/J. Lighting 

technologies have different lighting efficacies. High Intensity Discharge (HID) lights, including 

HPS and CMH, were a breakthrough in output and efficacy in the 1950s and 1960s, however 

HID fixtures have largely reached their peak electrical efficacy with HPS around 1.7 µmol/J 

(Wheeler, 2008; Nelson and Bugbee, 2014; Tsao, 2004). LEDs continue to improve regarding 

lighting efficacy, with efficacies of 2.64 µmol/J and potentially as high as 4.1 µmol/J, surpassing 

any other lighting source (Paucek et al., 2020). Described as Haitz’s Law, LEDs increase in light 

generated by a factor of 20, while falling in cost by a factor of 10 every decade (Haitz and Tsao, 

2010). This trend has been observed continuously from 1965 to 2010, although there is a 

theoretical maximum of between 4.7 and 5.0 µmol/J (Haitz and Tsao, 2010; Runkle and Bugbee, 

2017). Currently, LEDs boast an efficacy of as high as 4.1 µmol/J, as well as lifetimes potentially 

as long as 60,000 hours (Kusuma et al., 2020; Paucek et al., 2020). As LEDs continue to improve 

in efficacy, clear trends favor the adoption of LEDs as the light source of choice moving forward. 

However, as noted below more research is required on the impact of light quality on crop 

performance, nutrition, and water use efficiency. 

Nutrition 

The main nutritional benefits of lettuce include vitamin K, xanthophylls, folate, and iron, 

all which can be affected by crop genotype and environmental conditions (USDA, 2019; Chen et 

al., 2021; Pérez-López et al., 2015; Dong et al., 2018). Lettuce and other plants produce a 

myriad of chemicals to protect themselves from harsh environments. Many of the compounds 
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found in lettuce are an excellent source of vitamins, minerals, dietary fiber, and antioxidant 

compounds (Mampholo et al., 2016). Among these compounds are xanthophylls and 

anthocyanins, important compounds for eye health and with potential antioxidant activity, 

respectively (Natesh et al., 2017; Pérez-López, 2014). The crop genotype of lettuce play a large 

role in the nutritional content in lettuce.  β-carotene concentrations can differ by a factor of 10 

between different varieties of lettuce (Simko, 2019).  

Xanthophylls produced by plants aid in the dissipation of excess light energy. 

Xanthophylls participate in the xanthophyll cycle, consisting of violaxanthin, antheraxanthin, 

and zeaxanthin. During periods of high light, violaxanthin and subsequently antheraxanthin 

undergo non-photochemical quenching, eventually forming zeaxanthin. This process aids in 

preventing photoinhibition (Taiz and Zeiger, 2010). In addition, lutein is produced in high 

quantities in the presence of high light or UV-B light (Kopsell and Kopsell, 2008; Assumpcao et 

al., 2019).  

Not only are xanthophylls critical for plant health, lutein and zeaxanthin also aid in 

human health. When consumed by humans, lutein and zeaxanthin prevent photo-oxidative 

stress in the eye, concentrating in the fovea centralis and quenching singlet oxygen (Widomska 

and Subcynski, 2019). To prevent ocular diseases, recommended consumption of lutein and 

zeaxanthin is 6 to 20 mg daily (Seddon et al., 1994; Ma et al., 2012). 

Leaf color can be an important consumer sensory aspect for salads and the contribution 

of red leaf lettuce is an important marketable quality. The red color in red leaf lettuce is due to 

the presence of anthocyanins, an antioxidant compound produced to prevent damage from UV 
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light, cold temperatures, and water stress (Gazula et al., 2007; Burger and Edwards, 1996; 

Chalker-Scott, 1999). Anthocyanins absorb ultraviolet radiation, as well as scavenge free 

radicals which can reduce stress caused by cold, heavy metals, desiccation, and wounds (Gould, 

2004). Producing anthocyanins does come with a metabolic expense, thereby reducing the 

growth efficiency, and often resulting in lower yield in comparison to non-red varieties 

(Chalker-Scott, 1999). In addition to metabolic expense, anthocyanins may absorb light that 

would otherwise go to photosynthesis thereby reducing growth (Burger and Edwards, 1996; 

Cope et al., 2013). In addition to clear benefits to plant health and resiliency, anthocyanins may 

benefit human health as a potential antioxidant (Wang et al., 1999). Anthocyanins react readily 

and are easily degraded during thermal processing or storage, and fresh produce offers a great 

source of anthocyanins due to minimal time between harvest and consumption (Dangles and 

Fenger, 2018).  

The spectrum of light applied to plants has been shown to have a strong effect on 

xanthophylls and anthocyanins. Blue light has been shown to increase anthocyanins in lettuce 

in comparison to light sources that do not contain or contain less blue (Gómez and Jiménez, 

2020; Stutte, 2009). This is believed to be due to anthocyanins serving as protective compounds 

for plants in high light and blue wavelength environments (Chalker-Scott 1999). Increases in 

shorter light wavelengths, specifically in the ultraviolet, positively affect concentrations of 

carotenoids, including xanthophylls (Assumpacao et al., 2019) 

Water use is important worldwide and while CEA water use is more efficient than field, 

because crops are grown intensely and year-round, large volumes of high-quality water are 

required (Nicholson et al., 2020). In CEA operations there is a large need for dehumidification to 
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remove water transpired into the air by crops. Dehumidification is necessary to decrease 

incidence of disease and promote nutrient uptake and photosynthesis. However, 

dehumidification is an energy intensive and expensive procedure and requires either venting 

and heating a greenhouse or in a vertical farm mechanical chilling to condense water from the 

air and then reheating the air (Kozai and Niu, 2015; Harbick and Albright, 2016). The ability to 

improve water use efficiency will offer significant savings in water resources and operating 

costs for CEA growers, but it should also not reduce crop nutrition/quality.  

Water-use efficiency (WUE) can be quantified as the amount of carbon gained per unit 

of water lost by transpiration. WUE can be quantified instantaneously with gas exchange 

measurements, or quantified for the whole plant as measured by the final biomass produced 

per unit water used in production. Broad waveband HPS and narrow waveband LED lighting 

sources are known to influence plant water use efficiency, while maintaining similar levels of 

overall carbon exchange and photosynthesis (Leonardos et al., 2019). Increases in ratios of blue 

light decrease instantaneous water-use efficiency of plants grown under monochromatic red 

and blue LEDs, however increased green light added can counteract these effects (Clavijo-

Herrera et al., 2018). Differences in leaf stomatal density and stomatal conductance have been 

shown to be influenced by lighting source, as blue light provided by LEDs leads to higher 

stomatal density and conductance when compared to HPS (Hernández and Kubota, 2016; 

Savvides et al., 2012). Transpiration has been measured at the instantaneous leaf level with gas 

exchange systems to be higher under HPS, yet longer-term studies have shown greater full 

plant water use under LEDs (Leonardos et al., 2019). The effect of lower transpiration, in part, 

has been attributed to lower leaf temperature under LEDs in comparison to HPS (Nelson and 
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Bugbee, 2015) and therefore lower vapor pressure difference between the leaves and 

surrounding air. The effects of light spectra on instantaneous and full plant water use efficiency 

of lettuce is not well-characterized and necessitates further study.   

Beyond electrical efficacy and plant biomass the choice of supplemental light source can 

impact optimum light intensity for photosynthesis, plant nutrition and water use efficiency and 

comprehensive information is lacking on lettuce responses to these parameters in terms of light 

quality. Given the often contradictory and lack of sufficient background literature especially on 

light and nutrition and water use, the objective of this project was to determine the impact of 

greenhouse supplemental light spectra on photosynthesis, whole-plant water use efficiency, 

xanthophyll and anthocyanin nutrition response of lettuce. We hypothesize narrow waveband 

LEDs will have a higher water use efficiency than broad spectra light sources including HPS, MH, 

and broad-spectra LED.  

METHODOLOGY 

The experiment took place in a 10.6 m x 10.6 m glass greenhouse in Ithaca, NY (42.5° N, 

76.5° W) between December 14th, 2020 and March 31st, 2021.  The greenhouse was divided 

into eight treatment areas each consisting of a 1.2 m by 2.4 m bench. Four light spectra 

treatments were applied, High Pressure Sodium (HPS), Ceramic Metal Halide (CMH), White 

LEDs, and Red:Blue LEDs (ratio of 70:30 R:B).  Each of these spectra were applied twice at 

randomized locations within the greenhouse. Fixture height and power was adjusted so that a 

light intensity of 150 µmol·m-2·s-1 was achieved at the center of each treatment, and 

photosynthetic photon flux density (PPFD, µmol·m-2·s-1) was measured at each plant location 

along the bench (Table 3-1). The greenhouse supplemental lights and retractable shade system 
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were controlled by the Light and Shade System Implementation (LASS) algorithm targeting a DLI 

of 17 mol·m-2·day-1 (Albright et al., 2000). Light spectra were measured using a PS-300 

spectroradiometer (Apogee Instruments, Logan, UT) (Figures 3-1:4; Table 3-2). Light intensity at 

the center of each treatment was logged every five minutes throughout the experiment using a 

SQ-520 Full-Spectrum Smart Quantum Sensor (Apogee Instruments, Logan, UT) and used to 

calculate DLI (Table 3-3). 

 

 

 

Table 3-1. Average light intensities in µmol·m-2·s-1 in each block for the three replicates at night 

under only supplemental lighting. 

Bench 
Location 

Replicate 1 Replicate 2 Replicate 3 

1 161 154 172 

2 222 205 173 

3 199 207 193 

4 199 197 200 

5 171 169 165 

6 161 161 146 

7 158 161 184 

8 152 157 156 

 

Table 3-2. Light distribution as percentage of the photon flux density across blue (400-499 nm), 

green (500-599 nm), red (600-700 nm) and far-red (701-750 nm) from each light source. 

Treatment 400-499 nm 500-599 600-700 701-750 
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HPS 7.2% 56.2% 33.2% 3.4% 
CMH 21.1% 52.5% 23.3% 3.2% 

100 White 16.7% 45.0% 35.7% 2.7% 
70 Red : 30 Blue 28.3% 0.5% 71.0% 0.0% 

 

 

 

 

 

Table 3-3. The average Daily Light Integral (DLI) in mol·m-2·day-1 for each treatment location 

during the experiment. Letters next to number indicate lighting source with HPS = High 

Pressure Sodium, CMH = Ceramic Metal Halide, WLED = White LED, and RBLED = Red:Blue LED. 

Bench Location  Replicate 1  Replicate 2 Replicate 3 

1 15.0 (HPS) 15.2 (CMH) 16.9 (WLED) 
2 20.2 (WLED) 18.4 (RBLED) 17.7 (HPS) 
3 18.5 (CMH) 18.8 (WLED) 18.4 (RBLED) 
4 18.3 (CMH) 18.6 (HPS) 19.5 (WLED) 
5 16.4 (RBLED) 16.6 (HPS) 17.5 (CMH) 
6 15.5 (WLED) 16.2 (RBLED) 18.1 (HPS) 
7 15.2 (HPS) 16.0 (CMH) 20.2 (RBLED) 
8 14.5 (RBLED) 15.6 (WLED) 17.4 (CMH) 

  
  

 

 

 

 



 

75 

 

 

 

 

  

 

 

 

Figure 3-1:  The spectrum of 70R:30B LED emitted from the LumiGrow Pro650e. Light intensity has been 

normalized across 300 nm – 1100 nm measured using a spectroradiometer (Model PS-100 Apogee 

Instruments, Logan, UT) in µmol·m-2·s-1·nm-1. 



 

76 

 

 

Figure 3-2:  The spectrum emitted from the Gavita Pro 630e SE CMH. Light intensity has been 

normalized across 300 nm – 1100 nm measured using a spectroradiometer (Model PS-100 Apogee 

Instruments, Logan, UT) in µmol·m-2·s-1·nm-1. 
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Figure 3-3:  The spectrum emitted from the Gavita Pro 6/750e DE Flex HPS. Light intensity has been 

normalized across 300 nm – 1100 nm measured using a spectroradiometer (Model PS-100 Apogee 

Instruments, Logan, UT) in µmol·m-2·s-1·nm-1. 
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Figure 3-4:  The spectrum of 50W:50RB emitted from the GrowFlux FluxScale Top Light 600TL. 

Light intensity has been normalized across 300 nm – 1100 nm measured using a 

spectroradiometer (Model PS-100 Apogee Instruments, Logan, UT) in µmol·m-2·s-1·nm-1. 

Temperature and relative humidity were logged every five minutes using an Onset 

HOBO Temp/RH UX100-003 Data Logger (Onset, Cape Cod, MA). Additional greenhouse 

environmental data was captured using the Argus greenhouse control system.  

Two varieties of lettuce, ‘Rex’ and ‘Rouxai’, were seeded and germinated in 1-inch 

rockwool cubes and grown for one week in an unlit greenhouse and watered with clear water. 

Lettuce seedlings were then transplanted with one plant into independent 4-L mini deep-water 

hydroponic systems under four different spectra of supplemental lighting in a greenhouse with 

two blocks for each spectrum of light. Plants were grown for 28 days under each lighting 
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treatment and then harvested. There were nine independent plants per cultivar per each of the 

8 lit benches. Plants received a hydroponic nutrient solution (General Hydroponics Floraseries, 

General Hydroponics, Hawthorne, California) with an EC of 1.8 and pH of 5.8 (Table 3-4). 

Individual hydroponic systems were topped off every two to three days, with the nutrient 

solution replaced weekly. Temperature set points for the greenhouse was 25 °C for the day and 

20 °C at night. Each hydroponic system contained an airstone connected to an aquarium pump 

to maintain saturated dissolved oxygen. 

 

Table 3-4. The fertilizer solution applied to plants by mineral in mg/L or ppm. 

ppm 

N 150 

P 44 

K 191 

Ca 100 

Mg 35 

S 15 

Fe 2 

B 0.2 

Mn 1 

Zn 0.3 

Cu 0.2 

Mo 0.02 
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Each 4-L hydroponic system with plants in them was weighed three times per week 

before and after water was added to a prespecified mark to directly measure whole plant water 

use. Hydroponic systems without plants were used to determine base level evaporation so that 

plant transpiration was determined. Whole plant water use efficiency was calculated as fresh 

and dry mass of plant material produced per L of water.  

Measurements of photosynthesis and transpiration were taken at the leaf level under 

each light source at varying intensity using a LI 6400 XT (LI-COR, Lincoln, Nebraska). 

Measurements were taken 1-week before harvest (ca. 21 days after transplanting). A large, 

exposed, fully expanded leaf was chosen for placing the photosynthesis cuvette. The cuvette 

temperature was set to 27.5 °C and CO2 concentration was set to 400 ppm. Plants were placed 

into a light-proof container within the greenhouse and initially exposed to 1000 µmol·m-2·s-1 of 

light for 45 minutes prior to the first measurements being taken. Three measurements were 

taken at target light intensities of 1000, 750, 500, 325, 250, 200, 150, 100, 50, and 0 µmol·m-2·s-

1. For the HPS and CMH, limitation existed at low light intensities below 150 µmol·m-2·s-1 and 

actual intensity differed slightly from target intensities. Measurements were allowed to 

stabilize for 5 minutes at each light intensity. Three plants of each variety were selected 

randomly from the same light treatment being measured. All measurements were done 

between 9 am and 1 pm. 

Leaf temperatures were measured during the experiment using an infra-red 

temperature probe. Three temperatures were taken directly above, at a 45° angle from above, 
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and at a 90° angle directly at the side of the plant. Leaf temperatures were taken during a time 

which was cloudy and the supplemental lights were on (Table 3-5). Temperatures measured 

using an infra-red temperature probe showed higher leaf temperature under HPS and to some 

degree CMH in comparison to both LEDs, usually on the order of 1 degree C (Table 3-5). This 

temperature increase was observed from all sides of the plant, not just on the top directly 

below the supplemental light.  

 Table 3-5.  Leaf temperatures of lettuce Rex and Rouxai. Data are means of three plants 

taken on a cloudy day with supplemental lighting on 

Treatment  Angle  

Rex Average Leaf 
Temperature 

(°C) 

Rouxai Average Leaf 
Temperature 

(°C) 

CMH 90 20.7 20.1 
HPS 90 21.0 20.7 

Red:Blue LED 90 19.8 19.7 
White LED 90 19.9 20.0 

  
  

CMH 45 21.4 21.6 
HPS 45 21.4 22.1 

Red:Blue LED 45 20.2 20.4 
White LED 45 20.3 21.0 

  
  

CMH 0 21.8 20.8 
HPS 0 21.9 22.1 

Red:Blue LED 0 20.7 20.9 
White LED 0 20.6 21.3 

 

Upon destructive harvest, the lettuce head height to the tallest leaf, and two 

perpendicular width measurements were taken. Volume was calculated assuming a cylindrical 

shape with the following equation: 𝑉𝑜𝑙𝑢𝑚𝑒 =  (
(𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟1+𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟2)/2

2
)

2

∗ 𝜋 ∗ 𝐻𝑒𝑖𝑔ℎ𝑡. 

Lettuce was then cut and weighed on a scale to determine fresh weight.  A subset of three 
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plants per variety from each treatment was cut down the center and half of the head of lettuce 

was frozen in liquid nitrogen for xanthophyll and anthocyanin laboratory analysis. Remaining 

lettuce leaf area was measured using a LI-3100C Area Meter (LI-COR Inc., Lincoln, NE), then 

dried at 70 °C for 72 hours to obtain dry weight. Lastly, plant samples were frozen and dried for 

nutritional analysis, based on the methodology described below.  

Chlorophyll and Xanthophyll Analysis 

 To analyze chlorophyll and xanthophylls, after gathering fresh weight measurements 

and plant morphology data, lettuce heads were cut in half and immediately frozen using liquid 

nitrogen. Plants were ground and homogenized using a mortar and pestle under liquid 

nitrogen. Two replicate samples per plant of the powdered plant material weighing 50 mg each 

were placed into 1.5 ml polypropylene microcentrifuge tubes (VWR International, Radnor, PA). 

The extraction solution was comprised of 80% acetone and 20% H2O and 1000 µl of solution 

was added to the centrifuge tubes and vortexed. Samples were vortexed and stored at 4 °C 

until solid material was white. Samples were centrifuged at 14,800 RPM for 5 minutes at 4 °C. 

Supernatant was filtered through a 0.45 µm nylon syringe filter (VWR International, Radnor, 

PA). Afterwards, 600 µl of supernatant was taken and combined with 900 µl of 80% acetone 

and 20% H2O to bring the total volume to 1.5 ml. Samples were then analyzed using a High 

Performance Liquid Chromatograph with a SPD-10A detector (Shimadzu Scientific Instruments, 

Japan) with detector wavelength at 450 nm. The column used was a YMC C-30 carotenoid 

column with a 4.6 x 250 mm I.D., 5 µm particle size (YMC America, Allentown, PA).  Mobile 



 

83 

 

phase was composed of 81:15:4 methyl turt-butyl ether (MTBE), methanol, and H2O.  Flow rate 

was set at 1 ml·min-1 with a 30 µl injection volume.   

 Each sample was injected twice through the HPLC. Concentrations and residence times 

were determined using authentic external standards by calculating the area under the curve 

based on known concentrations from the standards. An example chromatograph of a typical 

lettuce sample is provided (Figure 3-5). 

 

Figure 3-5: Chromatographic profile of pigments in lettuce extract.  The labeled peaks represent 

violaxanthin (A - 9.3 minutes), chlorophyll b (B – 17.9 minutes), lutein (C – 19 minutes), and 

chlorophyll a (D – 31.5 minutes). The isocratic mobile phase used was comprised of 81% methyl 

turt-butyl ether (MTBE), 15% methanol, 4% H2O and processed through a YMC C-30 carotenoid 

column (5µm, 4.6 x 250 mm).  
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Anthocyanin Analysis 

 To analyze anthocyanins, after gathering fresh weight and plant morphology data, 

lettuce heads were cut in half and immediately frozen using liquid nitrogen. Plants were ground 

using a mortar and pestle while maintaining frozen temperatures. Two replicate samples of the 

powdered plant material weighing 50 mg each were placed into 1.5 ml polypropylene 

microcentrifuge tubes (VWR International, Radnor, PA). Next, 300 µl of methanol 1% HCl to 

each of the centrifuge tubes. Samples were vortexed, then stored for at least 24 hours at 4 °C. 

200 µl of H2O and 500 µl of chloroform were added to the centrifuge tubes and spun at 12000 

RPM for 4 minutes. Then, 400 µl of the aqueous supernatant was taken and added to 2600 µl of 

methanol 1% HCl in a 3 ml spectrophotometer cuvette. Absorbances were read in a Shimadzu 

UV 1800 UV Visible Scanning Spectrophotometer (Shimadzu Scientific Instruments, Japan) at 

530 nm and 657 nm (Carvalho and Folta, 2014; Neff and Chory, 1998).  Anthocyanins were 

quantified by the following equation: 

𝐴𝑛𝑡ℎ𝑜𝑐𝑦𝑎𝑛𝑖𝑛 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = (𝐴𝑏𝑠530 − 𝐴𝑏𝑠657) ∗ 1000 ∗ (𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡(𝑚𝑔))−1 

Experimental Design and Statistical Analysis 

The supplemental lighting treatments, arranged in a randomized block design, were 

applied to lettuce plants over three experimental replicates with two blocks per replicate. 

Within each block, nine lettuce plants for each cultivar were grown. A linear mixed-effect model 

(package lmer, R) was used to analyze data. Random effects included treatment location and 

replicate of light position. Fixed effects included variety, spectra, DLI, and PPFD at each plant 
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location. A pairwise analysis was done using Tukey HSD on the modeled results to determine 

significance with an alpha = 0.05. 

Results 

Plant Morphology Results 

Significant differences were observed between treatments for fresh weight (Figure 3-6), 

dry weight (Figure 3-7), leaf area (Figure 3-8), and volume (Figure 3-9). Lettuce grown under 

HPS had significantly higher fresh weight, leaf area, and volume compared to all other lighting 

sources for both varieties. Lettuce grown under HPS had 24% more fresh weight for ‘Rex’ and 

39% more fresh weight for ‘Rouxai’ in comparison the Red:Blue LED grown lettuce (Figure 3-6).  

Plants grown under CMH had significantly higher fresh weight, dry weight, leaf area, and 

volume in comparison with either LED treatment, and did not significantly differ in dry weight 

compared to HPS.  Plant volume was significantly higher when grown under HPS, with plants 

being 29% to 35% larger for HPS in comparison to Red:Blue LED grown plant for ‘Rex’ and 

‘Rouxai’ respectively.  Plants grown under White LED had a significantly larger leaf area 

compared to Red:Blue LED grown plants, however they did not significantly differ across any 

other metrics. 
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Figure 3-6. Final average fresh weight of ‘Rex’ and ‘Rouxai’ lettuce grown hydroponically under 

supplemental lighting treatments which complemented sunlight to achieve a 17 mol·m-2·d-1 

target daily light integral (DLI). Treatments included: CMH = Ceramic Metal Halide, HPS = High 

Pressure Sodium, RBLED = 70% Red, 30% Blue LED, WhiteLED = White LED.  Data represents 

mean ± SE of three replicate crop cycles over time with two blocks per crop cycle for each 

treatment and nine plants per block for each variety. Letters represent mean separation 

comparison across lighting treatments within a cultivar using Pairwise Tukey’s HSD 

(alpha=0.05).  
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Figure 3-7: Dry weight of ‘Rex’ and ‘Rouxai’ lettuce grown hydroponically under different 

treatments of supplemental lighting. Treatments include CMH = Ceramic Metal Halide, HPS = 

High Pressure Sodium, RBLED = 70% Red, 30% Blue LED, WhiteLED = White LED. Data 

represents three replicates with two blocks for each treatment per replicate and nine plants per 

block for each variety. Letters represent mean separation comparison across lighting 

treatments within a cultivar using Pairwise Tukey’s HSD (alpha=0.05). 
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Figure 3-8: Leaf area of ‘Rex’ and ‘Rouxai’ lettuce grown hydroponically under different 

treatments of supplemental lighting. Treatments include CMH = Ceramic Metal Halide, HPS = 

High Pressure Sodium, RBLED = 70% Red, 30% Blue LED, WhiteLED = White LED. Data 

represents three replicates with two blocks for each treatment per replicate and nine plants per 

block for each variety. Letters represent mean separation comparison across lighting 

treatments within a cultivar using Pairwise Tukey’s HSD (alpha=0.05). 
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Figure 3-9:  Final average volume of ‘Rex’ and ‘Rouxai’ lettuce grown hydroponically under 

different treatments of supplemental lighting.  Treatments include CMH = Ceramic Metal 

Halide, HPS = High Pressure Sodium, RBLED = 70% Red, 30% Blue LED, WhiteLED = White LED.  

Volume was determined by taking one height measurement and two width measurements.  

Lettuce was assumed to be a cylindrical shape and the width measurements were averaged to 

determine radius. Data represents three replicates with two blocks for each treatment per 

replicate and nine plants per block for each variety. Letters represent mean separation 

comparison across lighting treatments within a cultivar using Pairwise Tukey’s HSD 

(alpha=0.05). 
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Water Use Efficiency 

Water use was measured as a total of water used per plant, defined as gross water use, 

and as water use per unit biomass produced, defined as water use efficiency. Throughout the 

experiment, plants grown under HPS and CMH had a significantly higher gross water use 

compared to White LEDs and Red:Blue LEDs (Figure 3-10).  HPS grown plants used an average of 

1.2 L and 1.0 L per plant for ‘Rex’ and ‘Rouxai’ respectively while R:B and White LED grown 

plants used 25% and 29% less. However, when differences in fresh biomass were considered, 

HPS and CMH used significantly less water per gram of fresh weight produced, leading to a 

higher water use efficiency (Figure 3-11). HPS grown plants consumed 11.9 and 17.9 ml per 

gram of fresh weight while Red:Blue LEDs consumed 14.3 and 20.4 ml per gram for ‘Rex’ and 

‘Rouxai’, respectively.   
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Figure 3-10:  Gross water use of ‘Rex’ and ‘Rouxai’ lettuce grown hydroponically under different 

treatments of supplemental lighting.  Treatments include CMH = Ceramic Metal Halide, HPS = 

High Pressure Sodium, RBLED = 70% Red, 30% Blue LED, WhiteLED = White LED. Data 

represents three replicates with two blocks for each treatment per replicate and nine plants per 

block for each variety. Letters represent mean separation comparison across lighting 

treatments within a cultivar using Pairwise Tukey’s HSD (alpha=0.05). 
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Figure 3-11:  Water used per g of fresh biomass produced for ‘Rex’ and ‘Rouxai’ lettuce grown 

hydroponically under different treatments of supplemental lighting.  Treatments include CMH = 

Ceramic Metal Halide, HPS = High Pressure Sodium, RBLED = 70% Red, 30% Blue LED, WhiteLED 

= White LED. Data represents three replicates with two blocks for each treatment per replicate 

and nine plants per block for each variety. Letters represent mean separation comparison 

across lighting treatments within a cultivar using Pairwise Tukey’s HSD (alpha=0.05). 
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Nutritional Results 

Plants grown under Red:Blue LEDs had significantly higher concentrations of 

violaxanthin (Figure 3-12), lutein (Figure 3-13), and for ‘Rouxai’, higher levels of anthocyanins in 

comparison to HPS grown plants (Figure 3-14).  Plants under Red:Blue LEDs had 2.2 and 2.7 

mg/100g Fresh Weight violaxanthin for ‘Rex’ and ‘Rouxai’ which was 17% to 22% percent 

greater than HPS (Figure 3-14). Plants grown under CMH and White LED did not have 

significantly different concentrations of any of the measured xanthophylls, chlorophylls, or 

anthocyanins compared to either the HPS or Red:Blue LEDs. 
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Figure 3-12:  Final average lutein concentration of ‘Rex’ and ‘Rouxai’ lettuce grown 

hydroponically under different treatments of supplemental lighting. Treatments include CMH = 

Ceramic Metal Halide, HPS = High Pressure Sodium, RBLED = 70% Red, 30% Blue LED, WhiteLED 

= White LED. Data represents three replicates with two blocks for each treatment per replicate 

and nine plants per block for each variety. Letters represent mean separation comparison 

across lighting treatments within a cultivar using Pairwise Tukey’s HSD (alpha=0.05). 
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Figure 3-13: Final average violaxanthin concentration of ‘Rex’ and ‘Rouxai’ lettuce grown 

hydroponically under different treatments of supplemental lighting. Treatments include CMH = 

Ceramic Metal Halide, HPS = High Pressure Sodium, RBLED = 70% Red, 30% Blue LED, WhiteLED 

= White LED. Data represents three replicates with two blocks for each treatment per replicate 

and nine plants per block for each variety. Letters represent mean separation comparison 

across lighting treatments within a cultivar using Pairwise Tukey’s HSD (alpha=0.05). 
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Figure 3-14:  Final average anthocyanin concentration of ‘Rouxai’ lettuce grown hydroponically 

under different treatments of supplemental lighting. Treatments include CMH = Ceramic Metal 

Halide, HPS = High Pressure Sodium, RBLED = 70% Red, 30% Blue LED, WhiteLED = White LED. 

Data represents three replicates with two blocks for each treatment per replicate and nine 

plants per block. Letters represent mean separation comparison across lighting treatments 

within a cultivar using Pairwise Tukey’s HSD (alpha=0.05). 
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Photosynthesis 

Red:Blue LEDs produced the highest average photosynthetic rates for both ‘Rex’ and 

‘Rouxai’ (Table 3-6).  This was significantly higher than any other lighting source. Lettuce 

illuminated under HPS had significantly higher average photosynthetic rate than lettuce 

illuminated with White LED for both varieties. The maximum achievable photosynthetic rate 

(Pnmax) differed between the two varieties, with ‘Rex’ having greater photosynthetic capacity 

than ‘Rouxai’. In terms of light source, Red:Blue LEDs led to the highest rate in ‘Rouxai’ (Figure 

3-16), while HPS had the highest rate in ‘Rex’ (Figure 3-15). When using the model described in 

Ye et al., 2021, Red:Blue LEDs showed the steepest initial slope (α) as well (Table 3-7).  

Photosynthetic data gathered fit the Ye model with a high level of significance. The modeled 

equation had an R-squared of 0.91.  The Isat, or the intensity of light that was necessary to 

saturate photosynthesis was lower under Red:Blue LEDs in comparison to white LEDs and CMH. 

Table 3-6. The average photosynthetic rate of lettuce as modeled over a light response curve. 

Data was taken from three plants for each treatment with a 10-point light intensity to 

photosynthesis curve ranging from 0 to 1000 µmol·m-2·s-1. R2 = 0.913 

Variety Treatment 
Average Photosynthetic Rate 

(emmeans in µmol CO2·m-2·s-1) 
 White LED 5.51 ± 0.15 A 

Rex CMH 5.86  ± 0.15 AB 
 HPS 6.16  ± 0.16 B 
 RBLED 6.7  ± 0.15 C 
   

 White LED 4.24  ± 0.15 A 

Rouxai CMH 4.59  ± 0.16 AB 
 HPS 4.88  ± 0.16 B 
 RBLED 5.42  ± 0.16 C 
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Table 3-7. Photosynthetic parameters after fitting a non-least squares analysis on the 

photosynthetic data with the Ye Model (Ye et al., 2021). The α, β, γ, and Respiration coefficients 

are used to calculate the light intensity for maximum photosynthesis (Isat) and maximum 

photosynthetic rate (Pn Max). Plants were grown under monochromatic 70% Red and 30% Blue 

LEDs (Red:Blue LED), broad spectrum white LEDs (White LED), Ceramic Metal Halide (CMH), and 

High Pressure Sodium (HPS) in a greenhouse.   Data was taken from three plants for each 

treatment with a 10-point light intensity to photosynthesis curve ranging from 0 to 1000 

µmol·m-2·s-1. 

Variety Spectrum α β γ Respiration I sat Pn Max 

Rex 
Red:Blue 

LED 
0.0470 0.000430 0.000614 1.95 909 

14.8 
Rex White LED 0.0400 0.000400 0.000241 2.85 1103 16.6 
Rex CMH 0.0416 0.000295 0.000510 2.76 1278 17.3 
Rex HPS 0.0430 0.000280 0.000600 2.04 1288 17.9 

Rouxai 
Red:Blue 

LED 
0.0380 0.000420 0.000280 1.90 1039 

15.3 
Rouxai White LED 0.0250 0.000478 -0.000110 1.93 1114 12.9 
Rouxai CMH 0.0290 0.000250 0.000330 2.20 1585 16.0 
Rouxai HPS 0.0270 0.000480 0.000013 1.45 1035 12.4 
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Figure 3-15:  The photosynthesis light intensity curves of ‘Rex’ lettuce significantly differs based 

on light source. Data was taken from three plants for each treatment with a 10-point light 

intensity to photosynthesis curve ranging from 0 to 1000 µmol·m-2·s-1. Lines represent curves 

fitted using the Ye model (Ye et al., 2021). 
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Figure 3-16:  The photosynthesis light intensity curves of ‘Rouxai’ lettuce significantly differs 

based on light source. Data was taken from three plants for each treatment with a 10-point 

light intensity to photosynthesis curve ranging from 0 to 1000 µmol·m-2·s-1. Lines represent 

curves fitted using the Ye model (Ye et al., 2021). 
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Discussion 

Plant Morphology 

HPS grown plants produced significantly higher fresh and dry weights in comparison to 

both LED treatments, which has been observed across several varieties (Hernández et al., 2020; 

Zhang et al., 2019; Martineau, 2012). Lettuce grown under HPS had significantly greater fresh 

weight from CMH but was not significantly different in dry weight. The overall dry weight 

similarities may have been in part due to heightened temperature driving leaf expansion in the 

HPS and CMH treatments (Table 3-5) which corresponds with previous literature Nelson and 

Bugbee (2015). Despite significantly different overall spectra, CMH and HPS light share the 

same infrared waveband with a peak around 819 nm which contributes to warming of leaf 

surfaces. This infra-red emission may drive heating in the leaves that resulted in expansion and 

subsequent higher fresh weight than the LED treatments. Fresh weight differences between the 

lettuce grown under HPS and CMH may be due to the differences within the PAR range of light, 

as HPS was richer in red light which often correlates to higher biomass (Hernández and Kubota, 

2016). The additional amount of far-red in HPS may have contributed to higher biomass 

production though the expansion of leaves or increased efficiency of photosynthesis (Park and 

Runkle, 2017; Zhen and van Iersel, 2017; Zhen et al., 2021). Fresh weight, dry weight, leaf area, 

and plant volume all showed positive correlations with the amount of far-red in the 

supplemental light spectrum (Figure 3-6:9).  

The significant differences observed in leaf area corresponds with previous findings with 

plants grown under HPS having a greater surface area when compared to plants grown under 
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LEDs (Hernández and Kubota, 2015). In addition, plants grown under LEDs with a higher 

percentage blue had a smaller leaf area, as the white LED treatment was 17% blue whereas the 

Red:Blue treatment had 30% blue light, which agreed with past findings (Cope et al., 2014).  

However, the overall percentage of blue light contained within the CMH spectrum is 21%, 

higher than that of the white LED. The fact that CMH had higher leaf area than the LED sources 

was likely driven by CMH containing 5.8% far-red, whereas the white LED contained only 3% 

far-red. In addition, radiant temperature from the CMH and HPS fixtures may have further 

driven leaf expansion (Nelson and Bugbee, 2015). Overall, trends with leaf area were highly 

significant across all treatments and correlate well with previous research (Hernández and 

Kubota, 2015; Cope et al., 2014; Nelson and Bugbee, 2015).  

Nutritional Results 

The finding that anthocyanins were highest in the Red:Blue treatment, which contains 

the highest content of blue light, is consistent with previous findings (Jian Ron Sng et al., 2021; 

Hernández et al., 2016; Ouzounis et al., 2015).  CMH contained 21.8% blue light, compared to 

30% from Red:Blue and 17% from White LED and 7.5% from HPS.  This intermediate quantity of 

blue light may have been responsible for the intermediate amount of anthocyanins in CMH that 

was not significantly different from both Red:Blue, White LED, and HPS.   

Blue light percentage was correlated with higher quantities of secondary metabolites, 

including lutein, violaxanthin, and anthocyanins, in lettuce in the current experiment. Blue light 

has been observed to produce higher amounts of xanthophylls in the presence of white light, 

and findings in the literature correlate with this (Li and Kubota, 2009). Increased anthocyanin 
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content in Red:Blue LED treatments matches previous research (Gómez and Jiménez, 2020). 

Darker red color lettuce is often observed under treatments of higher blue, corresponding to 

higher anthocyanin content (Johkan et al., 2012; Stutte et al., 2009; Meng et al., 2020; Choi et 

al., 2014) 

Water Use Efficiency 

Plants grown under HPS used more water in comparison than the LEDs treatments, 

likely due to the larger plants with greater leaf area requiring more water. In addition, leaf 

temperature may have affected transpiration rate as leaves are warmer under HPS in 

comparison to LEDs (Nelson and Bugbee, 2014). The growth rate of lettuce increases as plants 

age and larger plants demand a higher overall water use (Dannehl et al., 2021).  

However when accounting for plant fresh weight, overall water use efficacy was highest 

in HPS and significantly higher than the Red:Blue LED treatment.  HPS has been shown to be 

more efficient at the whole canopy level, despite instantaneous leaf level measurements having 

higher efficiency under LED in comparison to HPS (Leonardos et al., 2019). This may be due to 

the transmission of green wavelengths through the leaves reaching lower in the canopy in HPS 

in comparison to LED, as 58% of the emission of HPS lies between 500-599 nm wavelengths, 

and these wavelengths are transmitted best through leaves and are still significant in 

photosynthetic contribution (Massa et al., 2015; Berard et al., 2017; McCree, 1971). Even 

though a single leaf may be less efficient in water use, the light that penetrates through top 

leaves may in fact drive photosynthesis in lower leaves and increase assimilation of carbon 

thereby increasing water use efficiency. In addition, increases in blue light have been shown to 
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decrease water use efficiency, with greater stomatal conductance with higher blue light 

(Clavijo-Herrera et al., 2018). In this experiment the Red:Blue treatment contained the highest 

overall percentage of blue light in comparison to the other treatments. While these plants had 

the lowest water use per plant they had the highest water use per unit fresh weight produced 

(water use efficiency). Results from this study are contradictory to Dannehl et al. (2021) who 

found plants grown under HPS consumed more water and had a similar yield to LED grown 

plants. Light intensities in Dannehl et al., 2021 were significantly lower at 55 µmol·m-2·s-1 and 

grown in substrate rather than liquid culture, which may have affected water use rate. Results 

similar to this project’s results have been observed with chrysanthemums having better water 

use efficiency under HPS in comparison to LEDs (Leonardos et al., 2019).  

Photosynthesis 

Red:Blue LEDs were shown to produce the highest photosynthetic response at lower 

PPFD in comparison to other treatments. Wavelengths of 660 nm and 450 nm (red and blue 

respectively) correlate well with peak efficiencies of photosynthesis thereby resulting in higher 

photosynthetic rates in both varieties of lettuce which match the findings of McCree) (1971) 

with single wavebands. The lowest rates of photosynthesis were observed under the White LED 

treatment. White LEDS were relatively enriched in green light which is poorly absorbed by a 

single leaf layer (which is what photosynthetic rate measures). This may also account for the 

second lowest rate under the CMH light. Although the data gathered in this experiment has not 

been directly replicated in other projects, lettuce illuminated with red, green, and blue 

wavelengths have the highest photosynthetic assimilation rate in comparison to 
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monochromatic red and blue light in ‘Red Cos’ lettuce, suggesting broad spectrum light 

achieves better photosynthesis at 1000 µmol·m-2·s-1 (Samuoltene et al., 2020). This was seen in 

our experiment with ‘Rex’ as the HPS and CMH, broad spectrum lights, achieved the highest 

photosynthetic rates in lettuce and red and blue LEDs achieved the lowest rate at that intensity. 

‘Rouxai’, a red leaf variety, did not show this trend however, which may be due to the 

anthocyanins present in the leaves reducing photosynthesis by absorbing green light (Burger 

and Edwards, 1996). ‘Rouxai’ in general had lower photosynthetic rates, a trend common in red 

leaf varieties (Burger and Edwards, 1996). Differing photosynthetic responses across intensities 

and spectra have been observed in other experiments, for example with fluorescent lights 

achieving higher photosynthesis than LEDs at 100 µmol·m-2·s-1, but lower than some LEDs at 

300 µmol·m-2·s-1 in Johkan et al., 2012. In addition, changing light sources significantly affects 

photosynthetic capability in lettuce (Samuoltene et al., 2020), and this effect is likely to result in 

dynamic photosynthetic potentials in greenhouses with changing light sources from 

inconsistent solar light.   

Photosynthesis was highest under Red:Blue LEDs, yet fresh weight and dry weight yield 

was significantly lower under Red:Blue LEDs compared to HPS and CMH.  This suggests rate of 

photosynthesis is only one factor contributing to lettuce yield, and photomorphogenic 

responses, such as leaf area and leaf temperature, may play a bigger role in plant growth and 

development (Johkan et al., 2012). In fact, the photosynthetic rate of White LEDs was the 

lowest of any of the treatments, yet fresh weight and dry weight was not significantly different 

in comparison to Red:Blue LEDs. During photosynthetic measurements, temperatures were 

held constant. In the greenhouse, leaf temperatures differed, with HID fixtures imparting higher 



 

106 

 

leaf temperatures (Nelson and Bugbee, 2015). Leaf and plant temperatures affect growth rate 

and yield and photosynthesis does not always correlate to fresh and dry mass yield in lettuce 

(Johkan et al., 2012; Carotti et al., 2021).   Although greenhouse temperatures were set to 

optimize yield, transpiration and lighting source affects leaf temperature and could contribute 

to differences observed.  

Conclusions 

This study is the first to report whole plant water use, photosynthesis response curves, 

and morphological differences as a result of various spectra of supplemental lights on lettuce.   

Further, this chapter includes the most current and comprehensive information on the impact 

of supplemental light quality on lettuce photosynthesis, growth, water-use efficiency, and 

xanthophyll nutrition. This study demonstrated the importance of whole plant measurements 

over leaf level photosynthetic measurements showing the growth is dependent on many 

complex factors involving both photosynthetic and photomorphological effects light has on 

plants. Despite the advantages LEDs have on electrical efficiency, instantaneous photosynthetic 

benefits, and phytochemical production, more research is needed to understand the reasons 

HPS outperforms LEDs in regard to biomass production and whole-plant water-use efficiency.   

Future research should explore the specific reasons why lettuce grown under HPS 

performed significantly better than lettuce in LED treatments in terms of volume and biomass 

production. With the customizable spectrum and higher electrical efficacy, there are no reasons 

as to why the aspects of the HPS spectrum that resulted in the growth and water use efficiency 

observer could not be replicated with LEDs. The most likely candidate for this increase in 
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biomass production is both an increase in far-red (known to increase leaf surface area) and the 

increase in leaf temperature that could have been brought on by the infra-red peak at 819 nm. 

Experiments using an increase in greenhouse temperature could emulate the increase of 

temperature brought on by HPS, or an experiment could be designed to add infra-red LEDs, as 

this effect may be best applied only when supplemental lights are on, an aspect that raising 

greenhouse temperature could not realistically achieve. Likewise, experiments could be 

replicated with barriers below a subset of HPS to absorb or reflect infra-red light, while allowing 

PAR light through. These experiments would help to isolate the advantages HPS, such as the 

percentage of far-red photons, currently has over LEDs and further our understanding of the 

impact electromagnetic radiation beyond the PAR range has on plant growth. In addition to 

lending an explanation to this research, understand the impact of infra-red radiation could also 

help to explain the increase in yield with the same DLI under sunlight observed in chapter 2.  
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