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This thesis was designed to evaluate the effects of environment conditions and planting densities 

on yield, morphology, heart formation, and nutritional content of romaine lettuce. Parameters 

considered were: planting density, day and night temperatures, and proportions of blue light 

within a mixed spectrum. Results showed a planting density of 30 plants per m2 was optimal for 

the highest yield per area, while 10 plants per m2 was optimal for the highest individual plant 

mass. A day/night temperature of 21/14°C resulted in the highest leaf curvature of heart forming 

leaves, and the most pronounced heart formation. Increasing proportions of blue light reduced 

plant fresh weight, height, and leaf area, while having no effect on the morphology of the inner 

heart. Twenty-two percent blue increased leaf sulfur concentration by 26 percent. This study has 

provided some of the key elements for romaine lettuce producers using a controlled environment. 
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Chapter One: Introduction 

Although experiments have been performed on romaine lettuce (Lactuca sativa L. var. 

longifolia) grown in the field, a literature search revealed a lack of research surrounding optimal 

growing conditions for romaine lettuce in a controlled environment. Therefore, controlled 

environment growers do not have access to reliable information on potential yields, quality 

outcomes, morphological features, and nutritional composition for romaine lettuce grown in one 

of these systems. Kubota (2016), in the book “Plant factory: An indoor vertical farming system 

for efficient quality food production,” identified abiotic environmental factors which affect plant 

growth and development in a controlled environment, including atmospheric carbon dioxide 

(CO2) concentration, temperature, nutrients, and lighting. Each of these factors has also been 

shown in individual experiments to have a significant effect on plant growth and development 

(Kuan-Hung et al., 2012; Bunce, 1985; Anderson et al., 1987; Abou-Hadid et al., 1996). 

Additionally, Maboko and Du Plooy (2009) have shown that spacing between leafy lettuce heads 

in a soilless system has a significant impact on growth and yield potential. The objective of this 

thesis was to determine the effects of environmental conditions and horticultural management 

strategies on romaine lettuce grown hydroponically in a controlled environment, in order to 

optimize yield, morphological and nutritional outcomes. 

Controlled Environment Agriculture Overview 

A report by the Food and Agriculture Organization (FAO) of the United Nations (2017) 

estimated that the world population will increase to 9.73 billion by 2050, and 11.2 billion by 

2100. With a growing world population agricultural production must increase to meet rising food 

demands. Simultaneously, the world population is facing accelerated climate change due to 

increasing global greenhouse gas emissions, one quarter of which the agricultural industry is 

responsible for (IPCC, 2014). Expansion of current agricultural practices is not a solution to both 

feeding a growing population and combatting climate change. Instead, the FAO (2017) stated: 

“the key to sustainable agricultural growth is more efficient use of land, labour, and other inputs 

through technological progress, social innovation, and new business models.” Large-scale 

controlled environment agriculture (CEA) is precisely this. It is an emerging method of crop 
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production that seeks to improve crop production efficiencies through technology, aka, 

intensification as opposed to expansion. Controlled environment agriculture involves the 

integration of high-density crop production systems in a precisely controlled environment 

setting. Field crop production unfortunately suffers from inherent variability, directly resulting 

from an uncontrollable environment (e.g. cloudy days, drought, heat stress, cold stress, pests, 

pathogens, etc.). Within a controlled environment lies the ability to ensure optimal growing 

conditions throughout the lifetime of a plant, giving them the inherent capability of out-

producing their field-grown counterparts (Poorter et al., 2016). Moreover, one of the greatest 

advantages of CEA is the increase in land use efficiency (Despommier, 2013). Controlled 

environment facilities can scale vertically, therefore requiring far less land compared to 

traditional horizontal production, as it takes advantage of volume rather than simply available 

ground area. The significant reduction in land requirement allows large-scale production to take 

place closer to densely populated urban areas (Despommier, 2009). As agricultural production 

moves closer to the consumer, the carbon foot-print associated with transportation of produce is 

greatly reduced and the product arrives to its destination sooner, enhancing freshness and 

allowing a longer shelf-life for the consumer. Controlled environment crop production can be 

conducted in a variety of locations previously thought unsuitable for agriculture, as it is 

independent from climatic conditions, giving regions like the arid desert in Kuwait or Canada’s 

frozen north a feasible method of agricultural production (Jensen, 2002). Compared to field 

cropping systems, CEA generates less agricultural runoff, uses four times less water, limits the 

need for chemical spraying (pesticides, herbicides), reduces the potential for contamination (e.g., 

E. coli), and allows for year-round production (Despommier, 2013).  

Romaine Lettuce Physiology and Economics 

Wild lettuce (Lactuca serriola L.) most likely originated in the eastern Mediterranean, 

where it began cultivation and spread to Greece, Asia, Europe, and eventually North America 

(Mou, 2008). It is a cool season, self-pollinating, annual plant that forms a deep tap-root and 

horizontal lateral roots close to the surface. Mou (2008) describes six classes of lettuce: 

crisp/crisphead (commonly called iceberg), butterhead (also known as boston), romaine (also 

known as cos), leaf, stem, and latin. Yang et al. (2007) ran a phylogenetic study on lettuce, 
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showing the phylogenetic tree and genotypic similarities. Romaine and leafy type lettuces are 

likely derived from the outcrossing of the crisphead type. Romaine lettuce has elongated, crispy 

textured leaves with a prominent midvein, is characterized by its tall, upright structure and loaf-

shaped head which forms after the rosette stage and may weigh as much as 750 grams (Mou, 

2008). Commercial maturity of romaine lettuce is determined well before the flowering stage, as 

flowering typically promotes a bitter flavour in the leaves (Gil et al., 2012). Growing time to 

maturity is dependant on climate and can typically range between 42 and 100 days in the field, 

depending on the season. Maturity is often determined in the field by squeezing the head and 

determining firmness, where a loose head is immature, a firm head is mature, and a very firm 

head is over mature (Gil et al., 2012). In this thesis, time to maturity was set around the 

recommended growing time from the seed supplier (~ 60-70 days depending on cultivar). 

One of the setbacks of CEA is its space restrictions, where the height of a crop quickly 

becomes a limiting factor when scaling vertically. Romaine lettuce is an excellent candidate crop 

for CEA due of its limited height and large proportion of edible biomass (>85%) (Kozai et al., 

2015).  Romaine lettuce represents a large industry in North America. The USDA Crop Values 

Summary (2019) reported that the 2018 romaine lettuce industry in the United States was $901 

million USD. Canada’s Statistical Overview of the Canadian Vegetable Industry 2018 put lettuce 

farm gate value from field and greenhouse combined at $ 115 million CAD. The value of lettuce 

imports into Canada were 3.6 times higher at $ 416 million, with Ontario being the largest 

importer of vegetable products (Agriculture and Agri-Food Canada, 2018). This puts the total 

value of romaine lettuce production across Canada and the USA at $1.33 billion CAD for the 

year 2018. The romaine industry has suffered from contamination via  Escherichia coli O157 

and subsequent recalls of romaine from grocery store shelves (Evans, 2018). Over the past three 

years there have been six reported food borne outbreaks of E. coli in Canada and the United 

States (CDC 2019, PHAC 2019). These outbreaks resulted in 376 reported infected individuals, 

158 of whom were hospitalized, and 7 of whom lost their lives. All six outbreaks were linked to 

contamination of field grown romaine lettuce (CDC 2019, PHAC 2019). This may be the causal 

factor for the 44% drop in romaine lettuce production value in the United States between 2017 

and 2018, from $1.6 billion to $901 million (USDA, 2019). Production in a controlled 

environment drastically improves food safety and biosecurity (Benke and Tomkins, 2017), 
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creating opportunity for safer romaine lettuce production. Canada’s Food Price Report 2020 

predicted that in 2020 food prices could increase as much as 4%, with vegetables undergoing an 

average increase among the food categories with a 2 - 4 % price increase. Most of the fluctuation 

is predicted to occur in provinces other than Ontario, as Ontario remains stable due to a less 

turbulent economic forecast. Di Noia (2014) classified and ranked common vegetables in 

America on their density of nutrients important to public health, to determine “powerhouse” 

vegetables. Romaine lettuce was ranked 6th of the 47 vegetables analyzed, ranking higher than 

broccoli, brussels sprouts, and carrots.  

Research Overview 

In this thesis planting densities were analyzed first, as a horticultural management 

strategy to optimize yield outcomes in a controlled environment hydroponic system. The 

environment variables of temperature and spectral quality of light were then manipulated to 

determine yield, morphological, and nutritional content outcomes.  

Planting density determines basic yield potential for any controlled environment 

hydroponic system. This is important information for CEA production facilities, as yields 

ultimately determine income. Currently, no literature exists on planting densities of romaine 

lettuce for a controlled environment hydroponic system. Chapter Two analyzed romaine lettuce 

growth, yield, quality, and morphology in relation to planting density. These data were intended 

as technology transfer to supply controlled environment growers with reliable information on 

yield and quality potential of romaine lettuce.  

During pre-trials at the CESRF romaine lettuce plants grown in a controlled environment 

hydroponic system were not forming an inner heart, despite the cultivar being a hearting variety 

and labelled as a hydroponic performer by the seed supplier. Additionally, heart formation was 

identified as a desirable trait for controlled environment production of romaine. Despite no 

causal factor of heart formation in romaine lettuce ever being identified, the literature indicated 

that temperature affected the head formation of crisphead and butterhead types (Wurr et al., 

1992; Wurr et al., 1981). Subsequently, temperature effects on romaine lettuce growth and 

morphology in relation to heart formation were analyzed in Chapter Three.  
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Heart formation in romaine lettuce is a process entirely dependant on the morphology of 

the leaves which form the heart. A couple of theories were postulated relating morphological 

features to heart formation, such as Bensink (1971) stating a requirement for a low leaf 

length/width ratio of heart forming leaves, or Holsteijn (1980) identifying a need for low specific 

leaf area of hearting leaves. Blue light has been shown to have a strong effect on plant and leaf 

morphology, while also strongly affecting the variables identified as necessary for heart 

formation in romaine lettuce (Lee et al., 2014; Pennisi et al., 2019). Additionally, it appeared that 

a general consensus in the literature on blue light effects on lettuce morphological features, such 

as fresh and dry weight, plant height, leaf area, and specific leaf area, had not been reached (see 

Table 3.1 of Chapter Four). Chapter Four explored blue light proportions and their effect on 

plant and leaf morphology in relation to heart formation of romaine lettuce. Alteration of the 

light spectrum may have a profound impact on the nutritive value of plant tissue as well 

(Mickens et al. 2018; Pennisi et al. 2019). Current literature is insufficient in identifying the 

effects of blue light proportions on romaine lettuce leaf mineral nutrient composition. 

Additionally, alteration of leaf mineral concentration offers potential for controlled environment 

growers. In Japan, for example, low potassium lettuce is being developed for plant factory 

production, to meet the dietary needs of patients with chronic kidney disease (Ogawa et al. 2012; 

Zhang et al. 2017). Thus, leaf mineral concentrations as affected by proportions of blue light 

were also examined in Chapter Four The data generated in this chapter were intended to inform 

growers of the potential of blue light to influence morphological and nutritional content of 

romaine lettuce, and to add valuable information to the surprisingly conflicted literature on blue 

light effects on lettuce morphology. 
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Chapter Two: Effect of planting density on yield and quality of 

Romaine Lettuce (Lactuca sativa L. var. longifolia) grown in a 

controlled environment hydroponic system1 

Abstract 

Planting density is a critical parameter for determining production volume capacities for 

controlled environment plant production facilities. This study investigated the effect of four 

planting densities (10, 20, 30, and 44 plants m-2) on  yield, morphology and quality attributes of 

romaine lettuce grown in a controlled environment hydroponic system. Romaine lettuce plants 

(cv. Ideal Cos) were grown under controlled environment in a custom built vertically tiered 

hydroponic system. Plants were grown for a period of 60 days with a photosynthetic photon flux, 

atmospheric CO2 concentration, temperature (day/night), and vapour pressure deficit of 162 

µmol m-2 s-1, 800 ppm, 21/19°C, and 1.07 kPa respectively. Plants were assessed for visual 

quality on the basis of a custom grading scheme. Increasing planting density from 10 to 44 plants 

m-2 reduced plant fresh and dry weight, number of leaves, and leaf area, but increased dry yields 

(g m-2). The higher planting density resulted in the highest total dry yield (g m-2), however only 

marginally higher than 30 plants m-2, while 10 plants m-2 resulted in the highest dry weight per 

plant (g/plant). A yield plateau was identified at 30 plants m-2, where yield became independent 

from planting density and increasing density further did not add to yield. No effect from planting 

density occurred on the visual quality of the plants. The research findings indicated that a 

planting density of 30 plants m-2 may be optimal for total yield (g m-2) whereas 10 plants m-2 

may be optimal for individual plant mass (g/plant). 

Introduction 

A key performance indicator for a controlled environment plant production facility is production 

volume (Benke and Tomkins, 2017). To be successful, these facilities must minimize 

 

1 Formatted for journal submission. Status: In preparation. 
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maintenance costs while maximizing yields (Al-Kodmany, 2018). As planting density can have a 

significant effect on crop yields, this is an important variable in understanding production 

capabilities. According to Knott’s Handbook for Vegetable Growers (2007), traditional field 

spacing for romaine lettuce is 0.25 – 0.36 m between plants and 0.41 – 0.61 m between rows (4.6 

– 9.7 plants m-2). In California, where the majority of romaine lettuce in North America is 

grown, raised beds roughly 1 - 2 m wide are used (Smith et al., 2011). The 1 m beds can 

accommodate 2 seed-lines, while the 2 m beds can accommodate 5-6 seed-lines. Lettuce is 

planted 0.05 – 0.075 m apart and thinned to 0.25 – 0.305 m apart for full-sized heads (6.7 – 10 

plants m-2) (Smith et al., 2011). Chu et al. (2016) claim the desired in-row spacing in the field in 

California is 0.24 – 0.32 m (5.1 – 10.4 plants m-2). These sources combined give a total range in 

planting density in field conditions between 4.6 – 10.4 plants m-2.  

A review by Poorter et al. (2016)  comparing controlled environment to field grown  

experiments identified physiological differences that can occur between the two growing 

environments. For example, controlled environment plants had a faster growth rate, somewhat  

higher leaf nitrogen concentrations, and a higher specific leaf area (Poorter et al., 2016). One of 

the primary disparities between field and indoor cultivation operations is change in 

environmental fluctuation. Where field plants can experience a wide range of a given 

environmental parameter, indoor conditions are usually quite stable. Moreover, soil and 

hydroponic systems retain inherent differences in water and nutritional availability, potentially 

affecting plant physiology and biochemistry (Souza et al. 2019). Due to these disparities between 

systems it cannot be assumed that planting densities optimized for field conditions will be 

optimal for controlled environment hydroponic systems. The objective of this experiment was to 

determine yield and yield components of romaine lettuce as affected by planting density in a 

controlled environment hydroponic system. 

Duncan (1986) divides planting density into three phases. Phase I where there is no 

competition between fully developed plants for light interception, phase II in which light 

interception is complete but yield continues to increase with planting density, and phase III 

where yield per unit area is maximized and independent of planting density. The transition from 

Phase II to Phase III indicates the presence of a yield plateau, where maximal production 
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capacity for a given area is realized (Figure 2.1). Conversely, Phase I indicates a yield plateau for 

individual plant mass, where spacing plants further apart no longer increases mass, as light 

interception for the plant is maximal (Figure 2.1). Optimizing planting density to maintain yields 

at the yield plateau would maximize production in terms of plant mass, be it individual plant 

mass or mass per unit area. Selection of the ideal target planting density would be determined by 

the grower, based on desired results. 

 

 

Figure 2.1 – Yield trends with planting density. Dotted arrows represent yield plateaus at indicated 

planting density. Figure developed based on Duncan (1986). 

 

A meta-analysis of 100 experiments on various plant species revealed that a doubling of 

planting density corresponds to reduced plant vegetative size by 34%, relative growth rate by 
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9%, and leaf level photosynthesis by 12% while increasing specific leaf area by 9% (Poorter et 

al., 2016). Moniruzzaman (2009) found that decreasing leafy lettuce planting density led to lower 

fresh and dry yield per unit area but higher individual plant mass. Moniruzzaman (2009) also 

showed that decreasing planting density led to increased plant height and canopy width but saw 

no significant difference in number of leaves. A study of the effect of planting density on iceberg 

lettuce by Khazaei et al. (2013) found a peak yield at 7.35 plants m-2 with decreasing yields both 

above and below, indicating a bell-shaped yield curve as opposed to a yield plateau. Maboko and 

Du Plooy (2009) experimented on plant spacing with leafy lettuce in a gravel-film hydroponics 

system. They found increasing planting density increased fresh and dry yield, number of leaves, 

leaf area, and average plant height. It was hypothesized that increasing romaine lettuce planting 

density will increase yield per unit area to a yield plateau, while conversely decreasing planting 

density will increase individual plant mass to a mass plateau. 

Although many studies have investigated planting density affects on plant morphology 

and physiology (Khazaei et al., 2013; Maboko and Du Plooy, 2009; Moniruzzaman, 2009; 

Poorter et al., 2016), one aspect that has not been addressed is the effect on the visual appeal, or 

marketability, of the crop. A number of disorders were noticed during pre-trials in which 

romaine lettuce was grown in a controlled environment hydroponic system at the CESRF 

(unpublished data). The primary disorders identified were tip-burn, lack of a defined head 

structure, stem elongation, branching, and pre-mature bolting. During pre-trials it appeared as 

though high planting densities exacerbated these disorders; therefore, a secondary objective of 

this study was to evaluate the effects of planting density on the occurrence of morphological 

disorders. It was hypothesized that increasing planting density increases the occurrence and/or 

degree of morphological defects. 

Methods 

Chamber Design 

This experiment was carried out at the University of Guelph’s Controlled Environment Systems 

Research Facility (CESRF) (Guelph, ON, Canada) in the growth chamber entitled “Blue Box 2” 

(BB2) (Appendix I - II) (Dixon et al., 1999). Blue Box 2 was equipped with a custom 
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hydroponics system (Appendix II; Figure 2.2) complete with automated pH and electrical 

conductivity (EC) adjustment. Potential hydrogen (pH) was adjusted with 0.5 M potassium 

hydroxide (base) and 0.5 M nitric acid (acid) while EC was adjusted with a high concentration 

liquid mix (46.94 g l-1) of Plant-Prod Hydroponic 6-11-31 (Master Plant-Prod Inc., Brampton, 

ON, Canada) and calcium nitrate (34.72 g l-1) (Plant Products, Leamington, ON, Canada) as 

needed. Pumps and chamber environment were controlled through Argus Controls Systems Ltd. 

(Surrey, BC, Canada). Dissolved oxygen level in the nutrient solution was maintained with a 

Laguna Optima Aerator (5000cc/min) with air stone (Rolf C. Hagen Inc., Baie d’Urfé, QC, 

Canada). The inside of BB2 was fitted with a custom aluminum frame consisting of three 

growing tiers to optimize space utilization (Figure 2.2). Custom built hydroponic trays were 

used, with four trays on each of the three levels, and plumbing connecting the external solution 

reservoir of BB2 to the twelve internal hydroponic trays. Light was supplied with Intravision 

Spectra BladesTM supplied by Intravision Group AS (Oslo, Norway) and set on a timer for 

photoperiod control. Delta Electronics DC Brushless Fans (24 volt) (Delta Electronics Ltd., 

Fremont, CA, U.S.A.) were installed at either end of each tier for air flow. Wind speed was 

adjusted to 1.0 meter second-1 at day 31 post-sowing, 1.6 m s-1 at day 39, 2.0 m s-1 at day 45, and 

1.0 m s-1 at day 56 in a strategic effort to mitigate leaf tip burn. 
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Figure 2.2 - Schematics of Blue Box 2 and the two aluminum frames (Large Frame 1 – 2) with 

hydroponic growing trays (Tray 1 – 12). Top-view schematic of BB2 (top). Side-view schematic 

of the custom aluminum frames and hydroponic growing trays inside BB2 (bottom). 
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Experimental Design 

Seeds of romaine lettuce (cv. ‘Ideal Cos’) (Stokes seed Ltd., Thorold, ON, Canada) were sown in 

rockwool cubes (Grodan [ROXUL Inc.], Milton, ON, Canada) and fertigation solution for a 

period of 15 days, after which they were transplanted into the hydroponic system described 

above. Plantings were staggered over a three-day period. During transplant, seedlings were 

transplanted into the custom 0.36 m2 hydroponic trays to form planting density treatments of 10, 

20, 30, and 44 plants m-2 (Figure 2.3). In an effort to capture canopy scale data guard rows were 

implemented on planting densities 30 and 44 (plants m-2) to eliminate edge effects due to tight 

spacing. Data taken from the inner plants were extrapolated to form the missing guard row data 

for calculations per unit area. Guard rows were not used on planting densities 10 and 20 (plants 

m-2) due to the low number of plants per tray. Chamber environmental conditions pre- and post-

transplant are shown in Table 2.1. Lighting spectrum is shown in Table 2.1 and Figure 2.4. 

Chamber climatic conditions were based on pre-trials (unpublished) performed at CESRF. The 

hydroponic nutrient solution was changed bi-weekly to avoid fluctuations in nutrient solution 

composition. Samples of the nutrient solution were taken weekly and analyzed by high 

performance liquid chromatography (HPLC) for deficiencies (Appendix III).  
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Figure 2.3 - Schematic of the four planting density treatments, labelled by planting density (10, 

20, 30, and 44 plants m-2). Grey boxes represent the custom hydroponic trays, black circles 

represent romaine lettuce plants, grey circles represent guard row plants, and white circles 

represent empty spaces. 

 

 

 

10 20 

30 44 
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Table 2.1 - Blue Box 2 Environmental Parameters 

 Pre-transplant Post-transplant 

Lighting Type Intravision Spectra BladesTM z Intravision Spectra BladesTM  

Light Spectrum (%) 

75 Red (600-700nm)w 

19 Green (500-600nm)  

6 Blue (400-500nm) 

75 Red (600-700nm) 

19 Green (500-600nm)  

6 Blue (400-500nm) 

Photoperiod (day/night hrs) 24/0 

18/6 for 2 weeks post-transplant, 

16/8 after 2 weeks post-

transplant 

PPFD (µmol m2 s-1) 150 162 ± 25 

Temperature Day/Night (°C) 20/18 21/19 ± 0.5 

Vapour Pressure Deficit (kPa) 1.2 ± 0.4 1.07 ± 0.1 

CO2 Concentration (ppm) 450 ± 50 800 ± 50 

Fertilizer 

0.58 g l-1 Plant-Prod Hydroponic 

6-11-31y (A) 

0.43g l-1CaNO3
x  (B) 

0.64 g l-1 Plant-Prod Hydroponic 

6-11-31 (A) 

0.47g l-1 CaNO3  (B) 

pH 6.0 ± 0.1 6.0 ± 0.1 

Electrical Conductivity (µS) 1000 ± 100 1300 ± 100 

z Intravision Group AS (Oslo, Norway) 
y Master Plant-Prod Inc. (Brampton, ON, Canada) 
x Plant Products (Leamington, ON, Canada) 
w Spectrum supplied by red (655nm ± 20nm), green (516nm ± 30nm), and blue (447.5nm ± 20nm) 

LED’s from Intravision Spectra BladesTM 
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Figure 2.4 - Intravision Spectra BladeTM spectrum, with peak spectral wavelengths at blue 

(447.5nm ± 20nm), green (520nm ± 30nm), and red (655nm ± 20 nm). 

 

Harvest 

The romaine lettuce was harvested after a period of 60 days from seeding. Harvests were 

staggered over a three-day period to match the staggered planting dates. Measurements taken at 

harvest included visual quality, plant height, shoot fresh weight, number of leaves, leaf area, and 

shoot dry weight. A custom grading scheme was developed to rank the degree of morphological 

disorders occurring on a head of romaine. Heads were assigned a grade between 1 – 6, with 1 

being best (defect free) and 6 being worst (most defects) (Figure 2.5). The ranking scheme was 

developed based on defects observed in pre-trials at the CESRF. Plant height was measured from 

the collar to the highest point on the plant. Leaf area was quantified with a Li-Cor Li-3100C 

Area Meter (LI-COR® Biosciences, Lincoln, NE). Shoots were dried for 70 days at 45°C in a 

drying room prior to measurement of dry weights. Samples were weighed periodically to 

determine water content and dry weight stability prior to final dry measurements. 
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Figure 2.5 - Visual quality assessment grading scheme for planting density trial. 

 

Statistical Analysis 

The experiment was performed two separate times. Blocking between the three vertical 

growing layers was used to account for potential vertical climatic variations. Treatments were 

randomized within each block and blocks were nested within each run. Data were analyzed using 

a nested randomized block design model and treatments compared with Tukey’s HSD test in 

JMP (JMP®, Version 14. SAS Institute Inc., Cary, NC, 1989-2019). Model: Y = run + block(run) 

+ treatment + treatment*run + e.; with run and block as random effects. Run is the variable 

added to account for the two separate times the experiment was run. Shapiro-Wilks tests were 

run on the data sets to test for normality. 

Results 

In general, as planting density increased, plant fresh weight, number of leaves, leaf area, and dry 

weight decreased (Table 2.2). No significant changes in visual quality occurred. The lack of 

significance is likely due to incidences of tip-burn occurring at 10 plants m-2 resulting from a fast 

growth rate, leading to a slightly worsened visual quality. Plant height did not significantly 

change, maintaining an average height between 213.8 and 250.0 mm. Increasing planting density 
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from 10 to 44 plants m-2 reduced head fresh and dry weight by 62% and 63% respectively, 

reduced the number of leaves per head by 16 leaves, and reduced head leaf area by 61%. Ten 

plants m-2 also had higher dry weight per head than 30 plants m-2, while 20 plants m-2 had higher 

dry weight per head than 44 plants m-2. No differences in specific leaf area, fresh yield or leaf 

area yield were evident between treatments (Table 2.2 - 2.3). The highest dry yield occurred at 

44 plants m-2, being 81% higher than 10 plants m-2. In general, as planting density increased, 

fresh yield, leaf area yield, and dry yield increased. Figure 2.6 displays the dry yield and head 

dry weight by planting density with the purpose of elucidating yield and mass plateaus. A plateau 

occurred at 30 plants m-2 for total dry yield, while no plateau emerged for head dry weight. 

Planting density results are shown photographically in Figure 2.7. 

The hydroponic nutrient solution HPLC data (Appendix III) showed a decrease in 

potassium concentration beginning 41 days after sowing, while the concentration of calcium and 

sulfate accumulated in solution from day 1. All other nutrients remained relatively stable. 
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Table 2.2 - Effect of plant spacing on heads of romaine lettuce. 

Planting 

Density 

(plants  

m-2) 

n 
Visual 

Quality 
Height (mm) 

Head Fresh 

Weight (g) 

Leaf 

Number per 

Head 

Head Leaf Area 

(m2) 

Specific Leaf 

Area (m2 g-1) 

Head Dry 

Weight (g) 

10 6 1.8 ± 0.42a 213.8 ± 18.3a 433.7 ± 35.6a 53 ± 1.43a 0.5942 ± 0.0553a 0.0279 ± 0.0015a 21.2 ± 1.3a 

20 6 1.9 ± 0.40a 243.5 ± 17.5a 290.0 ± 33.6ab 48 ± 1.19ab 0.4331 ± 0.0532ab 0.0290 ± 0.0015a 14.9 ± 1.2ab 

30 5 2.4 ± 0.42a 250.0 ± 18.4a 243.0 ± 36.0ab 41 ± 1.46bc 0.3592 ± 0.0556ab 0.0310 ± 0.0015a 11.6 ± 1.3bc 

44 5 3.2 ± 0.41a 221.0 ± 17.9a 167.1 ± 34.6b 37 ± 1.32c 0.2309 ± 0.0541b 0.0294 ± 0.0015a 7.8 ± 1.2c 

Data are sample means by treatment ± SE. Means in a column followed by the same letter are not significantly different (P>0.05), using Tukey’s HSD test. 

 

Table 2.3 - Effect of planting density on romaine lettuce yields per unit area. Planting densities 30 and 44 are calculated yields as 

described in Methods. 

Planting Density 

(plants m-2) 
n 

Fresh Yield  

(g m-2) 

Leaf Area Yield 

(m2 m-2) 

Dry Yield  

(g m-2) 

10 6 6023 ± 863a 8.25 ± 1.44a 294.5 ± 33.6a 

20 6 7250 ± 863a 10.83 ± 1.44a 372.7 ± 33.6ab 

30 5 10205 ± 896a 14.85 ± 1.47a 479.4 ± 34.8ab 

44 5 10865 ± 896a 15.58 ± 1.47a 533.4 ± 34.8b 

Data are sample least square means by treatment ± SE. Means in a column followed by the same 

letter are not significantly different (P>0.05), using Tukey’s HSD test. 
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Figure 2.6 – Romaine lettuce dry  weight and yield response to planting density. Values 

represented as sample means by treatment ± SE (n = 6 for 10 and 20 plants m-2; n = 5 for 30 and 

44 plants m-2). 

 

  



 

 

21 

 

10 20 

30 44 

 Figure 2.7 - Effect of planting density on romaine lettuce grown in a controlled environment 

hydroponic system. Numerical label to the right of each image represents planting density (plants 

m-2). 

 

Discussion 

The significant differences in fresh and dry weight per plant confirmed that increasing planting 

density of romaine lettuce grown in a controlled environment hydroponic system did reduce 

plant weight, however, the mass plateau for  individual plants was not revealed (Figure 2.6). The 

rate of change in dry weight when reducing planting density from 20 to 10 plants m-2 was higher 

than the rate of change in dry weight from 30 to 20 plants m-2 (Figure 2.6). This would indicate 

that a further reduction in density may substantially increase dry weight, however, due to the 

300mm 300mm 

300mm 300mm 
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amount of free space between plants and lack of leaf overlap at 10 plants m-2, shown in Figure 

2.7, it may be likely the yield plateau is not far below. A yield plateau emerged in dry yield 

beyond a planting density of 30 plants m-2, where the yield increase appeared to  level off (Figure 

2.6). The dry yield plateau suggested, that for controlled environment production of romaine 

focused on maximizing yields per unit area, it may not be beneficial to utilize a planting density 

higher than 30 plants m-2, as planting densities beyond this mark may not result in higher yields. 

For systems focused on realizing the most mass per plant, the data suggested a planting density 

of 10 plants m-2. This planting density represented the maximum recommended planting density 

for field grown romaine (Chu et al. 2016). 

At planting densities of 10 and 20 plants m-2, individual heads of romaine were 

distinguishable, as can be seen in Figure 2.7, however, higher planting densities (30 – 44 plants 

m-2) resulted in a lack of defined head structure and the inability to distinguish between 

individual plants in a tray. This was suggested in the visual quality assessment data (Table 2.2) 

where the visual quality worsened as planting density increased, indicating a greater degree of 

morphological defects. Despite a lack of significance in visual quality between planting 

densities, there was a large difference between an average visual quality of 3.2 (44 plants m-2) 

and 1.8 (10 plants m-2). A visual quality score of 3 was meant to represent lettuce which was no 

longer marketable due to lack of a defined head structure and the presence of inner-leaf tip-burn. 

An average visual quality of 3.2 would therefore be a highly undesirable aspect for controlled 

environment growers. Further research would be required to elucidate the significance of this 

effect. 

Conclusion 

Experimental results indicated that planting density had a significant effect on romaine lettuce 

yield and morphology when grown in a controlled environment hydroponic system. Increasing 

planting density resulted in reduced mass per plant but increased overall yield. Increasing 

planting density resulted in worsening visual quality, however not significantly so, indicating a 

possible increase in morphological defects, and an area where further research is required. A 

yield plateau for dry yield (g m-2) was identified beyond 30 plants m-2. A yield plateau did not 
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occur between 10 – 44 plants m-2 for plant dry weight (g/plant). To achieve the highest yield of 

romaine lettuce in a controlled environment hydroponic system a planting density of 30 plants m-

2 is recommended. To achieve the highest individual mass a planting density of 10 plants m-2 is 

recommended. 
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Chapter Three: Temperature effects on whole plant and leaf 

morphology in relation to heart development of romaine lettuce (Lactuca 

sativa L. var longifolia)2 

Abstract 

Lettuce is a cool season crop with cited temperature ranges of 7 – 25°C. Romaine type lettuce is 

one of the head forming types, which forms an inner heart from the inward curving of heart 

wrapper leaves. Leaf morphology plays a critical role in the development of the heart structure, 

and temperature is frequently cited as affecting lettuce leaf and head morphology, with cooler 

temperatures achieving denser heads; however, the majority of literature is focused on the crisp 

and butterhead lettuce types. This study investigated the effects of temperature on whole plant 

and leaf morphology in relation to heart development of romaine lettuce grown in a controlled 

environment hydroponic system. Romaine lettuce (cv. Salvius) was grown in controlled 

environment chambers using three temperature treatments: 16/14°C (day/night), 21/14°C, and 

21/19°C for 19 days post-transplant followed by 16/14°C for the remainder of growth 

(21/19//16/14). Temperature treatment 21/14°C resulted in the lowest heart volume and highest 

heart density, as well as attaining the highest leaf curvature on the heart forming leaves. Results 

showed that the lower temperature treatment of 16/14°C did not result in heart formation, 

contrary to most literature, while temperatures of 21/14°C day/night induced a higher degree of 

curvature on the heart wrapper leaves leading to more pronounced heart formation. 

Introduction 

Many of a plant’s physical and biochemical processes, and thusly a plants growth, development, 

and timing of developmental stages, are regulated by temperature (Wurr et al., 2002). Lettuce is 

a cool season crop with a temperature range of 7 °C to 24 °C (Knott’s Handbook for Vegetable 

Growers, 2007; Smith et al., 2011). According to Knott’s Handbook for Vegetable Growers 

 

2 Formatted for journal submission. Status: In preparation. 
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(2007) the optimum temperature for best growth and quality of lettuce is between 15.5 to 18.3 

°C, while Thompson et al. (1998) found that the optimal air temperature for the greatest dry mass 

of butterhead lettuce was 24 °C. However, the optimal temperature for growth may not dictate 

the optimal temperature for commercially desirable morphology. Lower temperatures may 

inhibit overall growth rates, while higher temperatures may increase the occurrence of market 

disorders, such as bolting (Dufault et al., 2009). According to Smith et al. (2011), if temperatures 

are routinely too high, loose and fluffy heads may result. Higher light intensity as well as higher 

temperatures lead to an increased total number of leaves on butterhead lettuce (Bensink, 1971), 

and Nothman (1977) showed that the rate of leaf production for romaine lettuce increased with 

temperature; however, higher temperatures inhibited leaf folding, a critical leaf morphological 

process for heart formation. Temperature and radiation are two fundamental variables having a 

significant effect on leaf morphology and the process of head and heart development for both 

iceberg and butterhead lettuce through the process of leaf accumulation, expansion, and folding 

(Smith et al., 2011; Bensink, 1971; Decoteau, 2000; Wurr and Fellows, 1991; Wurr et al., 1992; 

Wurr et al., 1981). Therefore, the objective of this study was to determine the effect of 

temperature on heart formation in romaine lettuce grown in a controlled environment hydroponic 

system. 

It is important to differentiate here between a head of lettuce and the heart of lettuce. The 

term “head” is often used to refer to the rounded portion of the true heading types of lettuce, 

where the majority of leaves fold inwards to form a head, these include crisphead, butterhead, 

and latin types (Nothman, 1976; Mou, 2008). When referring to romaine lettuce, the other head 

forming type, the term “head” and “heart” are often used interchangeably. In this study, the term 

“head” refers to the entire shoot of the romaine plant, while the term “heart” refers to the inner 

portion of romaine lettuce, where the leaves are folded inwards upon each other to from an 

enclosed structure. The term “head” for all other varieties remains unchanged. Nothman, (1976) 

describes the morphogenesis of romaine lettuce hearting as having two main parts: first is the 

accumulation of similar length leaves in the interior of the plant, and second is the successive 

inward folding of leaves, beginning from the outside, to form a compact enclosed structure. 

There are some comprehensive studies on head formation and temperature interactions for crisp 
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and butterhead lettuce (Bensink, 1971; Decoteau, 2000; Sugiyama and Oozono, 1999; Wurr and 

Fellows, 1991; Wurr et al., 1992; Wurr et al., 1981) however, literature on head and heart 

development of romaine lettuce is scarce (Nothman, 1976; Nothman, 1977). Dufault et al. (2009) 

investigated temperature effects on romaine lettuce yield and head quality, but this study did not 

differentiate between a head and a heart, and instead considered bad quality heads to be ones 

which had prematurely bolted, rotted, or were under or over-sized.  

Yang et al. (2007) was able to reveal the genetic similarity between cos, crisp, and 

butterhead types, whereas Mou (2008) detailed the history of cultivated lettuce back to a single 

ancestor from the Mediterranean region, indicating that morphological responses to 

environmental changes of these true heading types may elucidate similar responses for romaine. 

Decoteau (2000) claims that, for crisphead lettuce, minimum night temperatures of  7.2 °C and 

maximum day temperatures of 23 °C are best for head formation. Holsteijn (1980) discusses 

head formation of butterhead lettuce in relation to specific leaf area (SLA) determining that a 

lower SLA, and thus thicker leaves, leads to better head formation. The use of wider plant 

spacing and lower average temperatures gave a lower SLA, a better head, and improved 

marketable quality of the plant, however, judgement as to the quality of the head was based on 

the authors personal experience and not quantitative data. In a study on crisphead lettuce, lower 

temperatures in the period up to and during hearting were correlated with larger, denser heads, 

while high temperatures during the same period were correlated with smaller, less dense heads 

(Wurr et al., 1992). In another study by Wurr and Fellows (1991), they found no correlation 

between relative growth rate at hearting and head weight. This suggested that head weight is 

influenced by environmental effects on hearting morphology, and not on a plants ability to 

accumulate dry matter during this period. Bensink (1971), when analyzing butterhead lettuce 

determined that the leaf length to width ratio of the heart forming leaves was an important factor 

in head formation, where wider leaves led to more pronounced head formation.  

The literature suggests that leaf production and leaf number increase with temperature via 

increased growth rate, but it’s not clear whether higher temperatures are acting to inhibit hearting 

or if colder temperatures are promoting hearting independent of growth rate effects (Bensink, 

1971; Nothman 1977; Wurr and Fellows, 1991). Lower temperatures, down to 10°C, tend to 
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correlate with denser heads of crisphead lettuce, while higher temperatures correlate with less 

dense heads. These lower temperatures may only be required in the period around hearting 

(Smith et al., 2011; Wurr et al., 1992). Head and heart formation may be correlated with a lower 

SLA (thicker leaves) (Holsteijn, 1980), or with a lower length to width ratio of the folding leaves 

(Bensink, 1971). These data indicate that temperature may be acting on SLA, leaf L/W ratio, or 

acting in another fashion on the degree of leaf folding to incur an effect on head and heart 

formation.  

Hypothesis I: Lower temperatures induce more pronounced heart formation in romaine lettuce. 

Hypothesis II: Lower temperatures are only required during the period around hearting for more 

pronounced heart formation in romaine lettuce. 

Methods 

Chamber Design 

This study was carried out at the CESRF in a group of nine identical growth chambers 

collectively referred to as “SEC9” (Appendix IV; Figure 3.1). The chambers were outfitted with 

a custom deep-water hydroponic system. Plants were grown in black 7.6L buckets connected to 

an external 19L bucket filled with hydroponic nutrient solution (Figure 3.1). Chambers were 

grouped into sets of three, that were fixed to separate hydroponic systems. Each of the chambers 

within a group were connected together by black ¾ inch polyethylene tubing and connected to 

the external 19L bucket. The hydroponic nutrient solution volume was monitored via float valve 

and daily manual inspection. Plants were suspended in solution in the 7.6 L buckets using a 

perforated hydroponic net cup and the water level was maintained at net cup level to prevent 

desiccation. An air pump was connected to each 7.6 L bucket to maintain dissolved oxygen 

levels. Once every 7 days over the initial 26 days of the experiment, the lights were turned off for 

a period of 30 minutes while the nutrient solution was drained and thoroughly mixed and the 

potential hydrogen (pH) and electrical conductivity (EC) were adjusted to the parameters shown 

in Table 3.1. The pH of the nutrient solution was adjusted with 0.5 M potassium hydroxide 

(base) and 0.5 M nitric acid (acid). After day 26, the nutrient solution maintenance was 
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performed twice per week. Owing to the large quantity of potassium removed from solution 

during the final weeks of production, as evident from Chapter Two planting density nutrient 

solution HPLC results (Appendix III), the nutrient solution was changed to a new mixture 

containing a higher concentration of potassium at 63 days after sowing (Table 3.1). 
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Figure 3.1 - Floor plan of SEC9 chambers, where Mod# represents the chamber number and T# 

represents the treatment number (T1 = 16/14°C day/night; T2 = 21/14°C; T3 = 21/19//16/14°C) 

(top). Internal schematic of SEC9 chambers with hydroponics (middle). External schematic of 

SEC9 chambers with hydroponics. 
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Experimental Design 

Seeds of romaine lettuce (cv. ‘Salvius’) (Stokes seed Ltd., Thorold, ON, Canada) were sown in 

rockwool cubes (Grodan [ROXUL Inc.], Milton, ON, Canada) contained in a black plastic 

germination tray with clear lid in a controlled environment growth chamber (Blue Box 2 (BB2)), 

with the environmental parameters shown in Table 3.1. After 12 days the lettuce seedlings were 

transplanted into the recirculating nutrient-film technique hydroponics system of BB2 (as 

described in Chapter Two). After 11 days in the hydroponic system of BB2, plants were 

randomly selected and a single plant was transplanted into each of the nine SEC9 chambers with 

the environmental parameters shown in Table 3.1, where they remained until harvest. Three 

treatments were used: 16/14°C (day/night), 21/14°C, and 21/19°C for 19 days post-transplant 

into SEC9 chambers followed by 16/14°C for the remainder of growth (21/19//16/14). Variation 

in temperature caused altered vapour pressure deficit between chambers (Table 3.2; Appendix 

V).  
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Table 3.1 – Blue Box 2 and SEC9 chamber environmental parameters. 

 Blue Box 2 SEC9 

Lighting Type Intravision Spectra BladesTM z 
Custom Built Multispectral LED 

Arrayu 

Light Spectrum 

75 R (600-700nm)v 

19 G (500-600nm)  

6 B (400-500nm) 

75 R (600-700nm)u 

19 G (500-600nm) 

6 B (400-500nm) 

Photoperiod (day/night hrs) 18/6 16/8 

PPFD (µmol m-2 s) 162 ± 25 162 ± 4.5 

Temperature Day/Night (oC) 21/18 ± 0.5 According to Treatment 

VPD (kPa) 1.07 ± 0.1 See Table 3.2 

CO2 Concentration (ppm) 450 ± 50 800 ± 50 

Fertilizer (pre-63 days) 

0.64 g l-1 Plant-Prod Hydroponic 

6-11-31y (A) 

0.47 g l-1 CaNO3
x  (B) 

0.64 g l-1 Plant-Prod Hydroponic 

6-11-31 (A) 

0.47g l-1CaNO3 (B) 

Fertilizer (post-63 days) n/a 

0.72 g l-1 Plant-Prod Hydroponic 

6-11-31y (A) 

0.52 g l-1 CaNO3 (B) 

0.2 g l-1 KNO3
w (C) 

0.1 g l-1 K2SO4
w (D) 

pH 6.0 ± 0.1 6.0 ± 0.9 

Electrical Conductivity (µS) 1300 ± 100 1300 ± 200 

z Intravision Group AS (Oslo, Norway) 
y Master Plant-Prod Inc. (Brampton, ON, Canada) 
x Plant Products (Leamington, ON, Canada) 
w Fisher Scientific (Ottawa, ON, Canada) 
v Spectrum supplied by red (655nm ± 20nm), green (520nm ± 30nm), and blue (447.5nm ± 30nm) 

LED’s from Intravision Spectra BladesTM. 
u Spectrum supplied by red (627nm ± 20nm) and cyan (505nm ± 30nm) LED’s. 
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Table 3.2 – Vapour Pressure Deficit averages from SEC9 chambers, grouped by treatment, with 

variation. 

 Vapour Pressure Deficit (kPa) 

Temperature regime  

(day/night °C) 
Day Night 

16/14 0.453 ± 0.300 0.374 ± 0.119 

21/14 0.658 ± 0.275 0.429 ± 0.170 

21/19//16/14 0.587 ± 0.4 0.400 ± 0.110 

 

Growing Degree Days 

Given that temperature directly affects a plant’s growth (Wurr et al., 2002), if all  treatments are 

harvested at the same time, in days after sowing, conclusions can only be drawn between heart 

formation and growth rate. Plants grown in warmer temperatures reach maturity sooner, 

decreasing time to harvest, meaning the process of heart formation began sooner than those 

grown in lower temperatures (Dufault et al., 2009). The objective of this study was to determine 

the effect of temperature on heart formation in romaine lettuce, external to an elevated growth 

rate. To this effect, growing degree-days (GDD) were measured to determine harvest date, as 

opposed to counting days from seed to harvest, in an attempt to attain results from plants in the 

same stage of maturity. Growing degree-days, also known as accumulated thermal time or 

temperature sums, is the amount of heat accumulated during a day, calculated by subtracting a 

plants base temperature from the average temperature, and adding the result cumulatively at 

timed intervals throughout the day (Edey, 1977). The GDD calculation is used to predict plant 

growth, development, and maturity (Edey, 1977), and has been previously used in romaine 

lettuce experiments (Dufault et al., 2009). The base temperature is a minimum temperature, 

below which no growth occurs. Since none of the temperature treatments dropped below the base 

temperature of 4.5 °C for lettuce (Dufault et al., 2009), and temperature in a controlled 

environment is not expected to fluctuate erratically to a value below 4.5, this base temperature 

became irrelevant. Tei et al. (1996) found using growing degree days instead of time gave a 

better estimate of growth parameters for leafy lettuce, while Kristensen et al. (1987) found 

temperature sums (GDD) to be a better predictor of harvest time for crisphead lettuce. The 
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source of variation in these models comes from the fluctuation of additional environmental 

factors influencing crop growth, such as soil moisture and photoperiod (Edey, 1977). In a  

controlled environment these additional factors influencing crop growth become relatively 

stable, thereby theoretically increasing the accuracy of thermal time as a harvest predictor. 

Harvest date for each treatment was staggered according to growing degree days (Table 3.3), and 

the thermal time was accumulated at 30-minute increments. 

 

Table 3.3 – Temperature treatments and harvest times by days from seed to harvest and 

cumulative thermal time from 30-minute increments. 

Temperature regime 

(day/night °C) 

Days from Seed 

to Harvest 

Cumulative Thermal 

Time at Harvest (°C) 

16/14 82 43324 

21/14 71 43321 

21/19//16/14 75 42947 

 

Harvest 

A metric was required to differentiate between heart forming leaves and non-heart 

forming leaves. Leaves were counted from the collar of the plant upwards along the stem and the 

beginning of the heart was determined at the point when leaf curvature reverted from curving 

away from the center of the plant to curving towards the center of the plant. While counting 

upwards leaf length and width were recorded on every 5th leaf. Leaf curvature and curvature 

direction on every 5th leaf were determined using the leaf curvature index method from Nothman 

et al. (1976), where true leaf length (length of the leaf midrib) and actual leaf length (the direct 

distance from leaf base to leaf end) were recorded, and leaf curvature was calculated according 

to equation 2.1:  

Leaf Curvature =  
True Length

Actual Length
                           (Equation 2.1) 
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 Heart volume was calculated from measurements of the length, width, and height of the 

heart after all non-heart forming leaves were removed. Leaf area was quantified with a Li-Cor 

Li-3100C Area Meter (LI-COR® Biosciences, Lincoln, NE, U.S.A.). Samples were dried at 45 

°C in a drying room for 46 days prior to measurement of dry weights. Dry heart density was 

calculated as the weight of the dried heart forming leaf tissue divided by the heart volume. 

Specific leaf area was calculated as the whole plant leaf area divided by dry weight. 

Statistical Analysis 

Data were analyzed as a randomized complete block design with blocks represented by 

the three hydroponic systems (n=3) (Figure 3.1). Blocking was used to account for possible 

variation among the hydroponic systems. Treatments were compared with Tukey’s HSD test 

using the stats program JMP (JMP®, Version 14. SAS Institute Inc., Cary, NC, 1989-2019). 

Model: Y = µ + block + treatment + e.; where block is a random effect. Shapiro-Wilks tests were 

run on the data sets to test for normality. Standard errors were homogenous between treatments 

due to a balanced experimental design and were reported as a single value below each results 

table column. 

Results 

Morphological results from temperature effects are shown in Table 3.4 - 3.5. Head fresh weight 

was consistent among temperature treatments. Head dry weight varied, with 21/19//16/14 being 

15-19% lower than the other treatments. The difference between shoot fresh and dry weights 

translated to a percent water content of 95.2, 95.5, and 96.2 for treatments 16/14, 21/14, and 

21/19//16/14 respectively. When percent water content was statistically analyzed, no significant 

differences were exhibited using Tukey’s HSD test (data not shown). The number of leaves per 

plant were not altered by the temperature treatments, and although treatment 21/19//16/14 

showed hearts beginning five leaves sooner on average the difference was not statistically 

significant. Neither temperature treatment caused changes in the quantity of dry heart leaf tissue 

or the ratio of hearting leaf tissue to non-hearting leaf tissue, however the heart formed by the 

21/14 treatment corresponded to less than half the volume of the heart formed at 16/14. No 
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significant differences in heart density, total leaf area or specific leaf area were found between 

temperature treatments (Table 3.5). 
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Table 3.4 –Temperature effects on romaine lettuce morphology. 

Temperature Regime 

(day/night °C) 

Head Fresh Weight 

(g) 

Head Dry Weight 

(g) 

Number of Leaves 

per Head 

Start of Heart at 

Leaf Number 

16/14 1084.2a 51.9a 90a 46a 

21/14 1099.7a 49.0a 85a 46a 

21/19//16/14 1097.9a 41.9b 81a 42a 

Standard Error 43.3 1.1 8.5 6.4 

Data are sample means by treatment (n = 3) with standard error represented by column. Means in a column followed by the same 

letter are not significantly different (P>0.05), using Tukey’s HSD test 

 

Table 3.4 – Continued. 

Temperature Regime 

(day/night °C) 

Non-Heart Leaf Dry 

Weight  

(g/plant) 

Heart Leaf Dry 

Weight  

(g/plant) 

Ratio of Heart Leaf 

to Non-Heart Leaf 

Heart Volume  

(m3/plant) 

Dry Heart Density 

(µg mm-3/plant) 

16/14 32.3a 15.4a 0.51a 0.0084a 2.19a 

21/14 30.4a 12.4a 0.41a 0.0038b 3.95a 

21/19//16/14 24.0a 12.3a 0.51a 0.0057ab 2.54a 

Standard Error 2.2 1.6 0.08 0.0015 0.99 

Data are sample means by treatment (n = 3) with standard error represented by column. Means in a column followed by the same letter are not significantly 

different (P>0.05), using Tukey’s HSD test 
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Table 3.5 – Temperature effects on romaine lettuce leaf morphology. 

Temperature Regime 

(day/night °C) 
Leaf Area (m2/plant) Specific Leaf Area (m2 g-1) 

16/14 1.07a 0.0223a 

21/14 1.04a 0.0242a 

21/19//16/14 0.99a 0.0274a 

Standard Error 0.07 0.0014 

Data are sample means by treatment ± SE (n = 3). Means in a column followed by the same 

letter are not significantly different (P>0.05), using Tukey’s HSD test. 

 

Leaf curvature is represented in Figure 3.2 and heart formation is shown photographically 

in Figure 3.3. The lower temperature treatment of 16/14 showed less leaf curvature of the non-

hearting leaves and was more variable in the leaf number where hearting began when compared 

to both other temperature treatments. Treatment 21/14 showed a moderate degree of leaf 

curvature on outer non-hearting leaves, with the highest degree of curvature on hearting leaves. 

Treatment 21/19//16/14 showed the highest degree of curvature on the outer non-hearting leaves, 

with a high amount of variation, and a low degree of curvature on hearting leaves. The formation 

of hearting leaves was visible in Figure 3.3, where treatment 21/14 is showing the inward 

curvature of the outermost hearting leaves while hearting was not apparent in treatments 16/14 

and 21/19//16/14. 
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Figure 3.2 – Temperature effect on leaf curvature of non-heart and heart forming leaves of 

romaine lettuce, where day/night temperature treatments were 16/14°C (left), 21/14°C (middle), 

and 21/19°C for 19 days post-transplant followed by 16/14°C for the remainder of growth 

(right). Determination of hearting versus non-hearting leaves is described in Methods. Values are 

represented as means ± SE, where n = 2 to 3 where error bars are shown, and n < 2 where no 

error bars are shown. 

 

Figure 3.3 – Top-down view of temperature effect on romaine lettuce whole plant morphology. 

Temperature is represented as day/night temperature. (A) indicates an example of heart forming 

leaves with leaf curl towards the apical meristem, while (B) indicates the non-heart forming 

leaves with leaf curl away from the apical meristem. 

16/14 °C 21/14 °C 21/19//16/14 °C 

21/14°C 16/14°C 21/19//16/14°C 

100mm 

21/19//16/14 °C 

B A 
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Leaf length to width ratio by leaf number is represented in Figure 3.4. Leaf L/W ratio by 

leaf number was tested with Tukey’s HSD test for significant differences between temperature 

treatments, with locations of significant differences identified with arrows. Significant 

differences occurred at leaf 5, 10, and 60. In general, after leaf 45, treatment 21/14 resulted in the 

lowest L/W ratio, however, the L/W ratio varies. This period of low L/W ratio for treatment 

21/14 coincided with the period of heart forming leaf curvature (Figure 3.2). Leaf L/W ratio was 

comparatively even between treatments between leaf 15 and 45, while leaf curvature ranged 

greatly between these leaves (Figure 2.2), reaching as high as 1.3 on 21/19//16/14 and less than 

1.1 on treatment 16/14.   

 

 

Figure 3.4 – Temperature effect on leaf length to width ratio of romaine lettuce. Temperature is 

expressed as day/night temperature in degrees Celsius. Values are means ± SE. Where error bars 

are shown, n = 2-3, and n < 2 were no error bars are shown. Arrows represent leaf numbers 

where significant differences between treatments occurred using Tukey’s HSD test. Data 

represented in tabular form in Appendix VI. 

 

Discussion 

Lack of a significant difference in leaf number where heart formation started indicated 

that temperature differences did not contribute to heart formation occurring sooner or later in 

development. Additionally, the lack of differences between temperature treatments in heart 



 

 

40 

 

forming leaf dry weight, dry heart density, or the ratio of heart-forming tissue to non-heart-

forming tissue (Table 3.4) suggested that lower temperatures did not result in larger, denser 

hearts in romaine lettuce. Considering the findings for iceberg lettuce suggesting otherwise 

(Smith et al., 2011; Wurr et al., 1992), it appeared as though romaine lettuce was not affected by 

temperature in the same regard.  

Results from Wurr et al. (1992) suggested that lower temperatures around the period of 

hearting in iceberg lettuce were correlated with denser heads. The heart volume, dry heart 

density, and heart leaf curvature results (Table 3.4; Figure 3.2) suggested that lower temperatures 

were, if anything, detrimental to hearting in romaine lettuce. Treatment 16/14 showed the highest 

heart volume, however, there was no corresponding increase in heart leaf dry weight or leaf 

curvature of heart forming leaves, indicating that, although the hearts were larger in volume, they 

did not fill with leaf tissue, resulting in loose, unpacked hearts. The period of cool temperatures 

just around hearting with preceding warmer temperatures (treatment 21/19//16/14) slightly 

reduced heart volume and slightly increased heart density when compared to 16/14, although not 

significantly so, indicating that the warmer temperatures pre-hearting may have slightly affected 

hearting, however, such small improvements in hearting may be inconsequential. Results of this 

study did not indicate that cooler temperatures induced more pronounced heart formation in 

romaine lettuce, either during the entire lifespan of the crop or during the period of heart 

formation. 

The best evidence for changes in heart formation as a result of temperature was heart 

volume (Table 3.4), and the degree of leaf curvature on the heart forming leaves (Figure 3.2 - 

3.3). Figures 3.2 and 3.3 show the highest leaf curvature on heart forming leaves occurred in 

treatment 21/14. This inward leaf folding pressure likely resulted in the significant reduction in 

volume of the heart and increase in heart density. As the temperature treatment of 21/14 showed 

the most significant evidence of more pronounced heart formation, it was speculated that 

changes in leaf L/W ratio or Specific Leaf Area (SLA) associated with this treatment were likely 

to be correlated with heart formation, based on the theories by Bensink (1971) and Holsteijn 

(1980). Table 3.5 shows leaf areas and specific leaf areas to test Holsteijn’s (1980) theory that 

leaf thickness is associated with heart formation. These data showed that 21/14 did not have a 
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lower SLA compared with other temperature treatments, and therefore a thicker leaf was not 

associated with heart formation in this instance. It is worth noting however, that this SLA was 

based on whole plant data, while it is possible that only the heart forming leaves of treatment 

21/14 have higher SLA than the heart forming leaves of the other treatments. Bensink (1971) 

determined  that a lower L/W ratio was beneficial for head formation in butterhead lettuce, 

however, results from this study did not show a strong correlation between low L/W ratio and 

leaf curvature for romaine lettuce. A low L/W ratio beyond leaf 45 on treatment 21/14 (Figure 

3.4) was associated with the greatest degree of leaf curvature on heart forming leaves (Figure 

3.2). However, if a low L/W ratio resulted in higher leaf curvature then the question becomes 

why did leaf curvature between leaves 15 to 45 vary so considerably among treatments, while 

leaf L/W ratio remained relatively low and stable among treatments? Leaf L/W ratio was not 

associated with leaf curvature in this regard, and not enough evidence was available to support 

leaf L/W ratios affecting heart formation of romaine lettuce.  

Additional environmental factors may play a significant role in head formation of lettuce. 

Bensink (1971) showed that temperature effects are highly dependent upon light intensity; a 

negative effect observed at low light can reverse under high light. Bensink (1971) even went so 

far as to state that temperature is of minor importance in head formation when compared with 

light intensity. The implication of this finding being that results found in this study may change 

if light intensity is changed. Alconero (1988) claims additional factors affecting head formation 

can include moisture, soil conditions, and photoperiod, however the type of moisture was 

unspecified (i.e. soil moisture, humidity, plant water content, etc.). Additionally, head formation 

can be tracked genetically, with at least 3 to 4 genes being connected to head formation and 11 

more connected to leaf morphology (Alconero, 1988; Robinson et al., 1983), implying that 

attempts at genetic control of head formation may yield significant effects. 

Differences in shoot dry weight were unexpected as shoot fresh weight remained stable 

among treatments. This suggested a changing water status of the plant, and despite a lack of 

significant differences in plant water content, treatment 21/19//16/14 had the highest water 

content. The higher temperatures pre-hearting may have affected total plant water content, 
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however, this was beyond the scope of this study, and would require further research to elucidate 

this effect. 

Conclusion 

The temperature treatment of 21/14°C resulted in the highest curvature of heart forming leaves 

(Figure 3.2), likely causing the reduced heart volume, providing the best evidence for more 

pronounced heart formation among treatments. That a day/night temperature of 21/14°C showed 

more pronounced heart formation compared to 16/14°C is contrary to most available literature on 

related lettuce varieties (Smith et al. 2011; Wurr and Fellows, 1991; Wurr et al., 1992). Leaf 

curvature was not associated with whole plant specific leaf area, while leaf L/W ratio showed 

very little association to leaf curvature. Cooler temperatures did not result in denser hearts of 

romaine lettuce and the use of cooler temperatures during hearting and warmer periods pre-

hearting also had little to no benefit towards heart formation. The differences in heart formation 

between temperatures of 21/14°C and 16/14°C, may have been a result of the higher average 

temperature or a larger fluctuation between day and night temperatures.  
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Chapter Four: Effect of blue light proportions on morphology, heart 

formation, and mineral nutrient content of romaine lettuce (Lactuca 

sativa L. var. longifolia) grown in a controlled environment hydroponic 

system3 

Abstract 

It is unclear, based on currently available literature, as to how different proportions of blue light 

will affect lettuce morphology, as well as leaf mineral nutrient composition. This study analyzed 

the effects of increasing proportions of blue radiation, in a mixed spectrum, on romaine lettuce 

plant morphology, leaf morphology, heart formation, and leaf mineral composition, within a 

controlled environment hydroponic system. Treatments consisted of 8, 22, and 35 percent blue 

radiation within a mixed spectrum of blue (400 – 500 nm), green (500 – 600 nm), and red (600 – 

700 nm). The green to red light ratio was maintained at 0.25. Romaine lettuce plants (cv. 

Salvius) were grown for 70 days in controlled environment growth chambers with a 

photosynthetic photon flux, photoperiod, air temperature (day/night), and atmospheric carbon 

dioxide concentration of 250 µmol m-2 s, 16/8, 21/14°C, and 800 ppm respectively. Increasing 

the proportion of blue light from 8 to 35 percent significantly reduced romaine fresh weight, 

plant height, leaf area, overall leaf length, and overall leaf width. Twenty-two percent blue 

significantly increased the leaf curvature of non-heart forming leaves compared to 8 and 35, 

while no treatment influenced the leaf curvature of heart forming leaves. For leaf mineral 

composition, 22 percent blue significantly increased leaf sulfur concentration by 26 percent over 

8 percent blue light, while leaf N, P, K, Ca, Mg, Cu, Mn, Zn, Fe, B, and Mo concentrations 

remained unaffected by blue light. Results demonstrated that blue light had a significant effect 

on plant morphology, leaf morphology, and leaf sulfur concentration but did not influence heart 

formation of romaine lettuce grown in a controlled environment hydroponic system. 

 

3 Formatted for journal submission. Status: In preparation. 
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Introduction 

Alconero (1988) claimed that heading quality of lettuce is strongly affected by temperature, 

moisture, soil conditions, and photoperiod. Chapter Three showed that temperature had a modest 

effect on the heart quality of romaine lettuce. One environmental factor that has not been 

examined is light quality, likely because the majority of research on lettuce head quality occurred 

more than 30 years ago, while variable spectrum LED’s for horticultural research only gained 

traction in the past fifteen years (Massa and Norrie, 2015). Literature shows radiation in the blue 

wavelength has a profound impact on plant morphology, with effects varying by species 

(Dougher and Bugbee, 2001; Naznin et al., 2019). Dougher and Bugbee (2001) showed the 

importance of blue light in lettuce growth, and the high sensitivity of lettuce to blue light as 

compared to wheat and soybean. While there are various studies on blue light effects on lettuce 

growth, these studies tend to work mainly with leafy lettuce (Dougher and Bugbee, 2001; Lee et 

al., 2014; Pennisi et al., 2019; Ohashi-Kaneko et al., 2007; Son and Oh, 2013; Son and Oh, 

2015), while romaine lettuce has received comparatively little attention (Mickens et al., 2018). 

Additionally, some studies looking at light quality effects on lettuce look at light sources which 

vary in more than one wavelength, making elucidation of colour specific effects difficult 

(Ohashi-Kaneko et al. 2007; Lin et al., 2013). Ohashi-Kaneko et al. (2007), for example, 

experimented on leafy lettuce under different spectral qualities; however, the spectral qualities 

fluctuate in not only blue wavelengths, but the ratio of green (500 – 600nm) to red (600 – 

700nm) as well, rendering it difficult to ascertain if effects were the result of blue, red, or green 

light fluctuations. Of the studies focused on lettuce, where light treatments consisted of 

proportions of blue radiation, the results for morphological features varied. Table 4.1 shows the 

variability in results from studies using blue light in their treatments. While some morphological 

features had consistent results, such as leaf number remaining unchanged and stem length 

decreasing with increasing blue, other features appeared to be up for debate, such as fresh 

weight, dry weight, leaf area, leaf number, and specific leaf area (SLA). This experiment 

explored the effects of increasing proportions of blue radiation on morphological features of 

romaine lettuce, in an attempt to resolve meaningful results and contribute to reducing the 

apparent variability in the literature with regard to plant responses. 
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Kong (2018) and Naznin et al., (2019) have shown the significant effects that pure 

monochromatic light sources can have on plant morphological features. These effects typically 

vary greatly from mixed spectrum effects, and therefore, to reduce complication, this study was 

limited to analysis of blue light in mixed spectra only. 

 

Table 4.1 – Literature results on lettuce morphological features from increasing proportions of 

blue (400 – 500nm) radiation in mixed spectrums. 

Morphological 

Component 
Percent Blue Light  Result Source 

Fresh Weight 10 – 16 Increase ↑ Hytonen et al., 2018 

 23 – 55 No change Li and Kubota, 2009 

 5 – 17 No change Naznin et al., 2019 

 20 – 43 No change Mickens et al., 2018 

 10 – 30 No change Lee et al., 2014 

 25 – 66 Decrease ↓ Pennisi et al., 2019 

 13 – 59 Decrease ↓ Son and Oh, 2013 

 22 – 60 Decrease ↓ Son and Oh, 2015 

Dry Weight 0.1 – 26 Increase ↑ Dougher and Bugbee, 2001 

 23 – 55 No change  Li and Kubota, 2009 

 5 – 17 No change Naznin et al., 2019 

 20 – 43 No change Mickens et al., 2018 

 10 – 30 No change Lee et al., 2014 

 25 – 66 Decrease ↓ Pennisi et al., 2019 

 13 - 59 Decrease ↓ Son and Oh, 2013 
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 22 – 60 Decrease ↓ Son and Oh, 2015 

Plant Height 10 – 16 No change Hytonen et al., 2018 

 5 – 17 Increase ↑ Naznin et al., 2019 

 20 – 43 Decrease ↓ Mickens et al., 2018 

Leaf Area 10 – 16 Increase ↑ Hytonen et al., 2018 

 0.1 – 6 Increase ↑ 
Dougher and Bugbee, 2001 

 6 – 26 No change 

 20 – 43 No change Mickens et al., 2018 

 10 – 20 No change 
Lee et al., 2014 

 20 – 30 Decrease ↓ 

 20 – 66 Decrease ↓ Pennisi et al., 2019 

 13 – 59 Decrease ↓ Son and Oh, 2013 

 22 – 60 Decrease ↓ Son and Oh, 2015 

Leaf Number 10 – 16 No change Hytonen et al., 2018 

 23 – 55 No change Li and Kubota, 2009 

 5 – 17 No change Naznin et al., 2019 

 20 – 43 No change Mickens et al., 2018 

Leaf Length 23 – 55 Decrease ↓ Li and Kubota, 2009 

 10 – 20 No change 
Lee et al., 2014 

 20 – 30 Decrease ↓ 

Leaf Width 23 – 55 No change Li and Kubota, 2009 

 10 – 20 No change 
Lee et al., 2014 

 20 – 30 Decrease ↓ 
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Leaf L/W Ratio 10 – 30 No change Lee et al., 2014 

Specific Leaf Area 20 – 25 Decrease ↓ 

Pennisi et al., 2019 

 25 – 66 Increase  ↑ 

 0.1 – 2 Decrease ↓ 
Dougher and Bugbee, 2001 

 2 – 26 No change 

Stem Length 23 – 55 Decrease ↓ Li and Kubota, 2009 

 0.1 – 26 Decrease ↓ Dougher and Bugbee, 2001 

 

Data on leafy lettuce from Pennisi et al. (2019) showed a bell curve in yield components, 

where the peak yields were observed at 25 percent blue light. As the fraction of blue light 

increased or decreased from 25 percent, fresh and dry weight, as well as leaf area, decreased. Son 

and Oh (2013) had similar findings, also for leafy lettuce, however the peak in yield components 

was found at 47 percent blue, as opposed to 25, and was less pronounced. These studies indicate 

bell curves in yield components from increasing proportions of blue radiation, which would be 

an indicator of an ideal proportion of blue light where growth rate is maximized. The proportion 

of blue light where yield components are maximized seems to fluctuate and is altogether non-

existent in other similar studies. 

Of the photoreceptors contained in higher plants, cryptochrome, phototropin, and 

Zeitlupe/FKF1/LKP2 families mediate blue light responses (Banerjee and Batschauer, 2005). Of 

these receptors chryptochrome and the Zeitlupe family have been shown to mediate flowering 

time (Fankhauser and Staiger 2002; Lin, 2002). The response in Arabidopsis was one of 

reduction of flowering time with increasing percentages of blue light (Eskins, 1992). In romaine 

lettuce, heart formation is always a precursor to flowering, with a field study by Nothman (1976) 

showing heart initiation beginning, on average, 34 days prior to bolting. This leads to the 

question: if heart formation is always a precursor to flowering, and blue light reduces time to 

flower, will it result in earlier initiation of heart formation? An indicator of this blue light 
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response would be heart formation beginning at an earlier leaf stage, or leaf number, in romaine 

lettuce, and therefore easily quantifiable within the bounds of this study. 

Bensink (1971) speculates that proper head formation in butterhead lettuce has to do with 

the leaf length/width ratio, and that a lower ratio (shorter and wider leaves) is more conducive to 

the development of a lettuce head. Increasing proportions of blue light were shown by Li and 

Kubota (2009) to create more compact leaves in leafy lettuce, by reducing leaf length to a greater 

degree than leaf width. This inevitably leads to reduced leaf L/W ratio and, if Bensink (1971) is 

correct, increasing the proportion of blue light could lead to more pronounced heart formation. 

The correlation between leaf L/W ratio and leaf curvature of heart forming leaves was explored 

in Chapter Three, with no significant correlations apparent. Further exploration through an 

environmental factor with a more pronounced affect on leaf morphology may yield more 

substantive results, and so leaf L/W ratios were explored in this chapter as well. Nothman (1976) 

details leaf folding and curvature of romaine lettuce and its importance in heart formation. The 

effects of blue radiation on leaf folding were analyzed using Nothman’s (1976) method for 

quantifying leaf curvature. It was hypothesized that increasing the proportion of blue light 

irradiance would significantly affect morphological features of romaine lettuce, inducing more 

pronounced heart formation through increased leaf curvature. 

Alteration of the lighting spectrum has been shown to alter mineral nutrient composition 

in lettuce plants (Pinho et al., 2017; Mickens et al., 2018; Pennisi et al., 2019). Alteration of the 

mineral composition of lettuce has various applications. Patients with chronic kidney disease, for 

example, are restricted in their intake of potassium, and leafy vegetables provide a substantial 

amount of dietary potassium. Methods are being developed in Japan to produce low potassium 

leafy greens in plant factories to meet the dietary needs of such patients (Ogawa et al. 2012; 

Zhang et al. 2017). The mitigation of leaf tip-burn is another application with potential. Tip-burn 

is a physiological disorder affecting the inner immature leaves of lettuce plants, with calcium 

deficiency being the primary cause (Napier and Combrink, 2006). Increasing the proportion of 

blue light in the spectrum has been shown to increase calcium concentrations in the leaf tissue of 

lettuce plants (Mickens et al., 2018; Pennisi et al., 2019), offering a potential tip-burn mitigation 

strategy. Even shifting the waveband within colour ranges (ex. 640 – 660nm) can significantly 
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alter certain leaf mineral concentrations (Pinho et al. 2017). There are limited studies on mineral 

composition of lettuce leaves as affected by light spectral quality in controlled environments 

(Mickens et al, 2018; Pennisi et al., 2019). For inorganic mineral content of red romaine lettuce 

leaves, one finding shows that increasing proportions of blue light over white light increases the 

concentration of calcium, potassium, magnesium, and phosphorus content (Mickens et al. 2018). 

Pennisi et al. (2019) investigated spectral effects on green leafy lettuce and reported increases in 

Ca and Mg with increasing blue, while potassium fluctuated erratically. The objective of this 

section was to determine the effect of varying blue light proportions on romaine lettuce mineral 

element nutritive values. Results can be leveraged to alter romaine lettuce nutrition for various 

purposes, including large-scale controlled environment production to meet dietary needs, or 

improving leaf calcium concentration for prevention of physiological disorders such as tip-burn. 

Knott’s Handbook for Vegetable Growers (2007) has a list of sufficient nutrient ranges 

for greenhouse grown lettuce using the most recently matured leaves taken just prior to harvest 

(Table 4.2). This was used as benchmark data to determine deficient mineral element 

concentrations. 
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Table 4.2 – Sufficient nutrient ranges for the most recently matured leaf of greenhouse grown 

lettuce (Knott’s Handbook for Vegetable Growers, 2007). 

Element percent 

N 2.1-5.6 

P 0.5-0.9 

K 4.0-8.0 

Ca 0.9-2.0 

Mg 0.4-0.8 

S 0.2-0.5 

 parts per million 

B 25-65 

Cu 5-18 

Fe 50-200 

Mn 25-200 

Mo 0.5-3.0 

Zn 30-200 

 

Methods 

Chamber Design 

This study was carried out at the CESRF in the nine plant growth chambers entitled 

“SEC9” (Appendix IV), with custom hydroponics system as described in Chapter Three under 

the Methods Chamber Design section. Weekly and daily maintenance of the hydroponic system 

was carried out as described in Chapter Three. Slight modifications were made to the chambers 

(Figure 4.1). In previous experiments and trials at the CESRF (unpublished) romaine lettuce had 

proven very susceptible to  inner-leaf tip-burn unless top-down airflow was provided. The 

mitigation of inner-leaf tip-burn via increased airflow to the inner leaves has been shown to work 

for butterhead lettuce (Goto and Takakura, 1992). The SEC9 chambers were equipped with nine 

12V 0.43A Comair Rotron Flight II fans (Comair Rotron, Richardson, TX, USA) with custom 

3D printed fan bracing frames (Figure 4.1) to provide the top-down air flow. Additionally, the 

SEC9 chambers had no method of condensate removal after dehumidification. Condensate was 

collected in the bottom of the chamber where it remained in contact with the chamber’s 

atmosphere, allowing evaporation back into the atmosphere. This constant water cycle created 
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extra burden on the dehumidification system, reducing the dehumidification efficiency. Each of 

the nine chambers was equipped with a 12V peristatic pump with a hose leading to the 

condensate collection tray  in the bottom of each chamber (Figure 4.1). The pumps were 

connected to a timer to periodically remove the collected condensate. 
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Figure 4.1 – Fans with 3D printed frames to mount inside each hypobaric chamber (top), 12V 

peristaltic pump (bottom left) attached to one of the hypobaric chambers for condensate removal 

(bottom right). 
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Experimental Design and Statistical Analysis  

Seeds of romaine lettuce (cv. ‘Salvius’) (Stokes seed Ltd., Thorold, ON, Canada) were 

sown in cubes of rockwool (Grodan [ROXUL Inc.], Milton, ON, Canada) contained in plastic 

germination trays within the SEC9 chambers (Appendix VII; Figure 4.2). After 14 days four 

seedlings were randomly selected and transplanted into each chamber in 2.3L white buckets with 

lids and net cups, such that the rockwool cubes were suspended into the bucket. SEC9 chamber 

environmental conditions pre and post germination are shown in Table 4.3. After 13 days one 

seedling was randomly selected and transplanted into a 7.6L bucket within each chamber 

(Appendix VII; Figure 4.2) for the remainder of the experiment. Buckets were filled with Plant-

Prod Hydroponic 6-11-31 (Master Plant-Prod Inc., Brampton, ON, Canada) and calcium nitrate 

(Plant Products, Leamington, ON, Canada) for the first six weeks after sowing, followed by a 

mixture of Plant-Prod Hydroponic 6-11-31 and calcium nitrate with supplemental potassium 

(Fisher Scientific, Ottawa, ON, Canada) sources added for the remainder of the growing period 

(Table 4.3). Supplemental potassium was based off hydroponic nutrient solution deficiencies 

identified in Chapter Two (Appendix III). 
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Figure 4.2 - SEC9 growth chamber design schematics. Floor plan of SEC9 chambers, where 

Mod# represents the chamber number and T# represents the treatment number (T1 = 8% blue 

light (400-500nm); T2 = 22% blue; T3 = 35% blue), with blocking for statistical analysis (top). 

Germination phase (top middle), first transplant (bottom middle), and second transplant (bottom) 

SEC9 chamber design schematic. 
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Table 4.3 – SEC9 Growth Chamber Environmental Conditions. 

 Germination Post-Transplant 

Lighting Type 
Custom Multispectral LED 

Array 

Custom Multispectral LED 

Array 

Light Spectrum According to Treatment According to Treatment 

Photoperiod (day/night hrs) 16/8 16/8 

PPFD (µmol m-2 s) 250 250 

Temperature (day/night oC) 21/14 ± 0.7 21/14 ± 0.7 

VPD (day/night, kPa) 0.65 ± 0.2 / 0.35 ± 0.1 0.95 ± 0.1 / 0.4 ± 0.05 

CO2 Concentration (ppm) 420 ± 40 800 ± 50 

Fertilizer (for six weeks post-

sowing) 

0.64 g l-1 Plant-Prod 

Hydroponic 6-11-31z (A) 

0.47 g l-1CaNO3 (B) 

0.64 g l-1 Plant-Prod 

Hydroponic 6-11-31z (A) 

0.47 g l-1 CaNO3 (B) 

Fertilizer (seventh week post-

sowing) 

 

n/a 

0.505 g l-1 Plant-Prod 

Hydroponic 6-11-31z (A) 

0.375 g l-1 CaNO3 (B) 

0.1 g l-1 KNO3 (C) 

0.08 g l-1 K3PO4 (D) 

0.05 g l-1 K2SO4 (E) 

pH 6.0 ± 0.2 6.0 ± 0.9 

Electrical Conductivity (µS) 1300 ± 100 1300 ± 200 

z Master Plant-Prod Inc. (Brampton, ON, Canada) 

 

Three lighting treatments were designed to test the effects of blue light (λ = 447.5 nm) 

radiation on romaine lettuce morphology. Treatments are shown in Figure 4.3 and Table 4.4 and 

are as follows: 8% Blue (400-500nm) 18% Green (500-600nm) and 74% Red (600-700nm) (8B), 
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22% Blue 15% Green 63% Red (22B), and 35% Blue 13% Green 52% Red (35B). The ratio of 

green to red light was maintained at a constant 0.25.  

 

 

Figure 4.3 – Spectral distribution of treatments, measured with LI-COR® Spectrometer (LI-180) 

(Lincoln, NE, USA), where top left is treatment 8B, top right is 22B, and bottom middle is 35B. 

Spectral composition was developed from a custom LED light source using a combination of 

royal blue (447.5nm ± 20nm), lime (567.5 nm ± 100nm), red (627nm ± 20nm), and deep red 

(655nm ± 20nm) LED’s. 

 

 

 

Table 4.4 – Spectral data in photon flux density (µmols m-2 s) and fraction (%) for all treatments, 

taken with LI-COR® Spectrometer (LI-180) (Lincoln, NE, USA). Spectral composition was 
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developed from a custom LED light source using a combination of royal blue (447.5nm ± 

20nm), lime (567.5 nm ± 100nm), red (627nm ± 20nm), and deep red (655nm ± 20nm) LED’s. 

 Treatment 

 8B 22B 35B 

Photon Flux (µmols m-2 s)    

PPFD 250 250 250 

Blue (400-500nm) 20 55 87.5 

Green (500-600nm) 45 37.5 32.5 

Red (600-700nm) 185 157.5 130 

Fraction (%)    

PPFD 100 100 100 

Blue 8 22 35 

Green 18 15 13 

Red 74 63 52 

 

Harvest 

Plants were destructively harvested after 70 days from sowing for morphological 

measurements, including shoot fresh weight, stem length, number of leaves, leaf area (Li-Cor Li-

3100C Area Meter [LI-COR® Biosciences, Lincoln, NE]) and heart volume. Leaves were 

counted from the collar of the plant towards the apical meristem and leaf length and width was 

recorded at every fifth leaf. Leaf curvature was quantified using the method of Nothman (1976), 

where true leaf length (length of the leaf midrib) and actual leaf length (the direct distance from 

leaf base to leaf end) are recorded, and leaf curvature was calculated according to equation 3.1: 

𝐿𝑒𝑎𝑓 𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 =
true length

actual length
              (Equation 3.1) 

The heart was determined to begin at the point of leaf curvature inflection; that is, the 

first leaf that curved towards the centre of the plant rather than away from the centre. Upon 

reaching the first heart-forming leaf, measurements of the heart length, width, and height were 

recorded and multiplied for heart volume. Samples were collected and dried in a drying room at 

45 °C for seven weeks prior to taking shoot dry weight, non-heart leaf dry weight, and heart leaf 

dry weight measurements.  
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Samples of homogenized dried leaf tissue were collected and sent to SGS Laboratories (SGS 

Canada Inc, Guelph, ON, Canada) for mineral element nutrient analysis. In short, nitrogen and 

sulfur were analyzed by Dumas combustion method on special LECO analyzers. All other 

minerals (P, K, Ca, Mg, Cu, Mn, Zn, Fe, B, Mo) had samples dry ashed, followed by acid 

digestion with HCl. Minerals were then analyzed by inductively coupled plasma optical emission 

spectroscopy (ICP-OES), after appropriate dilution. 

Statistical Analysis 

The experiment was conducted as a random complete block design with three blocks 

(n=3). The treatments were blocked into groups of three to account for potential variation 

between the hydroponic systems. Treatments were randomized to a chamber within each block. 

Treatments were compared with Tukey’s HSD test using JMP (JMP®, Version 14. SAS Institute 

Inc., Cary, NC, 1989-2019). Model: Y = µ + block + blue light treatment + e.; where block is a 

random effect. Data on leaf length, width, leaf L/W ratio, and leaf curvature was analyzed with 

leaf number in the model as leaf morphometry depended on leaf location. Model: Y = µ + block 

+ blue light treatment + leaf number + e.; where block is a random effect. Shapiro-Wilks tests 

were run on the data sets to test for normality. Standard errors were homogenous between 

treatments due to a balanced experimental design and were reported as a single value below each 

results table column. 

Results 

Morphology 

Effects of blue light proportions on romaine lettuce morphology are shown in Table 4.5. 

Increasing the proportion of blue light from 8 to 35 reduced shoot fresh weight, plant height, and 

shoot leaf area by 27%, 14%, and 38% respectively. No changes occurred with increasing 

proportions of blue light for all other whole plant morphological features (Table 4.5).  Leaf 

number where heart formation begins did not reveal a change in response to fluctuating blue 

light proportions between 8 and 35. 
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Table 4.5 – Effect of blue light proportions on romaine lettuce morphology, where 8B is 8% blue (447.5nm ± 20nm), 22B is 22% 

blue, and 35B is 35% blue radiation.  

Treatment 
Shoot Fresh 

Weight (g) 

Shoot Dry 

Weight (g) 

Plant Height 

(mm) 

Stem Length 

(mm) 

Number of 

Leaves per 

Head 

Shoot Leaf 

Area (m2) 

Specific 

Leaf Area 

(m2 g-1) 

Start of Heart 

at Leaf 

Number 

8B 1559a 64.0a 305a 89.3a 88a 1.28a 0.0227a 53a 

22B 1238ab 54.1 ± 6.5az 290a 77.0a 85a 1.09ab 0.0237a 53a 

35B 1142b 50.0a 261b 69.3a 83a 0.97b 0.0224a 54a 

Standard Error 61 4.7 7 5.4 3 0.04 0.0023 3 
Data are sample means by treatment (n = 3) with standard error represented by column, unless otherwise specified by ±. Means in a column 

followed by the same letter are not significantly different (P>0.05), using Tukey’s HSD test. 
z An observation was lost during harvest creating an unbalanced model and altered standard error. 

 

 

Table 4.5 – Continued. 

Treatment 
Heart Volume 

(m3/plant) 

Non-Heart Leaf 

Dry Weight 

(g/plant) 

Heart Leaf Dry 

Weight (g/plant) 

Ratio of Heart to 

Non-Heart Leaf 

Dry Weight 

Dry Heart Density  

(µg mm-3) 

8B 0.0041a 46.5a 10.3a 0.22a 2.48a 

22B 0.0031a 39.1a 7.4a 0.20a 2.74a 

35B 0.0025 ± 0.0010az 39.1a 4.8a 0.12a 1.56 ± 0.77az 

Standard Error 0.0008 2.9 1.8 0.05 0.54 
Data are sample means by treatment (n = 3) with standard error represented by column, unless otherwise specified by ±. Means in a column followed by the 

same letter are not significantly different (P>0.05), using Tukey’s HSD test. 
z An observation was lost during harvest creating an unbalanced model and altered standard error. 
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Leaf length, width, and leaf length/width ratio were plotted against leaf number to 

determine blue light proportion effects on individual leaf morphometry (Figure 4.4). Leaf length 

and width were continually lower at each leaf number with increasing proportions of blue light, 

while leaf length/width ratio was more sporadic. The increasing leaf length/width ratio with 

higher leaf number indicated newer leaves consisted of a high length/width ratio as leaf 

expansion was preferential in the length dimension prior to width expansion. Leaf length, width, 

and leaf length/width ratio were analyzed to determine overall effects of blue light proportions 

(Table 4.6). Leaf length and width were reduced 19% and 21% respectively when the proportion 

of blue light was increased from 8 to 35 percent. The negative trend for leaf length, width, and 

leaf area indicated reduced leaf expansion with increasing proportions of blue. 
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Figure 4.4 – Leaf length, width, and leaf length/width ratio of romaine lettuce leaves as affected 

by proportions of blue light (447.5nm ± 20nm), where 8B is 8 percent blue, 22B is 22 percent 

blue, and 35B is 35 percent blue. Values are means (n = 3). 

 

Table 4.6 – Effects of blue light (447.5nm ± 20nm) proportions on leaf true length, width, and 

leaf length/width ratio of romaine lettuce, where 8B is 8 percent blue, 22B is 22 percent blue, 

and 35B is 35 percent blue. 

Treatment 
Mean Leaf True Length 

(mm) 

Mean Leaf Width 

(mm) 

Mean Leaf L/W 

Ratio 

8B 177.4 ± 7.0a 117.9 ± 6.1a 1.79 ± 0.10a 

22B 161.9 ± 6.9b 104.4 ± 6.1b 1.96 ± 0.09a 

35B 143.0 ± 7.0c 93.0 ± 6.2b 1.87 ± 0.10a 
Data are least square sample means by treatment  ± SE (n = 3). Means in a column followed by the same letter are 

not significantly different (P>0.05), using Tukey’s HSD test.  
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Leaf curvature was plotted against leaf number, with heart leaf separated from non-heart 

leaf, to evaluate the effects of increasing proportions of blue light on leaf curvature and heart 

formation of romaine lettuce (Figure 4.5). Treatment effects on whole-plant leaf curvature, non-

heart leaf curvature, and heart leaf curvature are shown in Table 4.7. Twenty-two percent blue 

light resulted in the highest whole plant leaf curvature, however, this high leaf curvature was 

contained in the non-hearting leaves only, as there was no difference in heart leaf curvature. Leaf 

curvature for heart forming leaves was much lower than that of non-heart forming leaves for all 

treatments. No amount of blue light showed increased leaf curvature on heart forming leaves, an 

indication that variation in the proportion of blue light did not influence heart formation of 

romaine lettuce. 

 

Figure 4.5 – Effect of proportions of blue light on leaf curvature, by leaf number, of heart 

forming and non-heart forming leaves of romaine lettuce, where 8 (left), 22 (middle), and 35 

(right) percent blue light (447.5nm ± 20nm) was used. Values represented as means ± SE. Where 

error bars are shown n = 2 to 3, and n < 2 where no error bars are shown.  

 

 

 

8B 22B 35B 



 

 

63 

 

Table 4.7 – Effect of proportions of blue light (447.5nm ± 20nm) on mean whole plant leaf 

curvature, non-heart leaf curvature, and heart leaf curvature of romaine lettuce, where 8B is 8 

percent blue, 22B is 22 percent blue, and 35B is 35 percent blue light. 

Treatment 
Mean Whole Plant 

Leaf Curvature 

Mean Non-Heart 

Leaf Curvature 

Mean Heart Leaf 

Curvature 

8B 1.09 ± 0.01a 1.13 ± 0.02a 1.04 ± 0.01a 

22B 1.14 ± 0.01b 1.22 ± 0.02b 1.04 ± 0.01a 

35B 1.08 ± 0.01a 1.12 ± 0.02a 1.03 ± 0.01a 
Data are least square sample means by treatment  ± SE (n = 3). Means in a column followed by the same letter are 

not significantly different (P>0.05), using Tukey’s HSD test. 

 

Treatment results for leaf length, width, and leaf length to width ratio were combined and 

plotted by leaf curvature in an effort to identify factors affecting leaf curvature (Figure 4.6). 

Neither leaf length, width, nor leaf L/W ratio showed a strong correlation with leaf curvature. 

 

Figure 4.6 – Leaf curvature plotted against leaf length (mm), width (mm), and length/width ratio 

for romaine lettuce. Data is all treatments combined. 
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Mineral Nutrient Analysis 

Comparisons were made between leaf tissue mineral nutrient content results (Table 4.8) 

and the recommended sufficient nutrient ranges for lettuce (Table 4.2) as provided by Knott’s 

Handbook for Vegetable Growers (2007). Phosphorus and potassium were in excess amounts, 

while nitrogen, calcium, manganese, zinc, iron, boron, sulfur, and molybdenum were within 

sufficient ranges, and magnesium and copper were in deficient amounts. Differing proportions of 

blue light did not significantly affect leaf tissue mineral nutrient composition, aside from sulfur, 

where 22 percent blue light resulted in a 26 percent increase in concentration.  
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Table 4.8 – Mineral composition of nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), sulfur (S), magnesium (Mg), copper 

(Cu), manganese (Mn), zinc (Zn), iron (Fe), boron (B), and molybdenum (Mo) of romaine lettuce leaves as affected by proportions of 

blue light (447.5nm ± 20nm), where 8B is 8 percent blue (400-500nm), 22B is 22 percent blue, and 35B is 35 percent blue light. 

Treatment 
N 

(%) 

P 

(%) 

K 

(%) 

Ca 

(%) 

S 

(%) 

Mg 

(%) 

Cu 

(ppm) 

Mn 

(ppm) 

Zn 

(ppm) 

Fe 

(ppm) 

B 

(ppm) 

Mo 

(ppm) 

8B 5.16a 1.13a 10.81a 1.03a 0.19a 0.33a 2.24a 80.79a 33.50a 99.56a 23.77a 1.71a 

22B 5.32a 1.25a 10.98a 1.13a 0.24b 0.38a 2.27a 109.95a 36.74a 108.38a 27.68a 2.10a 

35B 5.05a 1.33a 11.02a 1.04a 0.20a 0.36a 2.61a 106.79a 37.60a 103.64a 29.09a 1.77a 

Standard Error 0.06 0.08 0.86 0.07 0.01 0.02 0.50 9.40 4.04 4.60 2.98 0.27 

Sufficient Rangez 2.1-5.6 0.5-0.9 4.0-8.0 0.9-2.0 0.2-0.5 0.4-0.8 5-18 25-200 30-200 50-200 25-65 0.5-3.0 

Data are means (n = 3) with standard error by column. Means in a column followed by the same letter are not significantly different (P>0.05), using 

Tukey’s HSD test. 
z Sufficient elemental ranges for the most recently matured leaf of greenhouse grown lettuce, from Knott’s Handbook for Vegetable Growers (2007). 
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Discussion 

The lack of change in certain mineral nutrients in response to changing proportions of 

blue light was contrary to Pennisi et al. (2019) who reported changes in Ca, K, and Mg, in green 

leafy lettuce, and to Mickens et al. (2018) who reported changes in Ca, K, Mg, and P in red 

romaine. Both Mickens et al. (2018) and Pennisi et al. (2019) showed positive correlations with 

Ca and Mg and blue light, while K also increased with blue light for Mickens et al. (2018) and 

changed sporadically for Pennisi et al. (2019). Neither Ca nor Mg showed a positive linear trend 

with increasing proportions of blue light in this study (Table 4.8). Similar to Pennisi et al. (2019) 

was the lack of change in N, P, and Fe, however, Mickens et al. (2018) showed an increase in P. 

These apparent inconsistencies between studies indicates that either blue light may have had a 

relatively weak effect on lettuce leaf mineral nutrients while other factors clouded results, 

rendering outcomes inconsistent and difficult to clarify, or that differences in effects exist 

between types and cultivars of lettuce. Neither Pennisi et al. (2019) or Mickens et al. (2018) 

analyzed Cu, Mn, Zn, B, or Mo, making the quantification of these mineral nutrients in response 

to blue light a novel measurement for romaine lettuce. Results indicated that the spectrum with 

22 percent blue light was optimal for increased sulfur concentration in green romaine. 

When compared to the available literature (Table 4.1), this study supported the decrease 

of whole plant morphological features, such as fresh and dry weight, plant height, leaf area, and 

stem length with increasing proportions of blue light. It is more likely now that the increases in 

fresh mass, dry mass, and leaf area observed by Hytonen et al. (2018) and Dougher and Bugbee 

(2001) were the product of an uncontrolled  environmental factor influencing results, as opposed 

to an effect of increasing proportions  of blue radiation. The reduction in whole plant 

morphological features appears to coincide with a slower growth rate, however, the lack of  

change in the number of leaves indicated this may not be the case.  Results from Lee et al. (2014) 

showed similar findings in whole plant biomass reductions alongside decreasing leaf length and 

width. Li and Kubota (2009), however, report reductions in leaf length without any decrease in 

plant biomass, indicating blue light retards leaf elongation only. In terms of leaf morphology, 

when compared to the available literature (Table 4.1),  this study supported the decrease of leaf 

length and width in response to increasing proportions of blue radiation. The lower leaf length, 
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width, and leaf area indicated an inhibiting effect on leaf expansion from higher proportions of 

blue. Reductions in plant height with blue light was an interesting result, as the literature appears 

particularly conflicted around this feature, where one study showed an increase, another a 

decrease, and another remained unchanged with increasing blue (Hytonen et al., 2018; Mickens 

et al., 2018; Naznin et al., 2019). The plateau in yield components identified by Pennisi et al 

(2019), where fresh and dry mass were maximized at 25 percent blue light, or the one shown by 

Son and Oh (2013) at 47 percent blue light, did not occur for romaine lettuce.  

It was postulated that varying proportions of blue light would affect the timing of heart 

initiation in romaine lettuce due to blue light photoreceptors, such as cryptochrome and Zeitlupe 

family proteins, causing a reduction in the time to flower (Eskins, 1992; Fankhauser and Staiger 

2002; Lin, 2002). This effect combined with heart formation being a precursor to flowering 

(Nothman, 1976) formed the foundation of the theory. The lack of variation between treatments 

in leaf number where heart formation began and the lack of increased leaf folding of the earliest 

heart forming leaves with increasing proportions of blue light indicated that higher proportions 

of blue radiation did not induce an earlier initiation of heart formation. It is difficult to ascertain 

the cause of the high degree of leaf curvature with 22 percent blue light, as leaf length, width, 

and length/width ratio were not higher than other treatments. Although not significantly so, 

specific leaf area appeared to be slightly higher under 22 percent blue. This is contradictory to 

Holsteijn (1980), who surmised a lower SLA leads to better head formation in butterhead lettuce. 

Holsteijn’s (1980) theory was explored in Chapter Three, with no correlations between thicker 

leaves and heart formation revealed there either. 

Neither leaf length, width, nor leaf L/W ratio showed a strong correlation with leaf 

curvature (Figure 4.6). Similar analysis was performed on heart forming leaves only, with a 

similar lack of correlation (data not shown). It appeaered that a low leaf length/width ratio was 

required for leaf curvature, as the only leaves with curvature beyond 1.1 had leaf length/width 

ratios below 2.0. However, a low leaf length/width ratio did not guarantee leaf curvature would 

occur, as many leaves had a low length/width ratio while also having little curvature. 

Additionally, it appeared that leaf length and width were required to reach certain  threshold 

values prior to curvature initiation. Leaf length appeared to require a minimum of 182 mm before 
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leaf curvature exceeded 1.11, while leaf width required a minimum of 120 mm prior to effective 

curvature. With the retardation of leaf expansion occurring from increased proportions of blue 

light, this evidence supports blue light inhibition of heart formation as opposed to promotion. 

The requirement of a certain leaf length prior to leaf curvature was identified by Nothman 

(1976), but not the requirement for certain leaf widths. This indicated a halt to overall leaf 

expansion between a length of 182 - 297 mm and width of 120 – 210 mm followed by the onset 

of leaf curvature. If these metrics were required for heart formation in romaine lettuce, then 

factors resulting in accelerated leaf expansion should yield earlier leaf curvature initiation and 

more pronounced heart formation. A higher growth rate, for example, would lead to faster leaf 

expansion and earlier initiation of leaf curvature. Evidence to the contrary of this theory is the 

lack of significantly higher leaf curvature for treatment 8B. Given its higher yield components 

compared to 22B and 35B, this treatment should have produced the largest leaves at the earliest 

period, allowing more time for effective leaf curvature. 

Conclusion 

Results showed that increasing proportions of blue light between 8 and 35 percent reduced the 

fresh weight, plant height, and leaf area of romaine lettuce. Both leaf length and leaf width were 

also reduced with increasing proportions of blue light. Twenty-two percent blue light increased 

leaf curvature of non-heart forming leaves, while no difference occurred in leaf curvature of 

heart forming leaves. None of the blue light treatments impacted heart formation, and a causal 

factor for leaf curvature was not identified. The mineral nutrient composition in leaves of 

romaine lettuce was not significantly affected by blue light proportion, aside from sulfur, where 

22 percent blue light increased leaf sulfur concentration by 26 percent compared to 8 percent 

blue light. P, K, Cu, Zn, and B all showed slight positive correlations with increasing proportions 

of blue light, although not significantly so, while no elements showed a negative correlation. 

Results may depend on the type of lettuce.  
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Chapter Five: Summary and Conclusion 

Summary 

The objective of this thesis was to give controlled environment growers and researchers detailed 

information on the effects of certain environmental conditions on growth, yield, morphology, 

and nutritional content of romaine lettuce. This study will give growers reliable information to 

make better informed decisions impacting the growth of their lettuce crops. Chapter Two 

investigated planting density effects on yield, plant mass, and visual quality. Results showed that 

increasing planting density from 10 to 44 plants m-2 reduced the average plant mass, increased 

overall yields, and more generally impacted the visual quality of romaine lettuce. To achieve the 

highest total biomass yields, a planting density of 30 plants m-2 was recommended, while to 

achieve the highest yields on a per plant basis, a density of 10 plants m-2 was recommended. The 

best visual quality was achieved at the lowest planting density of 10 plants m-2, however 

differences in visual quality were not statistically significant. This data can be integrated into a 

variety of situations. If a grower was not interested in a high visual quality, for example, as the 

lettuce may be intended for chopping and bagging, then the highest yield and lower visual 

quality may be ideal, where the opposite is true if the crop is intended for sale of individual 

heads or hearts, where the highest visual quality is desirable.  

In Chapter Three, the effects of temperature on whole plant and leaf morphology were 

evaluated in relation to heart formation. Romaine plants grown in the controlled environment 

hydroponic systems at the CESRF were infrequently forming inner hearts, a trait that was 

identified as desirable for CEA growers. Results revealed that a temperature of 21/14°C 

(day/night) had the highest leaf curvature of heart forming leaves, over that of 16/14°C, and 

21/19 followed by 16/14°C around hearting, resulting in more pronounced heart formation. This 

was despite the literature indicating otherwise for crisphead and butterhead lettuce, where lower 

temperatures were correlated with larger and denser heads of lettuce (Wurr et al., 1992; Wurr et 

al., 1981). These data can be utilized by CEA growers interested in producing romaine with more 

pronounced hearts. 
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Chapter Four looked at the effects of increasing proportions of blue light on romaine lettuce 

plant and leaf morphology, heart formation, and leaf mineral nutrient composition. Blue light has 

been shown to have a profound impact on plant morphology (Dougher and Bugbee, 2001; 

Naznin et al., 2019), while the literature was surprisingly conflicted on the morphological 

impacts of blue radiation on lettuce. Additionally, the alteration of mineral nutrient composition 

of lettuce leaves has various applications for CEA growers, such as the reduction of leaf 

potassium concentration for patients with chronic kidney disease (Ogawa et al., 2012; Zhang et 

al., 2017). Results showed that increasing proportions of blue radiation in the lighting spectrum 

can reduce the fresh weight, plant height, leaf area, leaf length, and leaf width of romaine lettuce. 

Twenty-two percent blue light increased leaf curvature of non-heart forming leaves, while no 

blue light proportion affected heart leaf curvature, and therefore heart formation. Leaf sulfur 

concentration was significantly increased at twenty-two percent blue light, while N, P, K, Mg, 

Mn, B, Zn, Fe, Cu, and Ca were not significantly affected. This information gives growers the 

knowledge and ability to alter romaine lettuce fresh weight, plant height, leaf area, and sulfur 

concentration through the alteration of blue light percentage between 8 and 35. 

Future Research 

As is natural with research, this thesis lead to further horticultural questions with regard to 

romaine lettuce production and nutrition in a hydroponic system. 

Planting Density 

Newer cultivars across various species have been showing improvements in yield components 

due to a greater tolerance to high planting densities (De Bruin and Pedersen, 2009; Silva et al, 

2007). Indoor controlled environment crop production requires a maximization of available 

space, and therefore planting density is a crucial factor. It may be prudent for future research to 

test planting densities across both modern and classical romaine lettuce cultivars. This may 

reveal certain cultivars to be better suited to higher densities and thusly better suited for use in a 

high-density indoor production system. 
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Heart Formation 

Further research in this area would be required to determine if the cause of the more pronounced 

heart formation at 21/14°C was a result of the higher average temperature, or the large 

fluctuation between day and night temperature.  Additionally, if temperature were increased 

further, would the trend towards more pronounced heart formation continue? Unfortunately, the 

exact cause of leaf curvature was not identified in this study, while leaf length, width, 

length/width ratio, and specific leaf area all showed little correlation with leaf curvature.  

Of the factors identified by Alconero (1988) as suspected to affect heading quality of 

lettuce, including temperature, moisture, soil conditions, and photoperiod, only temperature was 

explored in this thesis. Additionally, moisture was not expanded upon by Alconero (1988), as to 

the type of moisture (atmospheric humidity, soil moisture, plant water content, etc.). However, 

photoperiod has shown promising results in initial trials at the CESRF and may reveal strong 

effects on heart quality of romaine, warranting further exploration. Additionally, since head 

formation can be tracked genetically, with at least 3 to 4 genes being connected to head 

formation and 11 more connected to leaf morphology (Alconero, 1988; Robinson et al., 1983), 

the key to heart formation may lie in genetic alteration rather than the alteration of environmental 

factors. 

Final Remarks 

Expansion of today’s current agricultural practices is not a solution to both feeding a growing 

population and combatting climate change. Instead, the key to sustainable agricultural growth is 

more efficient use of land through technological progress (FAO, 2017). Controlled environment 

agriculture is that technological progress. Controlled environment growers and researchers 

require better information on the horticultural management practices for large-scale romaine 

lettuce production. The information contained in this thesis gives the controlled environment 

community detailed results on the manipulation of planting density, atmospheric temperature, 

and blue light proportions on the yield, morphology, and leaf mineral nutritive composition of 

romaine lettuce grown in a controlled environment hydroponic system. Researchers will be able 

to build on this information to further improve the knowledge base and fine-tune the 
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environment to optimize, and/or maximize, yields and nutritional composition of this crop. This 

will allow growers to produce romaine lettuce with  the best current horticultural practices and 

give controlled environment facilities the ability to enter the romaine market armed with greater 

knowledge and confidence in the quality of their product. With the advancement of this 

technological method of agricultural production, world food production capacities can be 

improved, and agricultural contributions to climate change reduced. A requirement to feed the 

estimated 9.75 billion people by year 2050. 
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APPENDIX 

Appendix I: Controlled Environment Systems Research Facility ‘Blue Box 2’ tech. summary 

(http://www.ces.uoguelph.ca/TechNotes/GuelphBlueBox_TechnicalSpecifications_PS1000_rev0

1.pdf).  

 

http://www.ces.uoguelph.ca/TechNotes/GuelphBlueBox_TechnicalSpecifications_PS1000_rev01.pdf
http://www.ces.uoguelph.ca/TechNotes/GuelphBlueBox_TechnicalSpecifications_PS1000_rev01.pdf
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Appendix II: Blue Box 2 growth chamber setup. 
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Appendix III: Hydroponic nutrient solution from BB2 first run of planting density trial. Day 

represents days after first sowing and Be/Af represent samples taken before and after the nutrient 

solution was changed. 

Day 
H2PO4 

mg/l 

CL 

mg/l 

NO2 

mg/l 

NO3 

mg/l 

SO4 

mg/l 

Na 

mg/l 

NH4 

mg/l 

K  

mg/l 

Mg 

mg/l 

Ca 

mg/l 

17 103.64 0.41 0.00 475.26 75.10 8.24 2.20 190.41 18.96 87.71 

20 96.15 0.56 0.03 460.99 71.69 8.50 0.00 186.85 17.08 80.79 

27 Be 103.58 0.20 0.02 507.36 80.60 8.81 0.00 208.92 19.97 93.10 

27 Af 102.60 0.17 0.00 488.06 73.57 8.04 1.93 199.43 18.90 88.53 

34 101.65 0.12 0.17 500.85 88.00 9.03 0.00 184.07 21.65 101.67 

41 Be 85.36 0.03 0.00 480.93 104.14 10.27 0.02 125.59 24.98 121.32 

41 Af 99.94 0.16 0.00 495.64 91.82 8.82 1.19 180.61 22.43 104.48 

48 77.76 0.00 0.10 474.01 125.01 9.48 0.00 76.79 29.10 143.13 

55 Be 72.88 0.01 0.15 475.35 169.00 9.04 0.08 2.79 35.82 185.23 

55 Af 93.69 0.17 0.00 477.96 111.54 9.14 1.34 122.24 25.61 124.59 

61 106.99 0.06 0.18 444.19 152.90 10.26 0.00 25.59 34.30 172.65 

62 115.44 0.09 0.13 465.34 156.94 10.75 0.00 27.00 34.66 174.85 

 

Hydroponic nutrient solution from BB2 second run of planting density trial. Day represents days 

after first sowing and Be/Af represent samples taken before and after the nutrient solution was 

changed. 

Day 
H2PO4 

mg/l 

CL 

mg/l 

NO2 

mg/l 

NO3 

mg/l 

SO4 

mg/l 

Na 

mg/l 

NH4 

mg/l 

K  

mg/l 

Mg 

mg/l 

Ca 

mg/l 

15 98.21 0.38 0.10 454.74 72.77 4.90 2.42 180.96 19.60 88.16 

41 Be 80.21 0.14 0.09 480.65 98.40 7.12 0.00 121.87 24.49 125.01 

41 Af 97.74 0.24 0.18 459.40 83.81 6.26 0.58 174.96 22.59 96.64 

45 93.94 0.22 0.24 474.22 101.65 6.40 0.00 144.32 27.38 119.64 

48 94.34 0.09 0.01 477.45 110.95 7.68 0.00 123.51 27.25 122.00 

52 91.72 0.03 0.02 461.29 124.49 7.40 0.00 86.68 31.40 143.70 

55 Be 94.75 0.00 0.10 454.15 141.11 6.73 0.00 51.93 34.18 157.59 

55 Af 105.91 0.23 0.04 477.22 97.16 6.43 1.55 147.88 25.85 114.17 

59 108.22 0.06 0.10 472.48 125.72 10.40 0.00 88.80 31.56 148.95 

62 110.66 0.04 0.14 465.52 134.17 8.76 0.00 56.57 33.02 161.41 
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Appendix IV: Controlled Environment Systems Research Facility “SEC9” technical 

summary. 

http://www.ces.uoguelph.ca/TechNotes/GuelphBlueBox_TechnicalSpecifications_SEC9_rev00.

pdf 

 

http://www.ces.uoguelph.ca/TechNotes/GuelphBlueBox_TechnicalSpecifications_SEC9_rev00.pdf
http://www.ces.uoguelph.ca/TechNotes/GuelphBlueBox_TechnicalSpecifications_SEC9_rev00.pdf
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Appendix V: Vapour pressure deficit (kPa) graphs of the nine growth chambers taken at one 

minute intervals over a week long period, where chambers 8, 10, and 12 are treatment 16/14°C 

(day/night), chambers 6, 9, and 14 are 21/14°C, and chambers 7, 11, and 13 are 21/19//16/14°C. 

Grey shaded areas represent night periods, and black dotted lines represent average day and night 

vapour pressure deficits. The week-long period for treatment 21/19//16/14 represents the period 

where temperature was reduced from 21/19°C to 16/14°C. 
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Appendix VI: Additional morphological data from Chapter Three. 
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L/W ratio of romaine lettuce leaves grown under varying temperature regimes. Data are means (n=3), with standard error reported by 

column unless otherwise specified with ±. Columns with differing connecting letters are significantly different (p<0.05), using 

Tukey’s HSD test. Column with no letters are not significantly different. Cells with n/a represent a lack of observations to produce a 

mean or standard error. 

 Leaf Number 

Temperature 

Regime  

(°C day/night) 
5 10 15 20 25 30 35 40 45 50 55 60 

16/14 1.48a 1.49ab 1.60 1.68 1.74 1.86 1.81 1.75 1.83 2.11 2.09 2.65a 

21/14 2.72b 2.24a 1.69 1.74 1.63 1.76 1.72 1.78 2.30 2.10 1.60 1.58b 

21/19//16/14 1.72a 1.44b 1.61 1.49 1.63 1.64 1.73 2.01 2.04 1.89 1.83 2.43ab 

Standard Error 0.18 0.19 0.12 0.10 0.12 0.14 0.11 0.22 0.19 0.30 0.22 0.22 

 

Continued. 

 Leaf Number 

Temperature 

Regime  

(°C day/night) 

 65 70 75 80 85 90 95 100 105 110 115 

16/14  3.06 3.47 2.60 3.78 2.82 4.00 4.00 4.00 3.75 3.33 2.00 

21/14  1.72 1.94 3.13 ± 0.48 3.81 2.33 2.00 n/a n/a n/a n/a n/a 

21/19//16/14  2.87 2.64 3.89 4.40 n/a n/a n/a n/a n/a n/a n/a 

Standard Error  0.45 0.42 0.74 n/a n/a n/a n/a n/a n/a n/a n/a 
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Appendix VII: SEC9 chamber setup flor blue light experiment with transplant stages. 

A 6 x 6 rockwool flat in a 1010 plastic germination tray inside the SEC9 growth chamber with 

walls removed (left), seedling stage chamber setup with 2.3L buckets for first transplant 

(middle), and final chamber setup with 7.6L buckets for second transplant (right). 

   

 

 

 

 


