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ABSTRACT 

 

EXPLORING LIGHT FOR GROWTH CONTROL IN ORNAMENTAL PLANT 

PRODUCTION IN CONTROLLED ENVIRONMENTS 

 

 

 

Jasmine J Mah       Advisor: 

University of Guelph, 2019     Dr. Youbin Zheng 

 

Plant growth regulators are common in production of certain ornamentals to increase plant 

compactness. This research evaluated effects of light quality on plant morphology for non-

chemical growth control. Reductions in red-to-far red ratio (R:FR) representing hanging basket 

shading were simulated in growth chambers, which increased bedding plant height. Bedding plant 

morphology differed drastically between LED and fluorescent treatments, proving spectrum is 

important for morphological control. Five end-of-day (EOD) treatments containing red (R) and 

blue (B) light combinations were tested for bedding plant growth control. Treatments of 100B, 

75B:25R, and 10B:90R reduced petunia height by 12%–14%, but no treatments differed from 

control in other species. Finally, EOD R light and blackout (BO) were evaluated on Easter lily 

growth and flowering. BO reduced lily height by 11% compared to control without reductions in 

dry weight or flower number, but EOD R produced no effects. Further testing of EOD treatments 

is warranted. 
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Chapter 1: Introduction and Literature Review 
 

New opportunities for LEDs 

As lighting technology advances, more greenhouse managers face the challenging question 

if and how to incorporate LEDs into their operations. A recent trip to the Canadian Greenhouse 

Conference in October 2018 left me with the impression that growers are increasingly open to the 

idea of adopting LEDs, but still require more information to be confident that their investments 

will be rewarded. As modern LED research for horticulture is rapidly expanding, the associated 

lighting technology for plant production in controlled environments is visibly evolving year after 

year. Researchers have only scratched the surface of the possible and potentially lucrative uses for 

LEDs, towards which this research seeks to contribute. 

 

The problem: Growers need tools for plant compactness 

The target use of LEDs in this thesis is growth regulation, i.e., to produce compact plants. 

Growth regulation is relevant in greenhouse ornamentals and certain other plant production 

scenarios where the morphological appearance of a plant is a crucial factor for its sale value. The 

potential impact of alternative tools in growth regulation is significant, given the scale of the 

greenhouse industry in Canada. As of 2017, there were 23.0 square kilometers of greenhouse area 

in Canada, of which roughly 60% are in Ontario, 20% are in British Columbia, and 10% in Quebec 

(Mailvaganam, 2018; Statistics Canada, 2018a). Ornamentals and non-vegetable plants accounted 

for 51% ($1.5 billion) of total Canadian greenhouse sales in 2017 (Mailvaganam, 2018). The 

experiments presented in this thesis are focused on four common bedding plants and Easter lilies. 
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Bedding plants in particular are a major ornamental commodity, with $204 million in sales in 2017 

(Statistics Canada, 2018b), and Easter lilies are a major flower commodity for the Easter holiday. 

 

Bedding plants are produced in large quantities in the late winter and early spring in the 

seasonal regions of North America. However, the shorter days in spring combined with high 

latitudes in Canada mean that daily light integral (DLI; mol∙m-2∙d-1) is often too low to produce 

good quality plants (Faust and Logan, 2018; Faust, 2003), with long spindly stems which are 

unattractive and break easily. The minimum recommended DLI to achieve “good quality” for 

common bedding plants such as marigold (Tagetes), petunia, geranium (Pelargonium hortorum) 

range from 10–12 mol·m-2·d-1 (Faust, 2003). Based on the interactive map from Faust and Logan 

(2018), near Sarnia, Ontario (43.0 °N), one of the southernmost points in Ontario, DLI values 

averaged from 11 mol·m-2·d-1 in January to 36 mol·m-2·d-1 in April from 1998–2009. Our own 

pyranometer measurements at the University of Guelph (43.5 °N) (data courtesy of Ron Dutton), 

revealed that monthly averages of outdoor DLI in 2018 ranged from 11 mol·m-2·d-1 in January to 

29 mol·m-2·d-1 in April. However, inside a greenhouse, a reduction in outdoor photosynthetic 

photon flux density (PPFD; 400–700 nm) by ~ 50% is not uncommon (Kittas et al., 1999), and 

ultimately leads to insufficient light to meet guidelines for good quality plant production in many 

species. Easter lilies, a specialty crop forced during winter months in greenhouses, present extra 

challenges, as they grow naturally tall and great efforts are exerted to reduce the final height 

including bulb vernalization protocols, temperature control (Erwin et al., 1989), and plant growth 

regulator (PGR) applications (Miller, 1992). 
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While PGR applications are a standard practice for growth control, increased 

environmental concerns and tighter regulations have created an incentive to develop alternative 

tools (Bergstrand, 2017). Additionally, with the trend of increasing consumer demand for spring 

vegetable and herb transplants from 2008–2014 (Brown, 2014), viable alternatives may become 

indispensable most PGRs are not permitted for use on or alongside vegetable plants. 

 

Outlook on controlling plant morphology using light 

While it is well known that increasing DLI using supplemental lighting can improve plant 

quality (Hamrick, 2003; Miller, 1992), this implies increased energy usage and therefore costs. 

With the fine control over wavelength and timing offered by LEDs, it is conceivable to design 

specialized treatments to elicit a specific physiological response while using significantly less 

energy, and there are many possibilities yet to be explored. 

 

The red to far red ratio 

The red to far red photon flux ratio (R:FR; 600–700 nm:700–800 nm) of incident light is a 

key factor of spectral quality which shapes plant morphology and is a primary focus of the 

presented research. In the wild, a decrease in incident R:FR is indicative of vegetative shading 

and/or competition, as nearby foliage absorbs a high percentage of red light for photosynthesis, 

while mostly reflecting or transmitting far red wavelengths (Gates et al., 1965; Smith and Holmes, 

1977). Plants integrate R:FR signals with other environmental factors like light intensity and 

temperature (Blom and Kerec, 2003; Kubota et al., 2000), and when R:FR falls too low it can 

induce “shade avoidance syndrome”, which describes changes in morphology that increase 

competitiveness for light (Casal and Smith, 1989a). A relatively common response across higher 
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plants is internode elongation, while other responses and threshold sensitivity to R:FR vary by 

species, e.g. thinner and flatter leaves, extended petioles, or reduced branching (Demotes-Mainard 

et al., 2016). 

Plants directly respond to the proportions of R and FR via the pigment phytochrome (P), 

which contributes to regulating germination, morphology, and flowering. Upon the absorption of 

red light, phytochrome converts from its “inactive” red-absorbing state (Pr) to the “active” far red 

absorbing state (Pfr), which reverts rapidly to Pr upon absorption of far red light, or slowly in 

darkness (Rockwell et al., 2006). The proportion of “active” phytochrome to total phytochrome 

(Pfr/P), also called phytochrome photoequilibrium, is related directly to plant responses. For 

example, in Fuchsia hybrida and Chenopodium album, a linear relationship between Pfr/P and 

internode elongation was observed (Morgan and Smith, 1976; Vince-Prue, 1977). The Pfr/P is 

correlated to the R:FR (Smith and Holmes, 1977), but can also be estimated based on the spectral 

distribution of the light environment and the absorption spectra of Pfr and Pr (Sager et al., 1988). 

 

Introduction to end of day treatments 

Adding FR at the end of day is a powerful tool to promote stem elongation (Chia and 

Kubota, 2010a; Yang et al., 2012), but limited research exists regarding whether R:FR in a 

greenhouse can be strategically altered for the opposite purpose of growth control. Moreover, a 

phenomenon exists outdoors near sunset: as the sun’s elevation descends below 10–15°, the R:FR 

tends to drop (Holmes and Smith, 1977a). Lund et al. (2007) showed that in chrysanthemum, low 

intensity EOD light mimicking a drop in R:FR similar to twilight increased stem elongation. 

Presumably, increasing the R:FR at the end of day would mask the natural drop in R:FR and could 

eliminate any associated stem elongation response. 
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FR-absorbing filters applied during the day have been used to control height, but the trade-

off is a loss of PPF which consequentially may reduce dry weight as well (Bachman and 

McMahon, 2006; Cerny et al., 2004). Transferring the plants to far-red absorbing filters at the end 

of day reduced height in cucumber and tomato by 16% and 22%, respectively, but not watermelon, 

compared to ambient lighting with no filter (Cerny et al., 2004). While this method left PPF 

unaffected during most of the day, it may be undesirable to move plants under filters every evening 

and morning in an industrial setting. 

 

While comparisons between end of day red (EOD R) and end of day far red (EOD FR) 

light abound, only a few studies have practically compared effects of EOD R to ambient controls 

for stem elongation, with mixed results in petunia (Ilias and Rajapakse, 2005), cucumber, tomato 

and watermelon (Cerny et al., 2004; Decoteau and Friend, 1991; Graham and Decoteau, 1997), 

and Fuchsia hybrida (Vince-Prue, 1977). However, no EOD R treatment is known for Easter lilies 

relative to a control without EOD treatment, although Easter lily height is known to be sensitive 

to environmental factors including temperature and EOD FR (Blom and Kerec, 2003; Blom et al., 

1995, 2004). On a more exploratory note, research elucidating the various photoreceptors involved 

in regulating stem elongation led to the idea that adding blue (B) to an EOD R treatment could 

have an enhanced effect (discussed in Chapter 3:). However, the author knows of no previous 

study comparing combinations of B and R at EOD for growth regulation in greenhouse settings. 
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Thesis structure and objectives 

The thesis is arranged to include three experimental chapters, each of them prepared as 

manuscripts for submission to peer-reviewed journals. The first of these (Chapter 2) has already 

been published (Mah et al., 2018). The overarching objective was to practically evaluate whether 

light quality could be manipulated for growth regulation with results relevant to the greenhouse 

industry, with two sub-objectives. The first sub-objective was to determine whether R:FR is a 

contributing factor to reduced bedding plant quality, independent from light intensity, in 

greenhouses with low light transmission scenarios such as with hanging baskets (HBs) (Chapter 

2:). The second sub-objective was to evaluate whether applying EOD treatments can reduce stem 

elongation to produce more compact bedding plants and Easter lilies (Chapters 3 and 4). The 

bedding plant experiments were conducted in growth chambers with settings designed to be 

greenhouse-relevant, and the Easter lily experiment was conducted in a greenhouse setting. 
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Chapter 2: Morphology and Flowering Responses of Four Bedding 

Plant Species to a Range of Red to Far Red Ratios 

 

2.1 Chapter Summary 
 

In greenhouse ornamental crop production, bedding plants grown below high densities of 

hanging baskets (HBs) tend to be of lower quality. Hanging basket crops can decrease the red to 

far red ratio (R:FR) of the growing environment below; however, the extent to which decreased 

R:FR affects plant morphology and flowering of the lower-level crops is unknown. The present 

study examined effects of R:FR on morphology and flowering of marigold ‘Antigua Orange’ 

(Tagetes erecta), petunia ‘Duvet Red’ (Petunia ×hybrida), calibrachoa ‘Kabloom Deep Blue’ 

(Calibrachoa ×hybrida), and geranium ‘Pinto Premium Salmon’ (Pelargonium ×hortorum). Five 

R:FR light treatments were provided ranging from R:FR 1.1 (representing unfiltered sunlight) to 

R:FR 0.7 (representing shaded conditions under HBs) using LEDs in growth chambers, each with 

identical photosynthetically active radiation (400–700 nm) and FR added to achieve the target 

R:FR ratio. Two experiments using the same R:FR treatments were conducted with day/night 

temperature regimes of 20/18 °C and 25/21 °C, respectively. In the second experiment, a 

fluorescent light treatment was included. The results of the second experiment were more dramatic 

than the first, where reducing R:FR from 1.1 to 0.7 increased height by 11%, 22%, and 32% in 

marigold, petunia, and calibrachoa, respectively, and increased petiole length in geranium by 10%. 

Compared to R:FR 1.1, the R:FR 0.7 shortened the time to the appearance of first flower bud by 

two days in marigold, while flowering was minimally affected in other species. Compared with 

pooled data from the LED treatments, fluorescent light increased relative chlorophyll content for 

all species, reduced height in marigold, petunia, calibrachoa, and geranium by 26%, 67%, 60%, 
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and 48%, and reduced stem dry weight by 28%, 39%, 21%, and 31%, respectively. The differences 

in morphology observed under fluorescent light compared with LED R:FR treatments indicate that 

light quality manipulation is a potential alternative to chemical growth regulators in controlled 

environments such as greenhouses and growth chambers. 

 

2.2 Introduction to Chapter 2 
 

In greenhouse production, it has been observed that bedding plants tend to be of lower 

quality when grown below a dense canopy of hanging baskets (HBs), characterized by elongated 

stems and reduced branching (Hamrick, 2003). While it has been demonstrated that HBs alter both 

light quantity and quality (Faust et al., 2014; Llewellyn et al., 2013), the extent to which altered 

light quality beneath HBs contributes to changes in plant morphology is unknown. Research into 

the factors of the light environment which contribute to ‘leggy’ plants may also provide insight 

towards the use of light as a non-chemical plant growth regulator, which has been of growing 

interest in ornamental horticulture (Folta and Childers, 2008). 

 

Bedding plants, especially flowering annuals, are produced in high quantities in the winter 

and early spring in preparation for the gardening season in North America (Brown, 2014; Kessler 

Jr., 2004). To maximize production space, some growers install rows of hanging baskets above 

bench- or floor- level crops. Our group (Llewellyn et al., 2013) surveyed the light environment in 

some Southern Ontario greenhouses to quantify reductions in light intensity and characterize 

alterations to the red (R, 600–700 nm) to far red (FR, 700–800 nm) photon flux ratio (R:FR) at 

lower crop level due to the presence and growth of HBs. The photosynthetic photon flux (PPF, 

μmol·m-2·s-1 between 400–700 nm), measured inside the greenhouses just above the HB level, 
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were reduced by 40% to 53% relative to outdoors. The PPF was reduced by an additional 15% to 

55% at lower crop levels, relative to measurements above HBs, with greater reductions as HB 

plants grew larger. These results were corroborated by Faust et al. (2014) in North Carolina, who 

found that the greenhouse structures intercepted 48% of outdoor PPF, and HBs intercepted up to 

45% of the transmitted light, with greatest PPF interception resulting from the highest density of 

HBs, darkest pot color, and presence of plants. The reductions in PPF at the lower crop-level due 

to high density HB production may result in a DLI at or below the minimum requirement for ‘good 

quality’ bedding plants, which is considered to be 10 to 12 mol·m-2·d-1 for greenhouse ornamental 

crops including Pelargonium ×hortorum, Tagetes spp., and Petunia spp. (Llewellyn et al., 2013; 

Faust, 2003). 

 

Llewellyn et al. (2013) also reported reductions in R:FR under HBs. Reductions in R:FR 

are commonly observed below foliage canopies, as green leaves absorb light strongly within the 

range of photosynthetically active radiation (PAR, 400–700 nm), including R, while higher 

proportions of wavelengths longer than 700 nm are either reflected or transmitted to the 

surrounding environment (Gates et al., 1965; Holmes and Smith, 1977b). Accordingly, Llewellyn 

et al. (2013) reported a decrease in R:FR over the season (April to mid-May) as the light reaching 

the lower crop passed through an increasingly large canopy of HB foliage. At lower crop level, the 

lowest R:FR measurement was 0.86, whereas the average R:FR above HB level was 1.11. The 

average R:FR above HBs was similar to other reported values for unfiltered sunlight, generally 

ranging between 1.0 and 1.3 (Holmes and Smith, 1977a; Kittas et al., 1999). However, care should 

be taken when comparing values using other methods for calculating R:FR, which sometimes 

include the common narrow-waveband R:FR (R:FRnarrow, 660 ± 5 nm:730 ± 5 nm) (Holmes and 
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Smith, 1977a; Meng and Runkle, 2014). The R:FR of sunlight at the Earth’s surface is generally 

stable throughout the day when the solar elevation is greater than 15º (Holmes and Smith, 1977a), 

although R:FR is known to vary with geographic location (Goldberg and Klein, 1977). 

 

Plant responses to R:FR have been extensively documented (Casal and Smith, 1989a; Chen 

and Chory, 2011; Demotes-Mainard et al., 2016). Plants respond to R:FR via phytochrome, a class 

of pigments which interconvert between red-absorbing and far-red-absorbing forms (Pr and Pfr, 

respectively) based on the proportion of R and FR photons illuminating the plant (Smith and 

Holmes, 1977). The proportion of these two forms within the plant, represented by the 

phytochrome photoequilibrium (Pfr/P), initiates a cascade of metabolic events ultimately 

influencing germination, flowering, and morphology (Blom et al., 1995; Chory et al., 1996). The 

R:FR is a reliable signal for plants indicating competition for light from nearby or overhead 

vegetation (Gates et al., 1965; Holmes and Smith, 1975). In many plant species, reduced R:FR 

contributes to ‘shade avoidance’ responses such as stem elongation and apical dominance as means 

to compete for available light (Casal, 2012; Casal and Smith, 1989a; Chen and Chory, 2011; Smith 

and Whitelam, 1997). The ultimate phenotypic expression to low R:FR is species-specific and is 

co-dependent on other interacting factors, including temperature (Qaderi et al., 2015; Xiong et al., 

2002) and absolute intensity of R and FR (Lund et al., 2007). There are limited studies of R:FR 

effects on bedding plants, including petunia (Petunia sp.), impatiens (Impatiens sp.), and marigold 

(Tagetes sp.) (Bachman and McMahon, 2006; Craig and Runkle, 2012; Fletcher et al., 2005). 

However, these studies vary widely in the range of R:FR investigated, as well as intensities and 

timing of R:FR treatment applications. 
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The objective of the present study was to quantify the effects of R:FR ranging from 0.7 to 

1.1 on bedding plant morphology and flowering. This range captures the R:FR measured above 

and below HBs as measured by Llewellyn et al. (2013). 

 

2.3 Materials and Methods 
 

Two experiments (Expt. 1 and Expt. 2) were conducted sequentially in walk-in growth 

chambers at the University of Guelph, ON, Canada from 2 May through 22 Sept. 2016. 

Environmental conditions were consistent across the two experiments except for temperature and 

relative humidity. 

 

2.3.1 Seedling Propagation 

Seeds of petunia ‘Duvet Red’ (Petunia ×hybrida) (Ball Horticultural Co., West Chicago, 

IL), marigold ‘Antigua Orange’ (Tagetes erecta) (Syngenta Flowers, Gilroy, CA), geranium ‘Pinto 

Premium Salmon’ (Pelargonium × hortorum) (Express Seed Company, Oberlin, OH) and 

calibrachoa ‘Kabloom Deep Blue’ (Calibrachoa × hybrida) (PanAmerican Seed Co., West 

Chicago, IL) were planted in 288-cell (10 mL) plug trays containing a commercial growth medium 

(Sunshine LP5 Plug Mix; Sun Gro Horticulture Distribution, Agawam, MA). Plug trays were 

placed in a walk-in growth chamber (floor area: 29.2 m2) under a panel of Sylvania 4200K cool-

white fluorescent lamps (F96T12/CW/WHO, LEDVANCE, Wilmington, MA). The light panel 

height was adjusted weekly to maintain a constant canopy-level PPF of 200 µmol·m-2·s-1, 

measured with a LI-190 quantum sensor (LI-COR, Inc., Lincoln, NE) calibrated to a spectrometer. 

The chamber photoperiod was set to 16-h. Air temperature and relative humidity were set at 
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constant 20 °C and 60%, respectively for Expt. 1 and day/night temperatures were set at 25/22 °C 

for Expt. 2. The CO2 concentration for both experiments was approximately 440 ppm. 

 

Seedlings were top-irrigated as needed with tap water until cotyledons were visible on 50% 

of the plugs. Thereafter, groundwater supplemented with water-soluble fertilizer (20N–3.4P–

16.6K All Purpose High Nitrate, Master Plant-Prod Inc., Brampton, ON, Canada) was used for 

irrigation, providing (in mg·L-1) 250 N, 42 P, 207 K, 1.8 Mg, 1.2 Fe, 0.62 Mn, Zn, and Cu, 0.25 

B, and 0.18 Mo. Two separate fertilizer solution tanks were adjusted to pH 5.5 (for petunia and 

calibrachoa) and pH 6.0 (for geranium and marigold) using aqueous phosphoric acid. Uniform-

sized seedlings were transplanted into 8.89-cm-tall black plastic pots (458 mL) containing an all-

purpose soilless substrate (Sunshine Mix #1; Sun Gro Horticulture Distribution) when the roots 

could hold the shape of the substrate when gently pulled (22–42 d for Expt. 1, 17–28 d for Expt. 

2). The growth chamber was divided into six treatment zones, separated by white vinyl curtains to 

prevent light contamination between treatments while allowing sufficient air flow to maintain air 

temperature and relative humidity. Each treatment area, or plot, was divided into four subplots (2 

× 2 grid). Each species was randomly assigned to one subplot and five uniformly-sized sample 

plants of a given species was placed in its respective subplot. Border plants were placed around 

the outer edges of the plot. Over time, plants were spread further apart to prevent mutual shading, 

while keeping sample plants within the characterized light treatment plot area. Plants were 

rearranged within the subplots or the subplots were rotated within the plot at least every three days 

to reduce effects of non-uniform light distribution. 
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Plants were top-irrigated as needed by hand until minimal drainage was observed. Tap 

water was used for the first two irrigations after transplant. Thereafter, fertilizer solutions of either 

pH 6.0 or pH 5.5 were used as previously described for seedlings before transplanting. 

 

The day/night air temperatures (mean ± SD), excluding 30 min after each day/night 

transition, were 20.4 ± 0.6/18.3 ± 0.5 °C in Expt. 1 and 25.1 ± 0.9/21.4 ± 0.3 °C (excluding 

fluorescent light treatment) in Expt. 2. When the lights were on, the fluorescent treatment plot was 

1.5 °C higher than the average temperature of the LED treatment plots, but when the lights were 

off, all treatment plots had homogeneous temperatures. Average RH was 75 ± 7% in Expt. 1 and 

69 ± 7% in Expt. 2. 

 

2.3.2 Light Treatments 

In five of the six treatment zones, pairs of programmable LED lights (LX602C; 

Heliospectra AB, Gothenburg, Sweden) were suspended side-by-side (centers 38 cm apart), 60 cm 

above pot level. Each fixture had a rectangular array of 240 LEDs (27.6 cm × 16.8 cm) comprised 

of blue (450 nm), white (5700 K), red (660 nm), and far red (735 nm) LEDs, as described by the 

manufacturer. In the second experiment, the fluorescent light panels used for plug development 

provided a sixth light treatment. 

 

LED lamps were programmed using System Assistant Version 1.3.0 software 

(Heliospectra AB). The photoperiod was 16-h from 0900 HR to 0100 HR. The red and white LEDs 

provided the same pot-level PPF and spectral distribution in all LED treatments. The blue channel 

was not used as the white LEDs provided sufficient blue light to give a B:R ratio of almost 2:5. 
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Far red settings were adjusted to target R:FR of 0.70, 0.80. 0.90, 1.00, and 1.10 for the treatments. 

The light treatments were re-randomized among the five LED plots for the second experiment. 

The fluorescent lights in Expt. 2 were programmed to the same photoperiod, and panel-height was 

adjusted to provide the same canopy-level PPF as the LED treatments. 

 

Light spectra were measured with a USB2000+ spectrometer equipped with a 1.5-m long, 

3900-μm diameter UV-VIS optical fiber with a CC-3 cosine corrector (OceanOptics, Dunedin, 

FL). The spectrometer was calibrated for absolute irradiance on 16 March 2016 between 300 nm 

and 1050 nm using a LS-1 calibrating light source (OceanOptics). The average spectral distribution 

under each treatment was obtained from 25 points, measured at pot height on an equally-spaced 5-

by-5 square grid covering a 56 cm × 56 cm plot. 

 

The peak wavelengths of the LED colors (mean ± SD), averaged from all 25 points under 

each treatment, were 445.7 ± 1.1 nm (blue peak of white channel), 659.5 ± 0.7 nm (red), and 736.2 

± 0.5 nm (far red) with full width at half maxima (FWHM) of 21 ± 2.2 nm, 17 ± 0.5 nm, and 22 ± 

0.5 nm, respectively at treatment intensities. 

 

The spectral irradiance data were converted from μW·cm-2·nm-1 to μmol·m-2·s-1·nm-1, then 

multiplied by corresponding spectrometer pixel waveband widths and summed over the following 

ranges to calculate photon flux of blue (B, 400–500 nm), green (G, 500–600 nm), R, and PAR, 

with B:G:R presented as percent of total PAR in Table 2.1, visualized in Fig. 2.1. The R:FR photon 

flux ratio of each treatment was measured and described using wide (R:FR) and narrow 

(R:FRnarrow) wavebands, and Pfr/P was estimated for each treatment following Sager et al. (1988) 
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and Sager and McFarlane (1997), also presented in Table 2.1. The wide-bandwidth R:FR was 

preferred over R:FRnarrow for analysis because a slight shift in LED peak wavelength could lead to 

a large percentage of the peak being truncated in a R:FRnarrow calculation. This may skew the 

R:FRnarrow data substantially without a corresponding physiological response. 

 

Since the fluorescent panel was initially positioned higher than the LED panels, over time 

the canopy-level PPF under LEDs increased at a faster rate as plants grew. The relationship 

between height and average PPF under LED treatments was determined prior to transplant with 

spectrometer measurements at five heights. After treatments commenced, average canopy-level 

PPF under the LED treatments was calculated from canopy height measurements and the 

fluorescent panel height was adjusted weekly using a LI-190 quantum sensor calibrated to the 

spectrometer to match the canopy-level PPF under LED treatments 

 

Mean PPF at pot level was 210.7 µmol·m-2·s-1 (Expt. 1 and Expt. 2), corresponding to a 

DLI of 12.1 mol·m-2·d-1. As the plants grew closer to the light fixtures, canopy-level PPF increased 

to 266 μmol·m-2·s-1 (calculated based on canopy height), corresponding to a DLI of 15.3 mol·m-

2·d-1 at harvest. 
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Light treatment R:FRy R:FRnarrow 

Estimated 

Pfr/P 

PPF B:G:R 

(%)x Max. Avg. Min. 

Expt. 1        

    LED R:FR 0.7 0.71 ± 0.04 0.73 ± 0.07 0.63 239.9 206.8 ± 19.3 174.5 19:31:50 

    LED R:FR 0.8 0.79 ± 0.04 0.78 ± 0.06 0.65 251.3 213.1 ± 22.4 171.4 19:31:50 

    LED R:FR 0.9 0.90 ± 0.04 0.91 ± 0.06 0.67 243.0 209.5 ± 20.2 167.6 19:30:51 

    LED R:FR 1.0 1.00 ± 0.05 1.00 ± 0.07 0.69 252.3 213.1 ± 22.7 174.5 19:31:50 

    LED R:FR 1.1 1.09 ± 0.05 1.04 ± 0.05 0.70 246.3 209.9 ± 21.4 168.9 19:31:50 

Expt. 2        

    LED R:FR 0.7 0.70 ± 0.03 0.73 ± 0.02 0.63 243.6 210.6 ± 20.2 168.3 19:30:51 

    LED R:FR 0.8 0.80 ± 0.04 0.80 ± 0.03 0.65 247.0 210.3 ± 22.5 164.9 19:31:50 

    LED R:FR 0.9 0.89 ± 0.04 0.87 ± 0.02 0.67 252.6 213.5 ± 23.2 171.2 19:31:50 

    LED R:FR 1.0 1.00 ± 0.05 0.98 ± 0.10 0.69 238.7 205.9 ± 19.2 173.5 19:31:50 

    LED R:FR 1.1 1.09 ± 0.05 1.08 ± 0.06 0.70 253.3 212.8 ± 22.4 174.7 19:31:50 

    WFLw 14.9 ± 0.5 9.6 ± 0.6 0.86 216.4 212.7 ± 2.6 206.3 18:55:27 

zMeasurements were taken at 25 locations per treatment at pot height. All LED treatments used the same 

lamp settings for white, blue, and red channels with the far red channel adjusted to produce the target 

R:FR. 

yThe R:FR (600–700 nm:700–800 nm), R:FRnarrow (655–665 nm:725–735 nm), estimated Pfr/P, and 

average photosynthetic photon flux (PPF, 400–700 nm) are reported as mean ± SD (n = 25) with all 

calculations based on photon flux (PF, μmol·m-2·s-1). 

xPhoton flux ratios of blue (B, 400–500 nm), green (G, 500–600 nm), and red (R, 600–700 nm) are 

reported as percentage of total PPF. 

wWhite fluorescent light (WFL) had PF for UV-A (320–400 nm) and UV-B (300–320 nm) of 1.60 ± 0.06 

μmol·m-2·s-1 and 0.08 ± 0.01 μmol·m-2·s-1, respectively. 

 

  

Table 2.1: Summary of light treatments in experiments 1 and 2.z 
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Fig. 2.1: Spectral distribution of selected LED containing R:FR 0.7 and 1.1, and white 

fluorescent light (WFL), measured from the center of a plot. Only the FR channel 

was adjusted between the LED treatments to maintain identical PPF. 
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2.3.3 Data Collection 

Harvest dates were determined based on the development of reproductive structures, with 

one harvest date for each species. The harvest dates were chosen to be late enough to provide data 

relevant to generative tissue development while early enough to avoid excessive mutual shading 

between plants. Marigolds were harvested before flowering, when the average apical flower stem 

length (all treatments combined) was over 2.5 cm. Petunia and calibrachoa were harvested when 

all plants in all treatments had at least one flower, and geranium were harvested when flower buds 

were visible on over 50% of all plants. 

 

Plants were checked at least every two days for presence of generative tissues. Date of first 

bud and date of first flower were recorded upon the first instance of a bud or open flower on each 

plant. A bud was counted for petunia and calibrachoa when developing petals were visible from 

any angle; for marigold, buds were counted when the white of the bud was visible; for geranium, 

buds were counted when any amount of flower stem was visible between the bud cluster and 

primary shoot. For calibrachoa, the number of nodes below the first bud was also recorded. 

 

At harvest, all measurements for a species were recorded within a 24-hour period except 

for dry weight. Non-destructive measurements common to all species were height, stem diameter, 

number of buds/inflorescences and flowers, and relative leaf chlorophyll content (SPAD units). 

Plant height was defined as length of the primary stem from substrate surface to shoot tip. If a 

terminal bud was present, as in marigolds, height was measured up to the last node where the 

flower stem emerged. For marigold, flower stem length (from the last node on primary stem to 

base of the flower bud) was also recorded. Stem diameter was measured immediately above the 
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hypocotyl using a vernier caliper. The relative chlorophyll content for each plant was the average 

of three measurements from randomly-selected newly fully expanded leaves using a SPAD-

502Plus chlorophyll meter (Konica Minolta, Inc., Tokyo, Japan). Number of side branches were 

counted for petunia in Expt. 1, and for both petunia and calibrachoa in Expt. 2. Nodes on the 

primary stem were counted for all species except geranium, for which leaves were counted instead. 

For geranium, the length of the longest petiole on each plant was measured. 

 

The destructive measurements included leaf area, leaf dry weight and stem dry weight. 

Stems were severed at the substrate surface. Then, leaves were cut from stems at the leaf axil 

except for geraniums, for which leaves were cut below the leaf blade. Larger marigold leaves were 

dissected following a ‘2-mm rule’: any part of the central vein wider than 2 mm was carefully 

excised and placed in the stem category to prevent skew of the specific leaf area measurement 

(SLA; leaf area per unit leaf dry weight). All biomass above the substrate surface other than leaves 

were placed in the ‘stem’ category. Leaf area was measured with a leaf area meter (LI-3100, LI-

COR, Inc.). Leaves and stems were oven-dried separately at 65 °C for at least 5 days (until weight 

was constant) and weighed. Total dry weight (total DW; leaf dry weight + stem dry weight) was 

also calculated. 

 

2.3.4 Statistical Analysis 

Statistical analysis was performed in RStudio (RStudio Team, 2016) using “R” software 

version 3.3.1 (R Core Team, 2016). Significance for all analyses was defined at P ≤ 0.05. Each 

measured variable was individually analyzed for linear and quadratic regression over the range of 

R:FR using the linear model function followed by analysis of variance (ANOVA), using sequential 
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sums of squares. Only the best fit model equations are presented for variables with significant 

regressions, while overall means (pooled data from all LED treatments) are presented when there 

were no treatment effects for descriptive purposes. Packages used were “dplyr” (Wickham and 

Francois, 2016) for summary statistics and “agricolae” (de Mendiburu, 2016) for Tukey’s honestly 

significant difference (HSD) post hoc test to check for differences between the fluorescent and 

pooled LED treatment data. 

 

2.4 Results 
 

2.4.1 Experiment 1 

There were no treatment effects on final height or dry weight (Table 2.2 and Table 2.3) for all four 

species. 

 

Calibrachoa 

There were no treatment effects for any variable measured. 

 

Petunia 

Low R:FR resulted in greater number of nodes, and earlier appearance of first bud 

appearance (compared to higher R:FR) although there was no subsequent difference in days to 

first flower. 

 

Geranium 

Decreasing R:FR was associated with fewer leaves and reduced bud count. 

Marigold 



21 

 

Stem diameter, leaf area, and SLA responded to R:FR quadratically. Stem diameter 

followed a positive parabolic function, with minimum at R:FR of 0.94, while leaf area and SLA 

followed negative parabolic functions with maxima at R:FR of 0.89 and 0.91, respectively. 

 

During the experiment, an interesting observation was made. A few excess plants were 

kept in the unused chamber zone under fluorescent lights (initially used to produce the seedlings). 

These plants had noticeably darker green leaves and markedly shorter stems and internodes than 

the plants under any of the LED treatments. Hence, a fluorescent treatment was included in Expt. 

2 to compare morphology between plants grown under fluorescent and LED treatments. 
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Table 2.2: Effects of R:FR (0.7 to 1.1) on growth and flowering of marigold and petunia in 

experiments 1 and 2. 

 Expt. 1  Expt. 2 

 Regression equation or avgz r2  Regression equation or avg r2 

Marigold       

Height (cm) 10.4 ± 0.2   y = 19.9 – 4.2x 0.18 

Flower stem length (cm) 2.9 ± 0.1   y = 6.4 – 4.1x 0.25 

Nodes (No.) 6.9 ± 0.1   11.6 ± 0.2  

Stem diameter (mm) y = 19.3 – 24.5x + 13.0x2 0.28  9.4 ± 0.1  

Leaf area (cm2) y = – 859 + 3574x – 2006x2 0.26  1312 ± 13  

Leaf dry weight (g) 2.41 ± 0.04   4.19 ± 0.04  

Stem dry weight (g) 1.22 ± 0.04   y = 5.3 – 1.7x 0.44 

Total dry weight (g) 3.63 ± 0.07   y = 9.1 – 1.2x 0.18 

SLAy (cm2·g-1) y = – 270 + 1262x – 696x2 0.49  313 ± 3  

Bud count 9.8 ± 0.4   8.6 ± 0.4  

Days to first bud (DAT)y 17.4 ± 0.4   y = 12.6 + 5.6x 0.19 

Petunia      

Height (cm) 16.6 ± 0.4   y = 16.4 – 5.6x 0.16 

Nodes (No.) y = 10.0 – 3.1x 0.22  5.1 ± 0.1  

Stem diameter (mm) 4.6 ± 0.1   4.4 ± 0.1  

Branches (No.) 9.5 ± 0.3   10.4 ± 0.2  

Leaf area (cm2) 711 ± 13   y = 1868 – 3028x + 1698x² 0.43 

Leaf dry weight (g) 1.62 ± 0.04   y = 3.9 – 6.3x + 3.5x² 0.35 

Stem dry weight (g) 2.33 ± 0.08   1.25 ± 0.11  

Total dry weight (g) 3.95 ± 0.11   y = 8.1 – 12.6x + 7.0x² 0.37 

SLA (cm2·g-1) 441 ± 6   445 ± 5  

Flower & bud count 34.4 ± 1.3   16.8 ± 0.3  

Days to first bud (DAT) y = 4.6 + 4.8x 0.20  10.2 ± 0.2  

Days to first flower 

(DAT) 
17.4 ± 0.5  

 
16.3 ± 0.3  

zVariables with significant (P ≤ 0.05) linear or quadratic regressions over R:FR are presented as 

equations; for non-significant variables, mean ± SE (n = 25) is presented for descriptive purposes. 

ySLA = Specific leaf area; DAT = Days after transplant; NA = Not applicable. 
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Table 2.3: Effects of R:FR (0.7 to 1.1) on growth and flowering of calibrachoa and geranium in 

experiments 1 and 2. 

 Expt. 1  Expt. 2 

 Regression equation or avgz r2  Regression equation or avg r2 

Calibrachoa      

Height (cm) 32.3 ± 1.0   y = 58.1 – 24.9x 0.27 

Nodes (No.) 26.1 ± 0.8   25.4 ± 0.5  

Stem diameter (mm) 3.2 ± 0.1   3.0 ± 0.1  

Branches (No.) NA   21.5 ± 0.8  

Leaf area (cm2) 600 ± 34   498 ± 23  

Leaf dry weight (g) 2.58 ± 0.14   1.38 ± 0.06  

Stem dry weight (g) 2.12 ± 0.11   1.51 ± 0.06  

Total dry weight (g) 4.70 ± 0.23   2.89 ± 0.12  

SLA (cm2·g-1) 235 ± 7   360 ± 7  

Flower & bud count 41.0 ± 3.9   19.7 ± 1.4  

Days to first flower (DAT) 30.6 ± 0.4   20.4 ± 0.4  

Nodes below first bud (No.) 20.8 ± 0.5   20.6 ± 0.4  

Geranium      

Height (cm) 10.3 ± 0.3   9.5 ± 0.2  

Longest petiole (cm) 10.5 ± 0.16   y = 12.6 – 2.5x 0.22 

Leaves (No.) y = 8.8 + 2.0x 0.16  10.4 ± 0.1  

Stem diameter (mm) 9.1 ± 0.12   8.9 ± 0.1  

Leaf area (cm2) 585 ± 22   526 ± 11  

Leaf dry weight (g) 3.35 ± 0.16   2.46 ± 0.07  

Stem dry weight (g) 1.34 ± 0.06   0.81 ± 0.02  

Total dry weight (g) 4.69 ± 0.22   3.27 ± 0.08  

SLA (cm2·g-1) 179 ± 5   215 ± 4  

Bud count y = – 1.0 + 1.7x 0.22  0.6 ± 0.1  
zVariables with significant (P ≤ 0.05) linear or quadratic regressions over R:FR are presented as 

equations; for non-significant variables, mean ± SE (n = 25) is presented for descriptive purposes. 

ySLA = Specific leaf area; DAT = Days after transplant; NA = Not applicable. 
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2.4.2 Experiment 2 

A greater number of treatment effects were observed in Expt. 2 compared to Expt. 1. Some 

measure of height was affected in all species, as decreased R:FR increased the height (primary 

stem length) of marigold, petunia, and calibrachoa, and increased petiole length in geranium (Table 

2.2 and Table 2.3). Graphs of regressions relating to height are presented for easier visualization 

in Appendix A: Supplementary Figures. 

 

Marigold 

Plants treated with R:FR 0.7 had 11% greater height than those treated with R:FR 1.1 (i.e., 

17.0 cm vs. 15.3 cm). Lower R:FR (0.7) was also associated with earlier date of first flower bud 

by approximately two days, longer terminal flower bud stems, and greater stem and total dry 

weight than higher R:FR (1.1). 

 

Petunia 

Plants treated with R:FR 0.7 had 22% greater height than those treated with R:FR 1.1 (i.e., 

12.5 cm vs. 10.2 cm). Petunia leaf area and leaf dry weight both followed positive quadratic trends, 

with minima at R:FR 0.89 and 0.90 respectively. 

 

Calibrachoa 

Plants treated with R:FR 0.7 had 32% greater height than those treated with R:FR 1.1 (i.e., 

40.7 cm vs. 30.7 cm). 
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Geranium 

Plants treated with R:FR 0.7, length of the longest petiole was 10% greater than those 

treated with R:FR 1.1 (i.e., 10.9 cm vs. 9.9 cm). 

 

2.4.3 Fluorescent vs. LED treatments in Experiment 2 

Compared with the means of pooled data for LED treatments, all species under fluorescent 

light had reduced height, reduced stem dry weight, and increased relative chlorophyll content 

(SPAD) (Table 2.4 and Table 2.5). Overall, plants grown under fluorescent lights were visually 

more compact (Fig. 2.2). 

 

Height, dry weight, petiole length, and stem diameter 

Under fluorescent light, marigolds, petunias, calibrachoas, and geraniums were 26%, 67%, 

60%, and 48% shorter, and had 28%, 39%, 21%, and 31% lower stem dry weights, respectively. 

Under fluorescent light, marigold leaf dry weight was reduced by 8%, and total dry weight 

was reduced in all species except for calibrachoa. For geraniums, the length of the longest petiole 

under fluorescent light was 46% shorter than under the LED treatments. Although reduction in dry 

weight primarily occurred in the stems, stem diameter was unaffected in all species. It follows that 

the reductions in dry weight could be primarily accounted for by shorter stems, and also shorter 

petioles in geraniums. 
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Measurement Fluorescent  LED 

Marigold    

Height (cm) 11.9 ± 0.4 b  16.1 ± 0.3 a 

Flower stem length (cm) 2.6 ± 0.3 a  2.7 ± 0.2 a 

Nodes (No.) 10.6 ± 0.4 b  11.6 ± 0.2 a 

Stem diameter (mm) 9.5 ± 0.3 a  9.4 ± 0.1 a 

Leaf area (cm2) 1147 ± 30 b  1312 ± 12 a 

Leaf dry weight (g) 3.87 ± 0.10 b  4.19 ± 0.04 a 

Stem dry weight (g) 2.85 ± 0.14 b  3.84 ± 0.07 a 

Total dry weight (g) 6.72 ± 0.22 b  8.02 ± 0.08 a 

SLAy (cm2·g-1) 297 ± 8 b  314 ± 3 a 

Bud count 9.6 ± 0.7 a  8.6 ± 0.4 a 

Days to first bud (DAT) 16.0 ± 0.0 a  17.6 ± 0.4 a 

SPADy 67.8 ± 1.2 a  53.5 ± 0.6 b 

Petunia    

Height (cm) 3.7 ± 0.2 b  11.3 ± 0.4 a 

Nodes (No.) 4.0 ± 0.0 b  5.1 ± 0.1 a 

Stem diameter (mm) 4.7 ± 0.1 a  4.4 ± 0.1 a 

Branches (No.) 10.2 ± 0.2 a  10.4 ± 0.2 a 

Leaf area (cm2) 524 ± 47 a  551 ± 8 a 

Leaf dry weight (g) 1.19 ± 0.08 a  1.24 ± 0.02 a 

Stem dry weight (g) 0.82 ± 0.04 b  1.34 ± 0.03 a 

Total dry weight (g) 2.01 ± 0.09 b  2.58 ± 0.04 a 

SLA (cm2·g-1) 438 ± 12 a  445 ± 5 a 

Flower & bud count 10.4 ± 1.0 b  16.8 ± 0.3 a 

Days to first bud (DAT) 10.0 ± 0.0 a  10.2 ± 0.2 a 

Days to first flower (DAT) 16.4 ± 0.7 a  16.3 ± 0.3 a 
zData for all LED treatments were pooled (mean ± SE; n = 25) and compared with the 

cool-white fluorescent (mean ± SE; n = 5) treatment using Tukey’s HSD test. Data in the 

same row with different letters are significantly different (P < 0.05). 

ySPAD units represent relative chlorophyll content 

SLA = Specific leaf area; DAT = Days after transplant. 

  

Table 2.4: Growth and flowering of marigold and petunia under fluorescent light and 

LEDsz in experiment 2. 
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Measurement Fluorescent  LED 

Calibrachoa    

Height (cm) 14.2 ± 1.6 b  35.9 ± 1.4 a 

Nodes (No.) 24.8 ± 1.0 a  25.4 ± 0.5 a 

Stem diameter (mm) 2.8 ± 0.1 a  3.0 ± 0.1 a 

Branches (No.) 25.4 ± 2.0 a  21.5 ± 0.8 a 

Leaf area (cm2) 459 ± 36 a  498 ± 23 a 

Leaf dry weight (g) 1.57 ± 0.12 a  1.38 ± 0.06 a 

Stem dry weight (g) 1.19 ± 0.11 b  1.51 ± 0.06 a 

Total dry weight (g) 2.76 ± 0.20 a  2.89 ± 0.12 a 

SLA (cm2·g-1) 293 ± 14 b  360 ± 7 a 

Flower & bud count 19.2 ± 1.9 a  19.7 ± 1.4 a 

Days to first flower (DAT) 21.2 ± 0.6 a  20.4 ± 0.4 a 

Node of first flower 20.8 ± 1.0 a  20.6 ± 0.4 a 

SPADy 58.5 ± 1.7 a  39.6 ± 0.7 b 

Geranium    

Height (cm) 4.9 ± 0.2 b  9.5 ± 0.2 a 

Longest petiole (cm) 5.6 ± 0.0 b  10.3 ± 0.1 a 

Leaves (No.) 11.6 ± 0.2 a  10.4 ± 0.1 b 

Stem diameter (mm) 8.6 ± 0.3 a  8.9 ± 0.1 a 

Leaf area (cm2) 476 ± 21 a  526 ± 11 a 

Leaf dry weight (g) 2.19 ± 0.15 a  2.46 ± 0.07 a 

Stem dry weight (g) 0.56 ± 0.03 b  0.81 ± 0.02 a 

Total dry weight (g) 2.74 ± 0.18 b  3.27 ± 0.08 a 

SLA (cm2·g-1) 219 ± 6 a  215 ± 4 a 

Bud count 0.6 ± 0.2 a  0.6 ± 0.1 a 

SPAD 39.7 ± 1.1 a  35.0 ± 0.8 b 
zData for all LED treatments were pooled (mean ± SE; n = 25) and compared with the 

cool-white fluorescent (mean ± SE; n = 5) treatment using Tukey’s HSD test. Data in the 

same row with different letters are significantly different (P < 0.05). 

ySPAD units represent relative chlorophyll content. 

SLA = Specific leaf area; DAT = Days after transplant. 

  

Table 2.5: Growth and flowering of geranium and calibrachoa under fluorescent light and 

LEDsz in experiment 2. 
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Fig. 2.2: Visual comparison between plants grown under LEDs (R:FR = 1.1) with cool 

white fluorescent light (WFL; R:FR > 14) in marigold, petunia, calibrachoa, and 

geranium. Average PPF for all plants was 211 μmol·m-2·s-1. Scale bars represent 10 

cm. 
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Number of nodes and leaves, branching, and flowering 

Marigold and petunia had 9% and 22% fewer nodes on the primary stem, respectively, 

under fluorescent light. Geraniums had 12% more leaves under fluorescent lights. There were no 

differences in branching in petunia and calibrachoa between fluorescent and LED treatments. The 

days to first bud and first flower were unaffected for all species. The only treatment effect 

pertaining to flowering was the total number of buds and flowers in petunia, with 38% fewer buds 

and flowers under fluorescent lights than under LEDs. 

 

Leaf area, SLA 

The only treatment effects for leaf area was 13% reduction in that of marigold under 

fluorescent vs. LEDs. Specific leaf area, however, was reduced under florescent lights in both 

marigold and calibrachoa by 5% and 19%, respectively. 

 

Leaf color and relative chlorophyll content 

The relative chlorophyll content (SPAD) for all species was higher under fluorescent light 

(Table 2.4 and Table 2.5), where leaves were also observably darker green in color when viewed 

under a common light environment (Fig. 2.3). Geranium leaves also had starker leaf variegation 

pattern under fluorescent lights. It was also observed that the newer growth of petunia leaves under 

LED treatments became increasingly curled as plants reached maturity (Fig. 2.4). 
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Fig. 2.3: Difference in variegation pattern of geranium leaves under LED treatments (R:FR 

= 1.1) (left) compared to fluorescent (R:FR > 14) (right). 

Fig. 2.4: Malformed growth of petunia leaves observed under LED treatments. 
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2.5 Discussion 
 

2.5.1 Effects of R:FR on growth and morphology of bedding plants 

Plant growth and morphology were affected over the R:FR range of 0.7 to 1.1, which 

corresponds to the range measured under HBs in greenhouses in Southern Ontario, Canada during 

early spring. Some metrics responded differently between experiments: height, petiole length, and 

dry weight only showed treatment effects in Expt. 2, while numbers of nodes and leaves, stem 

diameter, and SLA only showed treatment effects in Expt. 1. 

 

The response trends across the four species were more consistent in Expt. 2, where lower 

R:FR produced longer stems in marigold, calibrachoa, and petunia, and longer petioles in geranium 

(typical shade avoidance responses). These results are consistent with other studies which reported 

greater stem elongation or petiole elongation in response to lower R:FR during the day or at the 

end-of-day in Petunia ×hybrida (Bachman and McMahon, 2006; Ilias and Rajapakse, 2005), 

zinnia, chrysanthemum, cosmos (Cerny et al., 2003), impatiens (Fletcher et al., 2005), squash 

rootstock (Yang et al., 2012), Cucurbita pepo, Chenopodium album (Holmes and Smith, 1977c), 

soybean (Kasperbauer, 1987), tobacco (Kasperbauer and Peaslee, 1973), and other dicotyledonous 

species (Demotes-Mainard et al., 2016). The different responses to R:FR between Expts. 1 and 2 

might be related to temperature differences, as several studies have reported interactions between 

R:FR and day/night temperature differential (DIF) (Blom and Kerec, 2003; Kubota et al., 2000; 

Moe et al., 1991; Xiong et al., 2011) or with absolute temperature (higher or lower with the same 

DIF) (Qaderi et al., 2015) on the stem length of various species, where low R:FR combined with 

positive DIF or higher absolute temperatures result in longer stem length. 
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Reductions in PAR have also been implicated as an influential factor promoting stem 

elongation under HBs, as the DLI may fall below minimum requirements for “good quality” plants 

in greenhouse production (Llewellyn et al., 2013; Faust, 2003). However, interaction between 

R:FR and irradiance was not investigated and cannot be ruled out, as evidence suggests that 

phytochrome B (phyB), which is considered to be the main photoreceptor for shade-avoidance 

responses, has an integrated response to R:FR and irradiance on the sub-cellular level (Trupkin et 

al., 2014). More specifically, lowering irradiance (from 200 µmol·m-2·s-1 to 25 µmol·m-2·s-1) in 

addition to lower R:FR (from 4.3 to 0.8) had compounding effects on the number and size of phyB 

nuclear bodies within Arabidopsis petiole cells (phyB in the nucleus is related to phytochrome 

activity, as phyB migrates from the cytosol to the cell nucleus only in the ‘active’ Pfr form). 

 

2.5.2 Effects of R:FR on flowering. 

The R:FR had limited effects on flower development. For petunia in Expt. 1, lower R:FR 

was associated with earlier date of first bud, but there was subsequently no difference in the date 

of first flower. For geraniums, lower R:FR was associated with reduced bud count, which in this 

case may be interpreted as a delay in flowering; since plants had 0 or 1 bud, treatments with lower 

average bud numbers had a higher proportion of plants with no buds at time of harvest. In Expt. 2, 

lower R:FR stimulated flowering in marigold, with R:FR 0.7 producing an earlier date of first bud 

by approximately two days and longer terminal flower stems than R:FR 1.1. Although the effects 

on flowering were subtle, results for marigold and petunia agree with other studies which reported 

that a reduced R:FR can accelerate flower development (Ilias and Rajapakse, 2005), or conversely 

that a FR-deficient environment (increased R:FR) can delay flower initiation (Cerny et al., 2003; 

Runkle and Heins, 2001), especially in long-day plants. 
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2.5.3 Differences between LED and fluorescent treatments (Expt. 2) 

Some of the pooled data for plants grown under LED treatments were substantially 

different from the fluorescent treatment plants. Common effects across all four species were 

reduced height, reduced stem dry weight, and increased relative chlorophyll content under 

fluorescent light. There were no differences in flower development except for petunia, for which 

there were greater number of total buds and flowers at harvest in the fluorescent treatment. 

 

There are many features of the fluorescent spectral distribution that may have affected 

morphological responses. For example, in comparison to the LED treatments, fluorescent light had 

higher R:FR (14.9 vs. ≤1.1), presence of UV-A and UV-B, higher G photon flux, lower R photon 

flux, and a correspondingly higher B:R (2:3 vs. ~2:5) as the B photon flux as well as percent B of 

PPF were similar for all treatments (Table 2.1). A higher R:FR, higher blue (relative or absolute 

amount), and presence of UV have been implicated in the inhibition of stem elongation (Cope and 

Bugbee, 2013; Fletcher et al., 2005; Hernández et al., 2016; Wargent, 2016). 

 

Reductions in stem DW and higher relative chlorophyll content of fluorescent-grown plants could 

also be due to multiple factors including UV and high intensity green. In lettuce, the removal of 

UV in a greenhouse setting using selective filters was associated with increased dry weight 

(Tsormpatsidis et al., 2008). With regards to green light, Kim et al. (2004) found that higher 

intensities of green light (51% and 86% of PPF) provided in growth chambers resulted in lower 

dry weight of lettuce compared to lower intensity of green (24% of PPF) with the same total PPF. 

However, since the high-intensity green treatments in Kim et al. (2004) emitted more UV light 
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than the lower-intensity green treatments, it is also possible that the effects of UV were conflated 

with elevated levels of green. Higher B:R has also been associated with reduced DW in lettuce 

(Son and Oh, 2013), but was attributed to a reduction in leaf area; a phenomenon which was not 

observed in our experiment except in marigold. It is also worth noting that Son and Oh (2013) 

achieved their different B:R by varying both B and R intensities, while in our study, fluorescent 

spectrum had a higher B:R due to a lower R intensity only, meaning the absolute amount of B was 

the same in both LED and fluorescent treatments. 

 

Similar to the relative chlorophyll content results of the present study, Johkan et al. (2010) 

found that fluorescent light induced higher chlorophyll content in sole source lettuce production 

than a combination of R and B LEDs. This indicates that lower R:FR may not be the only reason 

why plants grown with fluorescent light had higher relative chlorophyll contents than those grown 

under LEDs in this study. Still, it is possible that the lower R:FR provided by LED treatments may 

have had a further effect to reduce chlorophyll and variegation patterns, similar to Li and Kubota 

(2009) who found that supplemental FR resulted in reduced chlorophyll and anthocyanins in 

lettuce. Other studies have reported reduced chlorophyll content in response to low R:FR in a 

variety of species (Heraut-Bron et al., 1999; Smith and Whitelam, 1997; Tucker, 1981). The 

presence of UV, which has been associated with elevated anthocyanin pigments in lettuce 

(Tsormpatsidis et al., 2008), baby leaf lettuce (Li and Kubota, 2009), and turnip hypocotyls (Zhou 

et al., 2007), may have also contributed to the increased leaf variegation in geranium grown under 

fluorescent lights as anthocyanins have been found to be abundant in zonal dark rings of 

Pelargonium ×hortorum leaves (Liakopoulos and Spanorigas, 2012). 

 



35 

 

In summary, although the specific causes of morphological difference in the fluorescent 

treatment are uncertain, the results show the potential for light spectrum manipulations to induce 

changes to morphology and flowering. 

 

There were three noteworthy differences between the growth chamber experiments and 

realistic greenhouse conditions which could affect the transferability of the results. While the LED 

treatments provided wavelengths in blue, green and red wavebands, solar spectral ratios were not 

replicated. The LED treatments had a B:G:R of 19:31:50 while solar radiation was measured to be 

approximately 28:37:35 (measured on a mostly clear day on 8 February, 2017 at lat. 42°N, data 

not shown). Additionally, the PPF in the growth chamber was constant throughout the photoperiod, 

whereas PPF in a greenhouse follows a variable, diurnal pattern with instantaneous PPF being 

highly influenced by outdoor weather. Differences in temperature may also interact with R:FR to 

influence transferability of results to commercial production. 

 

2.6 Conclusion 
 

This study investigated the effects of R:FR on morphology and flowering of marigold, 

petunia, calibrachoa, and geranium under the range of R:FR (0.7 to 1.1) found in commercial 

greenhouse production scenarios where a canopy of hanging baskets is grown above the bench 

level. While light treatment effects were found, the crop responses were generally not considered 

commercially relevant due to similar appearances between plants grown under different 

treatments. 
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In terms of the potential of using light as a growth regulator, the fluorescent treatment 

provided evidence that spectral manipulation could be used to control growth, as plants grown 

under fluorescent lights showed noticeable differences in qualitative factors such as leaf coloration 

and stem elongation. Any of the distinct spectral parameters in fluorescent lights are candidates 

for further investigation towards using light as a growth regulator in a greenhouse setting, 

including increased R:FR, presence of UV-A or UV-B, or increased B:R. Further research is 

needed to determine whether spectral manipulation can be used to create commercially-relevant 

outcomes. 
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Chapter 3: The Effect of Blue to Red Ratios at End-of-Day on Stem 

Elongation of Four Bedding Plant Species Using Light-Emitting 

Diodes 
 

3.1 Chapter Summary 
 

This study tested the effects of end-of-day (EOD) light treatments comprised of blue (B; 

400–500 nm) and red (R; 600–700 nm) LED light combinations on the morphology and flowering 

of marigold ‘Antigua Orange’ (Tagetes erecta), petunia ‘Duvet Red’ (Petunia × hybrida), 

calibrachoa ‘Kabloom Deep Blue’ (Calibrachoa × hybrida), and geranium ‘Pinto Premium 

Salmon’ (Pelargonium ×hortorum). All treatments provided a 14-h artificial daytime spectrum 

(1UV-A:27B:37G:36R:33FR) of 200 μmol·m-2·s-1 photosynthetically active radiation (PAR; 400–

700 nm). Five EOD treatments provided 70 μmol·m-2·s-1 for 2 h immediately following the 

daytime period in the following photon flux ratios (in percentage of PAR): 100R, 10B:90R, 

50B:50R, 75B:25R, and 100B. A control treatment (CTRL) provided 70 μmol·m-2·s-1 of PAR using 

the daytime spectrum. Out of all parameters measured, only height showed treatment effects, and 

only in petunia and marigold. In petunia, 10B:90R, 75B:25R, and 100B reduced height by 12%, 

13% and 14% compared to CTRL, respectively. Marigolds grown under 100R were 11% shorter 

compared to 100B, though neither treatment was significantly different than CTRL. The results 

demonstrated that EOD treatments containing B can induce growth regulation effects, as in 

petunia, but responses are specific to spectral quality and species. 
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3.2 Introduction to Chapter 3 
 

Growth control is important for bedding plant production, especially in the spring at 

northern latitudes when daily light integrals (DLI; mol∙m-2∙d-1) are naturally low (Faust and Logan, 

2018). Without corrective measures, a low DLI can result in lower quality bedding plants (Faust, 

2003), including longer “leggy” stems and reduced branching. Plant growth regulators are a 

common tool for achieving compact plants (Hamrick, 2003), but tighter regulations, environmental 

and health concerns, and negative public perceptions of chemicals have generated demand for 

more non-chemical methods of growth control (Bergstrand, 2017). 

 

Of present interest is the manipulation of the light environment to alter plant morphology. 

A well-known and straightforward lighting strategy to achieve high quality bedding plants is to 

increase the amount of light received by the plant to meet target DLI for a particular species (Faust, 

2003). However, it is also possible to alter plant morphology by tailoring the light regime (light 

intensity, spectrum, and timing) to elicit a specific response. An optimized lighting regime which 

produces greater effects with less light would reduce the electrical energy and infrastructure 

required. Furthermore, improvements in light-emitting diode (LED) affordability and versatility 

over time have spurred interest in investigating fine-tuned manipulations of light spectrum as a 

tool for growth control. 

 

Altering the light spectrum during the photoperiod can dramatically affect plant 

morphology, especially in sole-source lighting scenarios where light quality is easier to control 

(Eskins, 1992; Hernández and Kubota, 2016). For example, a higher red (600–700 nm) to far red 

(700–800 nm) photon flux ratio (R:FR) generally results in shorter stems and reduced internode 
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elongation across higher plants, including bedding plants (Demotes-Mainard et al., 2016; Mah et 

al., 2018). For example, in cucumber seedlings, increasing the R:FR of metal halide lamps from 

1.4 to 4.3 using FR-absorbing film for 13 days resulted in shorter hypocotyl length by 38% (23 

cm) (Shibuya et al., 2016). Increasing the percentage or intensity of blue (B; 400–500 nm) light in 

combination with R light also can reduce stem length. When the percentage of B was increased 

from 0% to 75%, with the remainder composed of R light (total of 100 μmol∙m-2∙s-1), cucumber 

hypocotyl length was reduced by 39% (Hernández and Kubota, 2016). In Arabidopsis, increasing 

the percent of B from 0% to 40% while decreasing amounts of R and FR light (maintaining R:FR 

of 5.5) with total photon flux density of 50 μmol∙m-2∙s-1 resulted in over 50% reduction in petiole 

length (Eskins, 1992). 

 

In greenhouse environments, where bedding plants are typically grown from seedling stage 

until flowering, the quality of supplemental light has a more limited effect, attributed to influence 

of background radiation (Poel and Runkle, 2017). For example, in a greenhouse, increasing 

percentage of B in supplemental lighting from 0% to 16%, with a total supplemental photon flux 

density (PPFD; 400–700 nm) of 54 μmol∙m-2∙s-1, had no effect on cucumber seedling growth when 

DLI was high (16.2 mol∙m-2∙d-1), but did increase leaf chlorophyll content and decrease dry mass, 

leaf number and leaf area when solar DLI was low (5.2 mol∙m-2∙d-1) (Hernández and Kubota, 

2014). Therefore, the spectral composition of supplemental lighting may be more influential when 

ambient light is low. 

 

An alternative to all-day treatments is end-of-day (EOD) light treatments, referring to a 

short duration of light, usually less than two hours, provided at or near the end of the photoperiod 
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and overlapping the beginning of the dark period. The spectrum of an EOD treatment has more 

control over the quality of light received by the plants because it adds light at a time of day when 

outdoor radiation is low. Plant morphology in many species are known to be sensitive to the R:FR 

at the EOD, where a lower R:FR (greater percentage of FR) is usually associated with an increase 

in stem elongation (Demotes-Mainard et al., 2016). Moreover, due to atmospheric effects, the 

R:FR of outdoor light near sunrise and sunset gradually drops 35% on average (Holmes and Smith, 

1977c), and therefore an EOD treatment may be useful to counter the ambient drop in R:FR. Even 

at low intensities (R < 2.4 μmol∙m-2∙s-1), a decrease in R:FR from (2.4 to 0.7) at EOD led to an 

increase of stem elongation in chrysanthemum (Lund et al., 2007). Although EOD treatments have 

previously been shown to have a lesser effect on plant height compared to day-long treatments 

(Cerny et al., 2004), EOD treatments using LEDs may remain attractive as they would require less 

energy and infrastructure compared to day-long supplemental lighting treatments. 

 

Although a variety of EOD light treatments have been tested for stem elongation control, 

including fluorescent (Graham and Decoteau, 1995) and green (525 nm) light (Bergstrand et al., 

2016), the majority of EOD treatments have focused on R and FR light effects on stem and 

internode elongation. Many studies compared the effects of EOD R with FR on stem elongation 

(Aphalo et al., 1991; Casal and Smith, 1989b; Dubois et al., 2010; Islam et al., 2014; Kasperbauer, 

1971; Vince-Prue, 1977; Xiong et al., 2002, 2011). Substantial differences have been demonstrated 

between EOD R and FR, for example tobacco plants exposed to 5 min of EOD R were 71% shorter 

compared to those exposed to EOD FR (Kasperbauer, 1971), and Fuchsia magellanica internode 

lengths were up to 43% shorter when provided with 10 min of EOD R vs. EOD FR (Aphalo et al., 

1991). However, not all studies contain a relevant control with no EOD treatment, which is 
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necessary to evaluate EOD R for growth control in greenhouse applications. A limited selection 

of studies which include both an EOD R treatment and a control show that increasing the R:FR at 

EOD sometimes limits stem elongation and sometimes does not. When FR-absorbing films were 

used at the end-of-day in greenhouses, cucumber seedlings were shorter by 16%–18% (2.5–2.7 

cm) and tomato seedlings by 23%–27% (~2.5 cm), but watermelon was not affected unless the 

filters were applied all day long (Cerny et al., 2004). Similar results were found in growth 

chambers where 15 min of EOD R light caused tomato seedlings to be 32% (4.3 cm) shorter than 

no-EOD controls (Decoteau and Friend, 1991) but under a similar treatment for watermelon 

seedlings effects were not observed (Graham and Decoteau, 1997). These results give rise to 

speculation that the sensitivity to EOD R treatments may be species-specific. As for ornamental 

species, petunia ‘Countdown Bergundy’ was 15% shorter with 15 min EOD exposure to R light 

(from filtered fluorescent light) compared to natural daylight controls (Ilias and Rajapakse, 2005). 

However, when the daylight spectrum was first altered with either a R-absorbing or FR-absorbing 

filter, EOD R no longer had an effect. In Fuchsia hybrida, 1 h of EOD R were ‘slightly shorter’ 

than the unirradiated greenhouse controls with 8-h photoperiod, although when the duration of 

EOD R was extended to 8-h, plants were taller than controls suggesting that shorter EOD 

treatments are sufficient (Vince-Prue, 1977). Additionally, EOD R had the greatest limiting effect 

on stem elongation when applied immediately at the onset of the dark period (Vince-Prue, 1977). 

While it is too early to make definitive conclusions, it appears that the effectiveness of an EOD R 

treatment can be affected by species, treatment duration and timing, and environmental conditions 

including daylight quality. 
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Given the variable nature of EOD R effects, other wavelengths were considered to enhance 

the treatment effect. There is reason to speculate that B may produce additional effects when added 

to EOD R. As previously mentioned, increasing the B:R while maintaining constant PPFD led to 

a height reduction in cucumber and tomato seedlings (Hernández and Kubota, 2016; Hernández et 

al., 2016). While B:R ratio is a useful metric, the absolute intensity of B may be more important 

to consider; for tomato, radish and soybean, intensity of B was a better predictor of stem length 

than percentage of total PPFD (Cope and Bugbee, 2013; Nanya et al., 2012). Studies on 

Arabidopsis seedlings have also demonstrated that phytochromes and cryptochromes regulate stem 

elongation synergistically (Ahmad and Cashmore, 1997; Casal and Mazzella, 1998; Lin, 2002; 

Más et al., 2000), including that the inhibitory effects of B on stem elongation depend on the 

presence of active phytochrome (differentiated by growth after a red vs. a far red pulse) (Ahmad 

and Cashmore, 1997) and that the inhibitory effect on stem elongation persisted after B was no 

longer given (returned to R light) (Sellaro et al., 2009). However, not all species show height 

responses to B intensity. For example, wheat height was not affected by percent or intensity of B 

(Cope and Bugbee, 2013). Nonetheless we found the evidence compelling to motivate testing other 

species for sensitivity to B. 

 

The primary objective of this study was to determine whether R, B, or combination of R 

and B at different ratios provided at the EOD would affect stem elongation in four common 

bedding plants species. 
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3.3 Materials and Methods 
 

Seedling Propagation 

Three consecutive replicates were conducted using growth chambers at the University of 

Guelph (Guelph, ON, Canada) from 14 July 2017 to 17 Dec. 2017 (see Table 3.1 for schedule of 

dates). For each replicate, 120 seeds each of petunia (Petunia ×hybrida “Duvet Red”; Ball 

Horticultural Co., West Chicago, IL), calibrachoa (Calibrachoa ×hybrida “Kabloom Deep Blue”; 

PanAmerican Seed Co., West Chicago, IL), geranium (Pelargonium ×hortorum “Pinto Premium 

Salmon”; Express Seed Company, Oberlin, OH), and marigold (Tagetes erecta “Antigua Orange”; 

Syngenta Flowers, Gilroy, CA) were sowed in 288-cell trays containing commercial substrate 

(Sunshine Mix #5; Sun Gro Horticulture, Agawam, MA) and covered with a layer of vermiculite. 

Trays were placed inside a (small) growth chamber with a set point of 23 °C and a 14-h photoperiod 

of fluorescent lighting (Sylvania 20906 4100 K 54 W Hg; LEDVANCE LLC., Wilmington, MA) 

which provided a PPFD of 210 μmol·m-2·s-1. The plants were sub-irrigated with well water (EC 

~900 μS∙cm-1) until germination, then with fertilizer solution made of 20N–3.4P–16.6K in terms 

of elemental percentages (20–8–20 All Purpose High Nitrate; Master Plant-Prod, Inc., Brampton, 

ON, Canada) providing (in mg·L-1) 250.0 N, 42.5 P, 207.5 K, 1.9 Mg, 1.3 Fe, 0.6 Mn, Zn and Cu, 

0.3 B and 0.2 Mo, and with 184.0 Ca present in the water source. The solution was adjusted to pH 

5.5 (for petunia and calibrachoa) and pH 6.6 (for marigold and geranium) using phosphoric acid. 

 

Transplant date was determined when the majority of seedlings had four true leaves for 

marigold, two for geranium, and six for petunia and calibrachoa. For each replicate, 78 plants of 

each species were transplanted into 9-cm-tall square plastic pots (458 mL) containing all-purpose 

soilless substrate (Sunshine Mix #1; Sun Gro Horticulture) and placed inside a walk-in growth 
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chamber (floor area 29.2 m2) for the lighting treatments. The growth chamber was maintained at 

21.7 ± 0.6 °C with relative humidity (RH) of 70 ± 5%. Temperature and RH were monitored every 

5 min in each treatment area using data loggers (HOBO U12 Temp/RH/2 External Data Logger, 

Onset Computer Corp., Bourne, MA), confirming consistent temperature and humidity between 

treatment areas and across replicates. 

 

  Dates No. days in 

Common name Replicate Seeding Transplant Harvest treatment 

Petunia 1 14 July 6 Aug. 1 Sept. 26 

 
2 14 Sept. 6 Oct. 31 Oct. 25 

 
3 21 Oct. 13 Nov. 8 Dec. 25 

Calibrachoa 1 14 July 6 Aug. 6 Sep. 31 

 
2 14 Sep. 6 Oct. 6 Nov. 31 

 
3 21 Oct. 13 Nov. 14 Dec. 31 

Geranium 1 22 July 6 Aug. 12 Sept. 37 

 
2 2 Sept. 17 Sept. 24 Oct. 37 

 
3 28 Oct. 12 Nov. 18 Dec. 36 

Marigold 1 25 July 6 Aug. 4 Sept. 29 

 
2 6 Sept. 17 Sept. 16 Oct. 29 

 
3 9 Nov. 20 Nov. 17 Dec. 27 

 

Light Treatments 

The growth chamber was divided into six plots using opaque white curtains which 

prevented light leakage between adjacent plots while enabling uniform temperature and humidity 

throughout the chamber. Each light treatment was provided by a pair of programmable LED arrays 

(LX602C; Heliospectra AB, Gothenburg, Sweden) containing B (445 nm peak), R (660 nm peak), 

Table 3.1: Seeding, transplant, and harvest dates for three replicates over time. 
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FR (736 nm peak), and white (W, 5700 K broad spectrum) LEDs which were suspended 66 cm 

above pot level, in a side-by-side configuration with the long sides parallel and the centers 38 cm 

apart. Adjacent to each LED array pair were two UV-A LED bulbs (368 nm peak and FWHM of 

10 nm) (E27 A19 7W UV LED; CroLED, Hong Kong, Hong Kong (SAR)), with one bulb angled 

in towards the plot center on either side of the arrays. 

 

Centered below each pair of lights was an 84 cm × 84 cm plot, split into four 42 cm × 42 

cm subplots in a 2 × 2 grid, with one species allocated to each subplot. Eight randomly selected 

uniform plants of the allocated species were placed in each subplot, with a row of border plants 

around the outer edge of the whole plot, of matching species to the adjacent subplots. Plants were 

top irrigated by hand as needed with the same fertilizer solution used in seedling development. 

Plants were rotated systematically every two to three days to reduce effects of light variation within 

the plot as follows: For the first three rotation events, plants within a subplot were rotated 

clockwise about the subplot centers, and on the fourth rotation the subplot trays were rotated 

clockwise about the plot center. This pattern was repeated, so each plant would experience 16 

unique locations before returning to its original position. 

 

Light spectra and intensity were measured with a radiometrically-calibrated spectrometer 

(XR FLAME-S, Ocean Optics, Dunedin, FL) equipped with a 2-m long, 3900-μm diameter UV-

VIS optical fiber with a CC-3 cosine corrector. Prior to each replicate, treatments were 

randomized, and the LED array settings were fine-tuned to accurately achieve the target spectra 

and measured at 25 locations per plot, with each measurement point at the center of a square on a 

grid of 5 × 5 squares covering the entire plot. 
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Each treatment was provided an artificial daytime spectrum of 14 h with average PPFD of 

199.8 ± 27.5 μmol·m-2·s-1 (mean ± SD) at pot level containing UV-A (320–400 nm), B, green (G; 

500–600 nm), R, and FR with photon flux ratio of 1UV-A:27B:37G:36R:33FR (R:FR of ~1.1). 

Immediately after the daytime period, six 2-h EOD treatments of 70.3 ± 9.0 μmol·m-2·s-1 were 

administered. Five EOD treatments were composed of the following ratios of R and B, as 

percentage of photosynthetically active radiation (PAR; 400–700 nm): 100R, 10B:90R, 50B:50R, 

75B:25R, 100B, and a control (CTRL) treatment provided the same spectral proportions as the 

daytime spectrum, except without UV-A (Table 3.2). The phytochrome photoequilibrium (Pfr/P) 

was estimated for the daytime spectrum and for each treatment using calculations from Sager et 

al. (1988). 

 

Measurements 

Each plant was checked daily for visible buds and open flowers. The date of first bud (for 

all species) and date of first open flower (only petunia and calibrachoa) that were visible without 

touching the plant were recorded. Harvest time frame for each species was established in the first 

replication after every sample plant for that species had produced at least one visible bud (geranium 

and marigold) or flower (petunia and calibrachoa). The number of days under treatment was 

repeated (± 2 d) in the subsequent replications (Table 3.1).  
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 Photon flux densityz  Estimated  

 B G R PPFD R:FR Pfr/P y 

“Daytime”x 54.0 ± 9.1 73.7 ± 9.6 72.5 ± 9.0 199.8 ± 27.5 1.11 ± 0.06 0.70 

EOD treatments       

CTRL 18.7 ± 3.1 25.8 ± 3.2 25.1 ± 3.0 69.5 ± 9.3 1.10 ± 0.07 0.70 

100R   70.4 ± 8.7 70.4 ± 8.7  0.89 

10B:90R 7.2 ± 0.9  63.8 ± 7.8 71.0 ± 8.7  0.89 

50B:50R 35.0 ± 4.7  36.0 ± 4.6 71.0 ± 9.3  0.86 

75B:25R 52.2 ± 6.9  17.2 ± 2.1 69.4 ± 9.0  0.81 

100B 70.6 ± 9.0   70.6 ± 9.0  0.49 

zAll photon flux units are in μmol·m-2·s-1. Values represent mean + SD. For treatment values, n = 75 

(pooled from 3 replicates); for daytime values, n = 450. 

yPfr/P was calculated according to Sager et al. (1988) from the center point of each treatment. 

xSpectral ratios for daytime lighting and control (CTRL) treatment were the same from 400–800 nm 

(27B:37G:36R:33FR; R:FR = 1.1). The daytime spectrum also had 1% (2.9 ± 0.6 μmol·m-2·s-1) of 

UV-A (320–400 nm) to better simulate greenhouse conditions. 

B = blue (400–500 nm); G = green (500–600 nm); R = red (600–700 nm); UV-A = ultraviolet A 

(320–400 nm); R:FR = red to far red photon flux ratio (600–700 nm:700–800 nm); PPFD = 

photosynthetic photon flux density (400–700 nm) 

  

Table 3.2: Spectral characterization of 14-h daytime lighting and 2-h end-of-day (EOD) 

treatments. 
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Upon harvest, non-destructive measurements included height, stem diameter (measured at 

the first internode), number of axillary branches, number of nodes on the primary stem, and number 

of buds or flowers. Height was defined as the length of the primary stem from substrate to shoot 

tip except in marigold for which height was measured to the base of the pedicel of the terminal 

bud. Destructive measurements were leaf area, stem dry weight (including flowers) and leaf dry 

weight. Leaves and stems were separated according to Mah et al. (2018). Leaf area was measured 

with a scanning leaf area meter (LI-3100; LI-COR, Inc., Lincoln, NE). Leaves and stems were 

oven-dried separately at ~70 °C for at least 5 d (until weight was constant) and weighed. Total dry 

weight (total DW; leaf dry weight + stem dry weight) and specific leaf area (SLA; leaf area ÷ leaf 

dry weight) were calculated. 

 

Statistics and experimental design 

This experiment was conducted as a randomized complete block design. Each replicate 

inside the growth chamber was a block (n = 3), and for each replicate the treatments were 

randomized to new locations, with the condition that no treatment could be in the same location 

more than once. One set of plants under a light treatment was considered an experimental unit with 

8 plant subsamples. 

 

Statistical analysis was performed in RStudio (RStudio Team, 2016) using ‘‘R’’ software 

version 3.3.1 (R Core Team, 2016). Analysis of variance (ANOVA) was performed for each 

measured growth and flowering parameter. If treatment effects were found, then Tukey’s honestly 

significant difference (HSD) post hoc test was used to detect treatment differences using the 

“agricolae” package (de Mendiburu, 2016). The P-value for significance was defined as P ≤ 0.05. 
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Four calibrachoa plants produced stunted stems, where growth of primary stem and 

branches was abruptly terminated at the node where the first flower on a given stem emerged. 

These were considered outliers and excluded from the subsample groups, but this exclusion did 

not affect the significance levels of treatment effects in the ANOVA. 

 

3.4 Results 
 

Treatment effects were observed in petunia and marigold, but not in calibrachoa or 

geranium. Of all measurements collected, only height was affected (Fig. 3.1). Pooled data for all 

other variables are shown in Table 3.3. Unpooled means and SE are presented in Appendix B: 

Supplementary Tables. Representative plants from each treatment were photographed in Fig. 3.2. 

For calibrachoa, the variability of leaf and stem morphology between plants was quite noticeable 

and thus the calibrachoa photographs should not be considered as true representations of average 

appearance. 

 

 For petunia, the treatments 10B:90R, 75B:25R, and 100B reduced height by 1.6 cm (12%), 

1.8 cm (13%) and 1.9 cm (14%), respectively, compared to the CTRL treatment. The height of 

marigolds exposed to 100R were 1.0 cm (11%) shorter than plants exposed to 100B but none of 

the EOD treatments produced marigold with different height than CTRL. 
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Fig. 3.1: Height of petunia, calibrachoa, geranium and marigold in response to six 2-h end-

of-day treatments of 70 μmol·m-2·s-1 provided by light-emitting diodes. The control 

(CTRL) EOD spectrum had a photon flux ratio of blue (B; 400–500 nm), green (G; 

500–600 nm), red (R; 600–700 nm) and far red (FR; 700–800 nm) of 

27B:37G:36R:33FR with a R:FR of 1.1. The names of the remaining treatments 

reflect the percentages of B and R. Bars bearing the same letter are not significantly 

different (P ≤ 0.05). Error bars represent standard error (n = 3), with each 

experimental unit comprised of 8 subsamples except for calibrachoa for which 

outliers were excluded. 
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 Petunia Calibrachoa Geranium Marigold 

Date of first bud (DAT) 11.8 ± 0.4z 11.8 ± 0.5 30 ± 1 25.6 ± 0.9 

Date of first flower (DAT) 19.2 ± 0.4 19.3 ± 0.4 n.a. n.a. 

Length of last petiole (cm) n.a. n.a. 5.8 ± 0.5 n.a. 

Stem diameter (mm) 4.7 ± 0.2 3.2 ± 0.3 9.0 ± 0.4 7.8 ± 0.3 

No. of branches 10.4 ± 0.5 21 ± 2 n.a. n.a. 

No. of nodes 4.3 ± 0.3 26 ± 1 8.2 ± 0.4 7.7 ± 0.4 

No. of buds 16 ± 2 24 ± 6 1.4 ± 0.4 2.4 ± 0.7 

No. of flowers 2.3 ± 0.3 4 ± 2 n.a. n.a. 

Leaf area (cm2) 728 ± 62 666 ± 63 856 ± 106 748 ± 47 

Leaf dry weight (g) 1.4 ± 0.1 1.8 ± 0.2 4.0 ± 0.5 2.1 ± 0.1 

Stem dry weight (g) 1.3 ± 0.1 1.7 ± 0.2 1.8 ± 0.3 1.2 ± 0.1 

Total dry weight (g) 2.8 ± 0.2 3.5 ± 0.5 5.8 ± 0.7 3.3 ± 0.3 

Specific leaf area (cm2∙g-1) 506 ± 26 385 ± 44 216 ± 9 354 ± 16 

zReported values are means ± SD of pooled data from six treatments over three replicates (n = 18), as 

no treatment effects were observed for these parameters. Each experimental unit consisted of 8 

subsamples (plants). Data are presented for descriptive purposes. 

n.a. = not applicable (parameter was not measured for this species) 

 

  

Table 3.3: Mean values for morphology and flowering in petunia, calibrachoa, geranium, 

and marigold. 
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Fig. 3.2: Morphology of petunia, geranium, marigold, and calibrachoa in response to six 2-

h end-of-day treatments of 70 μmol·m-2·s-1 provided by light-emitting diodes. The 

control (CTRL) had a photon flux ratio of blue (B; 400–500 nm), green (G; 500–600 

nm), red (R; 600–700 nm) and far red (FR; 700–800 nm) of 27B:37G:36R:33FR 

with a R:FR of 1.1. The names of the remaining treatments reflect the photon flux 

ratios of B and R. 
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3.5 Discussion 
 

Petunia was the only species for which EOD treatments reduced plant height compared to 

control. Petunia was also found to be the most sensitive species to spectral composition, in terms 

of morphology, when the same four cultivars were grown under continuous lighting using 

combinations of B, R and FR (Kong et al. 2018). In the present study, three out of four treatments 

containing B reduced the height of petunia while 100R and 50B:50R did not. This indicates that 

including B in an EOD R treatment can improve height control. However, the effectiveness of the 

EOD treatments did not appear to be linearly related to the proportion of B, given that 10B:90R 

and 75B:25R were effective, while 50B:50R was not. 

 

The 100R treatment did not affect height compared to CTRL in any of the four species. 

The absence of an effect of 100R on the height of petunia differs from Ilias and Rajapakse (2005) 

who found that EOD R (15 min at 2.1 W∙m2 from filtered fluorescent lights) reduced height of 

Petunia ×hybrida “Countdown Burgundy” by 2.6 cm (20%) in a greenhouse experiment. The 

experimental designs differed, however, including light source (broad coverage of 600–700 nm 

vs. narrow band LED at 660 nm), setting (greenhouse vs. growth chamber), treatment duration (15 

min vs. 2 h), treatment intensity (2.1 W∙m2 roughly translates to 15 µmol∙m-2∙s-1, vs. ~70 µmol∙m-

2∙s-1), and photoperiod (10.5 h average vs. 14 h + 2 h treatment). While any of the above could 

account for whether treatment effects were observed or not, the setting of greenhouse vs. growth 

chamber is particularly interesting because our CTRL spectrum did not replicate the phenomenon 

at twilight when R:FR tends to drop ~30% (Hughes et al., 1984), so our results may have 

underestimated the effect that EOD R could achieve in a greenhouse. A drop in R:FR at the EOD 

increased height of chrysanthemum, even at very low intensities simulating twilight (Lund et al., 
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2007). This same phenomenon may have increased the height of the control petunias from Ilias 

and Rajapakse (2005). 

 

The repressed stem elongation in petunia in the 100B treatment compared to the control 

was considered unexpected, as day-long studies typically show monochromatic blue light to 

dramatically promote stem elongation compared to monochromatic R or combinations of R and B 

LEDs across multiple species including petunia (Hernández et al., 2016; Kong et al., 2018). From 

this perspective, the result for marigold was expected, as the plants exposed to 100B were taller 

than 100R. While phytochromes and cryptochromes are common to higher plants, these results 

support earlier ideas that species regulate the coaction between B light and R:FR signals differently 

(Mohr, 1994). For petunia, it is possible that the Pfr/P established by the daytime spectrum was 

important, given that the daytime Pfr/P was higher than that of the 100B treatment (0.70 vs. 0.49), 

as the inhibitory effect of B on stem elongation was dependent or was enhanced by the presence 

of phytochrome in its active (Pfr) form in cucumber (Attridge et al., 1984), Scots pine (Pinus 

sylvestris L.) (Mohr, 1994), and mustard (Sinapsis alba) (Casal and Smith, 1988). However 

phytochrome status does not explain all, as Kong et al. (2018) demonstrated petunia grown under 

50 or 100 μmol·m-2·s-1 of 100B (Pfr/P = 0.49) were not different than a treatment with the same 

PPFD composed of 90% B and 10% R plus FR giving a R:FR of 1.1 (Pfr/P = 0.63). Another 

explanatory factor was that our CTRL spectrum contained markedly lower photon flux of B than 

the 100B treatment (18.7 ± 3.1 vs. 70.6 ± 9.0 μmol·m-2·s-1) while the aforementioned treatments 

in Kong et al. (2018) contained similar B photon flux to each other. Still, neither of these 

explanations account for why the 50B:50R did not affect petunia height while treatments with both 

lower and higher quantities of B did have an effect. 
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Despite substantial differences in stem elongation commonly observed between EOD R 

and EOD FR treatments, EOD R did not exhibit a shortening response in the present study when 

the plants were grown in a chamber under a 14-h artificial solar spectrum with a R:FR of 1.1. As 

demonstrated in petunia, EOD treatments containing B have potential for height control, which led 

to reductions of up to 14% (1.6 cm) at the time of flowering. However, effects of EOD treatments 

on plant height relative to CTRL were not observed in all treatments containing B, or in the other 

species tested, which suggests the importance of fine tuning the EOD spectrum and species-

specific testing of LED-based EOD treatments for industry-relevant plant growth regulation.  
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Chapter 4: Blackout Reduces Height of Easter Lily (Lilium 

longiflorum) but End-of-Day Red LED Light Treatment Does Not 

 

4.1 Chapter Summary 
 

One principal for reducing stem extension in greenhouse production is to counteract the 

natural drop in the red-to-far red ratio (R:FR) which occurs during twilight. This study evaluated 

three treatments on the morphology of Easter lilies: a 1-h end-of-day red light treatment 

providing 20 μmol·m-2·s-1 (EOD R), blackout curtains which were closed at 45–75 min before 

sunset (BO), and a control with natural dusk (CTRL). Plants under the BO treatment were 11% 

shorter than CTRL, while height of the plants exposed to EOD R were not different than BO or 

CTRL. Other measured parameters including flowering were not affected. 

 

4.2 Introduction to Chapter 4 
 

Height control is crucial for Easter lily production to attain acceptable aesthetics and to 

enable shipping to retailers in standard-sized boxes. Growers commonly rely on plant growth 

regulators (PGRs) (Francescangeli et al., 2007; Jiao et al., 1986; Wulster et al., 1987) and 

temperature control (Blom et al., 2004; Erwin and Heins, 1995; Erwin et al., 1989; Wilfret, 

1987) to manage plant height. Jiao et al. (1986) showed up to 57% (26.3 cm) reductions in 

‘Nellie White’ Easter lily height using soil-incorporated paclobutrazol, demonstrating that PGRs 

can be a powerful tool for height reduction in Easter lilies, although dry weight was reduced by 

45% as a drawback. Alternatively, non-chemical methods of controlling height are becoming 

desirable as PGRs face increasing environmental concerns and tighter regulations (Bergstrand, 
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2017). LEDs are a promising tool for manipulating plant morphology, such as height control, as 

targeted light spectrum modifications can have substantial photomorphological effects. For 

example, the photon flux ratio of red (R, 600–700 nm) to far red (FR, 700–800 nm) light (R:FR) 

can dramatically affect plant morphology in sole-source lighting scenarios (Carvalho and Folta, 

2014; Hernández et al., 2016; Holmes and Smith, 1977c; Kong et al., 2018; Mah et al., 2018). 

The challenge remains to design effective growth control treatments using LEDs to alter light 

quality in greenhouse production environments. 

 

One aspect of ambient light quality in greenhouses is that the R:FR tends to drop at the 

end of the natural photoperiod (Hughes et al., 1984). A decrease in R:FR can trigger “shade 

avoidance” responses in many species (Demotes-Mainard et al., 2016; Smith and Whitelam, 

1997), including internode elongation in Easter lily (Blom and Kerec, 2003; Blom et al., 1995). 

 

During the daytime (i.e., solar elevation > 10–15°), the R:FR of natural sunlight is 

approximately 1.15, but during twilight (solar elevation < 10–15° until darkness), the R:FR 

gradually drops approximately 35% (i.e. to 0.75) (Holmes and Smith, 1977a). However, light 

intensity and quality at sunset and twilight varies with weather, time of year, latitude, and light 

pollution (Kishida, 1986; Spitschan et al., 2016). In general the change in R:FR during twilight is 

expected to affect at least some species, as Lund et al. (2007) found that height of 

chrysanthemum increased as R:FR was reduced from 2.4 to 0.7 to mimic twilight (using LEDs), 

under very low PPFD (<3 μmol·m-2·s-1) for 30 min at the end of photoperiod in growth 

chambers. Similarly, our previous study showed that in four bedding plant species, when daytime 

R:FR was reduced from 1.1 to 0.7 in an LED growth chamber, the stems were also elongated 
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(Mah et al., 2018), although changes to the R:FR during the whole day may have not produced 

the same effects compared to changing R:FR during twilight only. 

 

Instead of competing with the native intensity and spectrum characteristics of natural 

sunlight, targeted spectrum applications from artificial sources (such as LEDs) near the end of-

day (EOD), i.e., at the tail end of the photoperiod just prior to darkness, may be an efficacious 

strategy for manipulating crop morphology in greenhouse environments. During twilight, the 

spectrum of artificial lighting can comprise the majority of plant biologically active radiation 

(PBAR; 280–800 nm) that the plant receives, even at moderately low fluence rates. While 

increasing the R:FR at the EOD was less effective for growth control than the same treatment 

applied over the entire photoperiod, using FR-absorbing filters (Cerny et al., 2004), EOD 

treatments still warrant investigation as they may require less infrastructure or energy than all-

day treatments. 

 

Adding monochromatic FR at EOD has been shown to have a strong promoting effect on 

internode elongation in numerous species (Casal and Smith, 1989b; Chia and Kubota, 2010b; 

Ilias and Rajapakse, 2005; Vince-Prue, 1977; Zahedi and Sarikhani, 2016), including Easter lily 

(Blom et al., 1995). However, fewer experiments have compared EOD R lighting to an ambient 

control. Adding 15 min of R (2.1 W·m-2, which is ~ 15 µmol∙m-2∙s-1) at EOD in a greenhouse 

using filtered fluorescent light reduced height of petunia by 2.6 cm (20%) compared to the 

ambient control (Ilias and Rajapakse, 2005). 
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Blackout strategies (BO) have been in use for over a decade in Easter lily production to 

suppress stem elongation (Blom et al., 2004; Miller, 1992). By shortening the natural daylength 

to 8-h, BO reduced height of ‘Nellie White’ Easter lily by 15% (6.8 cm) (Blom et al., 1995), 

26% (13.4 cm) (Blom and Kerec, 2003) or even 45% (16.4 cm) (Heins et al., 1982b). It has been 

suggested that BO curtains control stem elongation by eliminating the dynamic changes in R:FR 

during twilight, therefore preventing any stem-lengthening associated with the drop in R:FR 

(Blom et al., 1995), and also by shortening the photoperiod. However many studies investigating 

photoperiod for Easter lily height control used incandescent lights (which have been reported 

with a R:FR of ~0.6 (Craig and Runkle, 2016)) to extend daylength (Roh and Wilkins, 1977a, 

1977b; Smith and Langhans, 1962), or compared BO with natural days without controlling for 

light quality changes at twilight (Blom and Kerec, 2003; Blom et al., 1995; Heins et al., 1982b), 

hence in these cases the effects of photoperiod cannot be isolated from the effects of spectrum. 

When photoperiod extension lighting was provided by either high pressure sodium (HID) or 

incandescent lamps, Easter lilies given incandescent extension lighting were 11 to 16 cm taller 

than those given HID light at flowering (Heins et al., 1982a), showing the importance of 

controlling spectrum when investigating photoperiod. Nonetheless at least one study 

demonstrated that a short 8-h photoperiod dramatically reduced Easter lily height by 29% (24.8 

cm) compared to a 16-h photoperiod in growth chambers, while controlling for light quality 

(Kohl and Nelson, 1963), confirming that photoperiod is a factor for Easter lily height. The short 

photoperiod also resulted in lower dry weight, attributed to reduced overall light quantity, while 

leaf number was unaffected (Kohl and Nelson, 1963). 
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Other methods that use environmental manipulation strategies to control Easter lily have 

been demonstrated, although they all have challenges which may be barriers to commercial 

adoption. It has been shown that increased light intensity results in shorter Easter lilies, where 

doubled light intensity (without changing photoperiod) resulted in height reductions of 17% 

(13.4 cm) in one study (Kohl and Nelson, 1963), and 23% (15.7 cm) to 37% (19.2 cm) in another 

(Heins et al., 1982a). Higher light intensities can be achieved through maintaining high light 

transmission by keeping greenhouse coverings clean. Jimenez et al. (2010) reported that 

whitewash reduced the transmission coefficient of a polyethylene greenhouse by 0.18, or through 

supplemental lighting, but the energy and infrastructure costs of the latter are a trade-off. 

Providing warmer temperatures during the night compared to day (i.e., DIF) is also known to 

control height of many commodities including Easter lily. For example, raising night temperature 

from 14 °C to 30 °C after flower initiation reduced height of Easter lily by 29% (12.5 cm) when 

day temperature was held at 14 °C (Erwin et al., 1989), although the energy required for heating 

must be considered for this height control strategy. Reducing the temperature of irrigation 

solution from 18 °C to 2 °C, applied to the shoot apex, was found to linearly reduce Easter lily 

height by 1.75 cm per degree Celsius (Blom et al., 2004); though focused applications of cooled 

water to the shoot apex may not be easy to scale-up to commercial production. 

 

The objective of this study was to evaluate the efficacy of BO and low fluence rates of 

EOD R on height and flowering of greenhouse-grown Easter lily. We hypothesized that both 

EOD R and BO would reduce height compared to CTRL given that both solutions prevent a drop 

in R:FR at the EOD. 

 



61 

 

4.3 Materials and Methods 
 

Plant material 

On 27 Oct. 2017, 450 bulbs (8–9” circumference) of Lilium longiflorum ‘Nellie White’ 

arrived at Meyer’s Flowers in Niagara-on-the-Lake, ON, Canada from a US farm. Bulbs were 

planted singly in 15-cm diameter pots (14-cm tall) filled with BM6 all-purpose growing medium 

(Berger, Saint-Modeste, QC, Canada), moistened and cooled to ≈7 °C for vernalization until 7 

Dec. 2017 (i.e., for 41 days), at which time they were transported to the University of Guelph, 

Ont., Canada (43.5 °N). 

 

Growing conditions 

The potted bulbs were placed on benches in a greenhouse (no supplemental lighting) and 

held at 13.8 ± 0.7 °C (mean ± SD) until emergence, for 18 d. On 8 Dec. 2017, each pot was top-

irrigated with ~200 mL of fertilizer solution made with 20N–3.4P–16.6K (20–8–20 All Purpose 

High Nitrate; Master Plant-Prod, Inc., Brampton, ON, Canada) in deionized water to provide 200 

mg∙L-1 N. Thereafter, all plants were top irrigated as needed with a fertilizer solution composed 

of 15N–0P–12.5K water-soluble fertilizer (15–0–15 CAL-POT Special, Master Plant-Prod Inc., 

Brampton, ON, Canada) in water comprised of well and deionized water (mixed to have an 

electrical conductivity (EC) of 500 μS·cm-1) to provide 165 ppm N. This raised the solution EC 

to 1600 μS·cm-1. 

 

On 25 Dec. 2017, 180 uniform, recently-emerged plants were selected as sample plants. 

These were distributed in 3 adjacent research greenhouse compartments (6.2 m × 7.6 m) running 

east to west containing 3 benches each, with long sides of the benches oriented in the east-west 
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direction and with 20 plants per bench. Plants were spaced 20 cm apart on-center, in a 10 × 2 

grid at the geometric center of each benchtop. Single rows of border plants (taken from the 

remaining 270 plants) were placed around all four sides of each treatment plot, also with 20-cm 

spacing. From this time onwards, plants were subirrigated, with the 15N–0P–12.5K solution 

previously described, when sample pots from each bench weighed less than 700 g, and drained 

when pots weighed over 1100 g throughout the experiment. The runoff was collected and stored 

in underground tanks for reuse. The temperature and pH of the solutions, measured prior to each 

irrigation event, were 15 ± 1 °C and 7.3 ± 0.2 (mean ± SD), respectively. The nutrient solution 

reservoir tank was topped up as needed. Each greenhouse section was independently controlled 

using an environmental control system (Titan, Argus Controls Systems Ltd., Surrey, BC, 

Canada) at constant temperature and relative humidity (RH) of 17 °C and 60% respectively. 

Environmental data, logged on 15 min intervals, are summarized in Table 4.1. 

 

Three lighting treatments were provided in each greenhouse section, with one treatment 

allocated to each bench: 1) Blackout curtains, which opened 0–60 min after sunrise and closed 

45–75 min before sunset (BO), 2) an end-of-day red light treatment of 20 µmol·m-2·s-1 at pot 

level, (from R LEDs) for 1 h, starting 30 min after the blackout curtains closed (EOD R), and a 

control with natural twilight (CTRL). Each bench was equipped with automatic blackout 

capability (top and side curtains). The side curtains on the EOD R treatment were closed half-

way at dusk which prevented light leakage onto neighboring benches while still allowing light 

from the evening sky to reach the plants within the EOD R treatment. The curtains on the BO 

treatment benches were fully closed and the curtains on the CTRL treatment benches were not 

used.  
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Greenhouse Day temperature (°C)z Night temperature (°C) Relative humidity (%) 

A 17.8 ± 1.4 y 16.9 ± 0.3 56 ± 14 

B 17.3 ± 0.9 16.9 ± 0.3 63 ± 4 

C 17.4 ± 1.3 16.9 ± 0.3 59 ± 7 

zThe bounds of day and night were defined by astronomical sunrise and sunset using calculations 

from the National Oceanic and Atmospheric Administration. 

yData are means ± SD of measurements logged in 15 min intervals from 25 Dec. 2017 to 22 Apr. 

2018. 

  

Table 4.1: Mean day/night temperatures and relative humidity during the trial. 
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Each plot was provided 153 ± 8 µmol·m-2·s-1 (mean ± SD) of supplemental lighting using 

two programmable LED light fixtures per bench (LX601, Heliospectra AB, Sweden), affixed 

1.35 m above the bench, separated by 1.60 m (on-center), oriented with the long sides of the 

fixtures parallel with the long sides of the bench and centered over the plots. The supplemental 

lighting spectrum provided a photon flux ratio of B, green (G, 500–600 nm) and R of 

21B:13G:66R (Fig. 4.1) generated from B (450 nm peak), white (W, 5700K broad-spectrum) and 

R (660 nm peak) LEDs. The LED fixtures were programmed to turn on and off daily at the same 

time as the BO curtains opened and closed. The EOD R treatment provided 19.8 ± 0.9 µmol·m-

2·s-1 (mean ± SD) using the R channel at a reduced intensity and was scheduled for 60 min each 

day starting 30 min after the blackout curtains closed. 

 

The lighting schedules were adjusted in 30-min increments as the natural daylength 

increased throughout the trial (Fig. 4.2), resulting in an average photoperiod in the BO treatment 

of 9.6 h and an average supplemental daily light integral (DLI) of 5.3 mol·m-2·d-1, measured at 

pot height. The average natural photoperiod was 11.0 h and average outdoor DLI was 18.0 

mol·m-2·d-1, based on pyranometer measurements, over the treatment period. Assuming 35% 

transmission of incident sunlight at bench level based on our previous measured data for these 

greenhouses (not published), indoor ambient DLI was 6.3 mol·m-2·d-1, giving an average total 

DLI (i.e., natural and supplemental) of 11.6 mol·m-2·d-1 (Table 4.2). The total DLI provided was 

approximately equal to the minimum recommended DLI of 12 mol·m-2·d-1 for producing high 

quality Easter lilies (Faust, 2003). 
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Fig. 4.1: Spectral distributions of: Supplemental LED light provided by a mix of blue (440 

nm peak), white (5700K broad spectrum) and red (660 nm peak) (A), and end-of-

day red treatment (B). 
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Fig. 4.2: Treatment schedule from 26 Dec. 2017 to 22 Apr. 2018. Blackout (BO) curtains 

were raised 0–60 min after sunrise and were lowered or turned off 45–75 min before 

sunset. Supplemental lighting (SL) were on while BO curtains were open. The end-

of-day red (EOD R) treatment ran for a 1-h duration and ended 15–45 min after 

sunset. The system schedules were manually updated as days lengthened. 
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   DLI (mol∙m-2∙d-1) 

Datesz BO openy Photoperiod (h) Outdoor Indoorx Supplemental Total 

25 Dec.–16 Jan. 8:00 AM–16:00 PM 8 10.7 3.7 4.4 8.1 

17 Jan.–10 Feb. 8:00 AM–16:30 PM 8.5 11.9 4.2 4.7 8.9 

11 Feb.–7 Mar. 7:30 AM–17:00 PM 9.5 17.0 5.9 5.2 11.1 

8 Mar.–29 Mar. 7:00 AM–17:30 PM 10.5 25.5 8.9 5.8 14.7 

30 Mar.–22 Apr. 6:30 AM–18:00 PM 11.5 25.8 9.4 6.3 15.7 

Average  9.6 18.0 6.3 5.3 11.6 

zDates are inclusive 

ySupplemental lights were on when BO curtains were open 

xIndoor DLI refers to ambient sunlight at bench level, calculated assuming 35% transmission 

BO = Blackout 

 

  

Table 4.2: Blackout, and supplemental lighting schedule with average ambient and 

supplemental daily light integral (DLI) for each schedule change period. 
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Spectral intensity distribution for supplemental lighting and EOD R treatments were 

measured, at night, with a radiometrically-calibrated spectrometer (XR FLAME-S, Ocean 

Optics, Dunedin, FL) equipped with a 1.5-m long, 400 μm diameter UV-VIS optical fiber with a 

CC-3 (3900 μm) cosine corrector, tethered to a laptop running SpectraSuite software (Ocean 

Optics) using the PARSpec subroutine. Light measurements were taken, at pot height, on a 2 × 

10 grid, matching the location of the center of each of the sample pots. 

 

Plant Measurements 

Floral initiation on three random border plants was destructively confirmed to be near 

completion (i.e., stage E; De Hertogh et al. 1976) using a stereo microscope at 45× (S90015; 

Thermo Fisher Scientific Inc., Waltham, MA) on 25 Jan. 2018 for the purpose of aiding data 

collection timing (Fig. 4.3). Starting in mid-January 2018, every trial plant was investigated daily 

for visible bud formation and date of visible bud was recorded for each plant. 

 

Starting 1 Apr. 2018, every trial plant was investigated before 12:00 HR daily for 

flowering, defined as when the first flower of a plant opened and turned from green to white. 

Upon flowering, the date was recorded and both non-destructive and destructive measurements 

were conducted for the respective plant the same day. Total height (pot rim to highest part of 

plant) and stem height (pot rim to base of inflorescence) were measured. Leaves on the stem 

(including senesced leaves) and total flower buds were counted, and leaf area was measured with 

a scanning leaf area meter (LI-3100; LI-COR, Inc., Lincoln, NE). The tissues of each plant 

(exclusive of adventitious roots) were then divided into: 1) bulb, 2) stem and flowers, and 3) 

leaves, and oven-dried to constant weight at 70 °C.  
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Fig. 4.3: Flower initiation near completion on 25 January 2018 (stage E; De Hertogh et al., 

1976) as seen under an observing microscope at 45× magnification, dyed with 

aniline blue to make features more visible. 
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Statistical analysis 

This study was a randomized complete block design, with greenhouse compartment as 

the block (m = 3), and bench as the experimental unit (n = 9) with 20 plants (sub samples) per 

bench. Statistical analysis was performed in RStudio (RStudio Team, 2016) using “R” software 

version 3.3.1 (R Core Team, 2016). Analysis of variance was performed on each metric, and 

Tukey’s honestly significant difference post hoc test was performed using the “agricolae” 

package (de Mendiburu, 2016). Significance for all analyses was defined at P ≤ 0.05. 

 

4.4 Results and Discussion 
 

Out of all variables measured, only plant height showed treatment effects (Table 4.3). 

The BO treatment reduced total height compared to CTRL by 11% (4.0 cm), while there were no 

treatment effects in the EOD R-treated plants. The results align with previous studies which 

showed that EOD blackout can reduce Easter lily height, although the results were not as 

dramatic compared to the 15%–45% height reductions found in literature (Blom and Kerec, 

2003; Blom et al., 1995; Heins et al., 1982b), although it is worthwhile to note that the BO in 

these studies shortened the photoperiod to 8 h, while in the present study photoperiod was 9.6 h 

on average. The differences in total height between BO and CTRL treatments were primarily 

attributable to internode length since stem length was 18% (3.6 cm) shorter in BO compared to 

CTRL but leaf number was unaffected by treatment. 
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 Treatment  

 
CTRL BO EOD R Significancez p-value 

Total height (cm)y 35.9 ± 1.5 a 32.0 ± 1.1 b 34.8 ± 1.3 ab * 0.04482 

Stem height (cm)x  19.8 ± 1.1 a 16.3 ± 0.8 b 18.9 ± 0.9 ab * 0.02195 

No. of buds 7.5 ± 0.2 7.4 ± 0.1 7.4 ± 0.1 NS  

No. of leaves below 

inflorescence 

86.2 ± 0.8 84.6 ± 0.7 85.1 ± 0.2 NS  

Leaf area (cm2) 1550 ± 110 1490 ± 60 1520 ± 30 NS  

Leaf dry weight (g) 10.6 ± 0.4 10.6 ± 0.1 10.4 ± 0.1 NS  

Stem dry weight (g)w 14.1 ± 0.5 13.0 ± 0.3 13.8 ± 0.2 NS  

Bulb dry weight (g) 20.1 ± 0.4 20.5 ± 1.6 19.4 ± 0.9 NS  

Total dry weight (g) 44.8 ± 0.7 43.9 ± 1.9 42.9 ± 0.3 NS  

Days to visible bud (DAE)v 70.1 ± 0.3 70.0 ± 0.3 70.3 ± 0.1                   NS  

Days to first flower (DAE) 109 ± 2 108 ± 3 111 ± 1                   NS  

z NS, * Nonsignificant or significant at P ≤ 0.05, respectively.  

yTotal height was measured from the rim of the pot to the highest point on the plant.  

xStem height was measured from the rim of the pot to the base of the inflorescence. 

wStem dry weight includes flowers. 

vVisible bud was determined when buds were visible to the eye without touching the plant. 

All reported values are mean ± SE (n = 3). Each sample is an average of 20 plant subsamples. 

DAE = days after emergence; CTRL = control; BO = blackout; EOD R = end-of-day red 

  

Table 4.3: Growth and morphology of ‘Nellie White’ Easter lily at harvest. 
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The hypothesis that both EOD R and BO would be effective was not supported, 

suggesting that the EOD changes in R:FR is not the only factor related to BO efficacy as both 

EOD R and BO treatments eliminated the twilight drop in R:FR. The photoperiods between the 

treatments differed, however, as EOD R extended the natural photoperiod by 15–45 min and BO 

shortened it by 1.4 h on average. The shortened photoperiod in the BO treatment may have 

contributed to the reduction in height compared to CTRL. Kohl and Nelson (1963) demonstrated, 

using a static light spectrum (from a mixture of fluorescent and incandescent sources) in growth 

chamber studies, that ‘Ace’ Easter lily height was independently reduced by shorter photoperiod 

(8 vs. 16 h) and higher light intensity (500 vs. 1000 foot-candles), as opposed to the combination 

of these factors, normally represented by DLI for other species. Since BO strategies 

simultaneously reduce the photoperiod and increase the average intensity (as they eliminate light 

exposure at the times of day when PPFD values are naturally very low), the stem-shortening 

effect of the BO treatment may have resulted from the combination of both of these factors. An 

investigation of how an array of different BO-induced photoperiods affect greenhouse 

production of Easter lily may be worthwhile. However, previous BO studies showed that shorter 

photoperiod may result in less robust plants; Kohl and Nelson (1963) found that Easter lily had 

reduced dry weight and flower number under 8 h vs. 16 h photoperiods. Under less extreme 

photoperiodic differences (8 h photoperiods vs. natural photoperiods) ‘Nellie White’ Easter lilies 

had reduced stem dry weight, but no difference in flower number (Blom and Kerec, 2003; Blom 

et al., 1995). Our results revealed no difference in either dry weight or flower number between 

BO and natural photoperiod however, possibly as our BO did not reduce the photoperiod or DLI 

as much as other studies. 
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When the depth of the pot (14 cm) is included in the height, the mean final height for 

each treatment was less than 53.3 cm (i.e., 21”), meaning that the average plant could easily fit in 

a standard 22” shipping box (Fig. 4.4). Given that this was achieved without using DIF strategies 

or PGRs it is likely that increasing the mean DLI to approximately 12 mol∙m-2∙d-1 through the use 

of supplemental lighting contributed to keeping plants relatively short, as the DLI met the 

general DLI recommendation for ‘high quality’ Easter lilies (Faust, 2003). For comparison, 

greenhouse-grown Easter lilies, as control, in other studies are normally significantly taller; for 

example plants forced at a similar temperature of 18 °C with natural daylight resulted in stem 

heights of 37 cm (Blom et al., 2004) which is substantially taller than the 16–20 cm stem heights 

in the present study. The notion that the plants may have been ‘pampered’ in terms of DLI leads 

to the question of whether the treatments, both BO and EOD R, may have shown greater effects 

if the plants were forced under a lower DLI. 

 

In conclusion, this study corroborated previous research that BO can reduce plant height 

and suggested that factors other than eliminating twilight-associated drop in R:FR, such as 

photoperiod, are important for BO efficacy. Although the BO effect on height in the present 

study was not as dramatic as other BO studies, there was also no sacrifice of plant quality (i.e. no 

reduction in dry weight or flower bud number). In the present study, the use of low fluence rate 

of R at the end-of-day was not efficacious in reducing height of Easter lily. 
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Fig. 4.4: Height of Easter lilies (Lilium longiflorum) in response to three treatments: control 

(CTRL), blackout curtains closing 45–75 min before sunset (BO), and 1-h end-of-

day red LED light treatment providing 20 μmol·m-2·s-1 (EOD R). Three greenhouse 

replicates are denoted as A, B and C. Each photo was taken prior to destructive 

harvest when at least one sample plant from each treatment reached flowering stage 

(one open flower with no more visible green pigmentation) the same day within a 

greenhouse. The vertical white bars on the left side represent 10 cm and the dotted 

lines represent a standard shipping box height 22” above the table. 
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Chapter 5: Conclusions and Future Research Directions 
 

The primary objective of this thesis was to evaluate whether light quality could be 

manipulated for plant growth regulation in greenhouse-relevant settings. In Chapter 2, we 

confirmed that a reduced R:FR, representative of hanging basket shading, can contribute to 

reduced bedding plant quality (e.g., longer stems). In one of two experiments at different 

temperatures, when R:FR was reduced from 1.1 to 0.7, stems or petioles increased in length by 

10%–32% depending on the species. There were also substantial morphology differences (e.g. 

26%–67% shorter) when fluorescent spectrum (R:FR > 14) was compared to the LED treatments, 

demonstrating that spectrum manipulation is a potential tool for growth regulation. 

 

In Chapters 3 and 4, various end-of-day (EOD) treatments were evaluated. Six EOD 

treatments containing B and R light combinations or a “daylight” control were tested with the same 

four bedding plants as Chapter 2. Petunia was the only species where treatments differed from the 

control, with height reductions of 12%–14% in three out of four treatments containing blue light, 

while the EOD R treatment did not show treatment effects. In marigold, EOD R was shorter than 

EOD B, and geranium and calibrachoa did not show treatment effects, demonstrating that the 

degree of sensitivity to either EOD B or R is species specific. The results demonstrate the 

importance species-specific testing and of the potential to increase effectiveness of EOD 

treatments by targeting more than one physiological pathway. In Chapter 4, black out (BO) 

curtains successfully reduced Easter lily height compared to control while plants treated with 1-h 

EOD R was not significantly different from either BO or control group. 
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The highlighted results demonstrated an overarching trend: while artificially created 

spectra can induce vastly different plant morphologies in sole-sourced environments, the 

treatments effects for growth control have tended to be more subtle in greenhouse-relevant 

settings. This highlights the importance of practically designed trials with appropriate control 

treatments to guide industry investment, and the importance of taking the entire light environment 

(photoperiod, daytime spectrum, light intensity, timing, etc.) into account. 

 

While we have confirmed that R:FR can contribute to reduced plant quality with a constant 

PPFD, further study of interaction between R:FR and reduced light intensity representative of 

greenhouses would provide a more complete picture of exactly how much plant shading should be 

a concern in greenhouses. 

 

Based on the EOD study results, particularly Chapter 3, when designing EOD treatments, 

it may be wise to explore as many pathways related to stem elongation as possible and not limit 

research to the common EOD R and FR. For example, when testing a species of interest such as 

Easter lilies, it may be worthwhile to also compare treatments containing blue light, or even shorter 

wavelengths such as UV-B. Additionally, comparing the effects of EOD treatments using different 

photoperiods could be of benefit. Overall while the EOD treatments in this thesis did show effects 

in some species, there appears to be potential for improvement. Different treatments and variations 

should be explored to obtain more powerful results. 
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Appendix A: Supplementary Figures 

 

  

Fig. A.1: Height-related parameters with regressions (P ≤ 0.05) for marigold, petunia, 

calibrachoa and geranium in response to R:FR at 25/21 °C (day/night) in Chapter 2, 

experiment 2. Error bars represent standard error (n = 5). 
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Appendix B: Supplementary Tables 
 

 

Treatment Height (cm) 

Date of first 

bud (DAT) 

Date of first 

flower (DAT) 

Stem diameter 

(mm) 

Control 13.1 ± 0.1 az 11.8 ± 0.3 19.1 ± 0.4 4.8 ± 0.1 

100R 11.8 ± 0.5 ab 11.7 ± 0.2 19.3 ± 0.1 4.7 ± 0.1 

10B90R 11.5 ± 0.1 b 11.8 ± 0.3 19.2 ± 0.2 4.4 ± 0.1 

50B50R 12.0 ± 0.5 ab 12.1 ± 0.4 19.3 ± 0.4 4.9 ± 0.2 

75B25R 11.3 ± 0.1 b 11.8 ± 0.3 19.4 ± 0.1 4.7 ± 0.1 

100B 11.2 ± 0.6 b 11.7 ± 0.2 19.1 ± 0.1 4.7 ± 0.2 

 

 

 

Treatment 

Leaf area 

(cm2) 

Leaf dry 

weight (g) 

Stem dry 

weight (g) 

Total dry 

weight (g) 

Specific leaf 

area (cm2∙g-1) 

Control 677 ± 38 1.4 ± 0.1 1.3 ± 0.1 2.7 ± 0.1 497 ± 14 

100R 743 ± 31 1.5 ± 0.1 1.4 ± 0.1 2.9 ± 0.2 502 ± 14 

10B90R 764 ± 57 1.5 ± 0.1 1.3 ± 0.1 2.8 ± 0.2 518 ± 21 

50B50R 754 ± 23 1.5 ± 0.1 1.4 ± 0.1 2.9 ± 0.1 516 ± 25 

75B25R 709 ± 24 1.4 ± 0.1 1.3 ± 0.1 2.7 ± 0.1 505 ± 10 

100B 721 ± 39 1.4 ± 0.1 1.2 ± 0.1 2.7 ± 0.1 502 ± 16 
zReported values are means ± SE (n = 3) with each experimental unit (replicate over time) 

consisting of 8 subsamples (plants). For variables with treatment effects, letters from Tukey’s 

honestly significant difference post hoc test are presented next to the values; treatments 

containing the same letter are not significantly different (P ≤ 0.05). 

  

Table B.1: Petunia morphology and flowering in response to six end-of-day treatments. 

Treatment 

No. of 

branches 
No. of nodes No. of buds No. of flowers 

Control 10.0 ± 0.3 4.4 ± 0.1 16 ± 1 2.3 ± 0.2 

100R 10.1 ± 0.1 4.2 ± 0.1 16 ± 1 2.3 ± 0.1 

10B90R 10.7 ± 0.2 4.3 ± 0.1 17 ± 1 2.4 ± 0.2 

50B50R 10.5 ± 0.2 4.2 ± 0.2 16 ± 1 2.5 ± 0.1 

75B25R 10.2 ± 0.1 4.3 ± 0.2 15 ± 1 2.1 ± 0.1 

100B 10.7 ± 0.4 4.4 ± 0.4 15 ± 1 2.1 ± 0.1 



88 

 

Treatment Height (cm) 

Date of first 

bud (DAT) 

Date of first 

flower (DAT) 

Control 33 ± 1z 
11.8 ± 0.3 19.1 ± 0.4 

100R 34 ± 1 11.7 ± 0.2 19.3 ± 0.1 

10B90R 33 ±1 11.9 ± 0.4 19.2 ± 0.2 

50B50R 34 ± 1 12.2 ± 0.4 19.4 ± 0.3 

75B25R 30 ± 2 11.9 ± 0.4 19.5 ± 0.2 

100B 31 ± 1 11.7 ± 0.2 19.1 ± 0.1 

 

Treatment 

No. of 

branches No. of nodes No. of buds No. of flowers 

Control 21 ± 1 25.2 ± 0.6 26 ±5 4.9 ± 1.4 

100R 21 ± 1 25.5 ± 0.8 24 ± 2 3.9 ± 1.0 

10B90R 20 ± 1 26.4 ± 1.5 20 ± 5 3.6 ± 1.3 

50B50R 20 ± 2 26.7 ± 0.3 25 ± 3 4.9 ± 0.8 

75B25R 21 ± 1 25.0 ± 0.2 24 ± 2 3.7 ± 0.7 

100B 20 ± 1 25.9 ± 0.8 23 ± 4  3.8 ± 0.7 

 

Treatment 

Leaf area 

(cm2) 

Leaf dry 

weight (g) 

Stem dry 

weight (g) 

Total dry 

weight (g) 

Specific leaf 

area (cm2·g-1) 

Control 661 ± 32 1.7 ± 0.2 1.8 ± 0.1 3.5 ± 0.3 389 ± 30 

100R 728 ± 55 1.9 ± 0.2 1.9 ± 0.2 3.8 ± 0.4 384 ± 19 

10B90R 607 ± 34 1.6 ± 0.1 1.5 ± 0.1 3.0 ± 0.3 392 ± 37 

50B50R 649 ± 15 1.8 ± 0.1 1.8 ± 0.2 3.6 ± 0.2 372 ± 29 

75B25R 687 ± 27 1.8 ± 0.1 1.7 ± 0.1 3.5 ± 0.1 384 ± 28 

100B 666 ± 31 1.7 ± 0.1 1.7 ± 0.1 3.4 ± 0.1 388 ± 34 
zReported values are means ± SE (n = 3) with each experimental unit (replicate over time) 

consisting of 6–8 subsamples (plants) as four outlier plants were removed due to a stem 

deformity. No treatment effects were detected. 

 

  

Table B.2: Calibrachoa morphology and flowering in response to six end-of-day 

treatments. 
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Treatment 

Stem diameter 

(mm) No. of nodes No. of buds 

Control 9.0 ± 0.1 8.1 ± 0.1 1.4 ± 0.2 

100R 9.0 ± 0.2 8.0 ± 0.2 1.4 ± 0.2 

10B90R 9.2 ± 0.2 8.4 ± 0.2 1.5 ± 0.3 

50B50R 9.1 ± 0.2 8.3 ± 0.4 1.5 ± 0.1 

75B25R 8.7 ± 0.3 8.3 ± 0.1 1.5 ± 0.3 

100B 8.9 ± 0.3 8.2 ± 0.2 1.3 ± 0.3 

 

Treatment 

Leaf area 

(cm2) 

Leaf dry 

weight (g) 

Stem dry 

weight (g) 

Total dry 

weight (g) 

Specific leaf 

area (cm2·g-1) 

Control 838 ± 49 4.0 ± 0.3 1.8 ± 0.2 5.8 ± 0.4 216 ± 2 

100R 858 ± 40 4.0 ± 0.3 1.7 ± 0.1 5.7 ± 0.4 217 ± 5 

10B90R 878 ± 48 4.1 ± 0.3 1.8 ± 0.1 5.9 ± 0.3 214 ± 2 

50B50R 910 ± 50 4.2 ± 0.2 1.8 ± 0.1 6.0 ± 0.3 219 ± 3 

75B25R 828 ± 116 3.8 ± 0.4 1.7 ± 0.3 5.6 ± 0.7 216 ± 7 

100B 825 ± 81 3.9 ± 0.5 1.8 ± 0.2 5.7 ± 0.7 213 ± 12 
zReported values are means ± SE (n = 3) with each experimental unit (replicate over time) 

consisting of 8 subsamples (plants). No treatment effects were detected. 

  

Table B.3: Geranium morphology and flowering in response to six end-of-day treatments.  

Treatment Height (cm) 

Date of first 

bud (DAT) 

Length of last 

petiole (cm) 

Control 12.9 ± 1.0 30.2 ± 1.0 6.1 ± 0.4 

100R 11.5 ± 0.8 30.2 ± 0.6 5.7 ± 0.2 

10B90R 12.0 ± 0.4 30.5 ± 0.3 5.7 ± 0.2 

50B50R 12.3 ± 0.9 30.6 ± 0.2 6.0 ± 0.4 

75B25R 11.1 ± 1.6 30.5 ± 0.1 5.7 ± 0.2 

100B 12.0 ± 1.4 30.6 ± 0.1 5.8 ± 0.2 
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Treatment Height (cm) 

Date of first 

bud (DAT) 

Stem diameter 

(mm) No. of nodes No. of buds 

Control 9.0 ± 0.7 ab 25.0 ± 0.7 7.9 ± 0.1 7.8 ± 0.4 2.3 ± 0.2 

100R 8.0 ± 0.6 b 25.7 ± 0.4 8.0 ± 0.2 7.7 ± 0.2 2.4 ± 0.5 

10B90R 8.5 ± 0.6 ab 25.7 ± 0.5 7.7 ± 0.2 7.5 ± 0.4 2.5 ± 0.7 

50B50R 8.5 ± 0.6 ab 25.5 ± 0.5 7.8 ± 0.1 7.7 ± 0.4 2.3 ± 0.3 

75B25R 8.5 ± 0.8 ab 25.8 ± 0.7 7.6 ± 0.1 7.5 ± 0.2 2.6 ± 0.7 

100B 9.1 ± 0.5 a 25.8 ± 0.6 7.8 ± 0.3 7.6 ± 0.2 2.4 ± 0.3 

 

Treatment 

Leaf area 

(cm2) 

Leaf dry 

weight (g) 

Stem dry 

weight (g) 

Total dry 

weight (g) 

Specific leaf 

area (cm2·g-1) 

Control 774 ± 27 2.2 ± 0.1 1.3 ± 0.1 3.5 ± 0.1 356 ± 9 

100R 747 ± 16 2.1 ± 0.1 1.3 ± 0.1 3.4 ± 0.2 352 ± 10 

10B90R 739 ± 29 2.1 ± 0.1 1.3 ± 0.1 3.4 ± 0.1 349 ± 10 

50B50R 752 ± 21 2.1 ± 0.1 1.2 ± 0.1 3.4 ± 0.1 352 ± 12 

75B25R 736 ± 35 2.1 ± 0.1 1.2 ± 0.1 3.3 ± 0.2 357 ± 13 

100B 741 ± 49 2.1 ± 0.1 1.2 ± 0.1 3.2 ± 0.4 356 ± 12 
zReported values are means ± SE (n = 3) with each experimental unit (replicate over time) 

consisting of 8 subsamples (plants). For variables with treatment effects, letters from Tukey’s 

honestly significant difference post hoc test are presented next to the values; treatments 

containing the same letter are not significantly different (P ≤ 0.05). 

  

Table B.4: Marigold morphology and flowering in response to six end-of-day treatments. 
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Appendix C: Solar Measurement Data 
 

Objective 

 
To produce a comprehensive local dataset capturing global and direct solar measurements 

using a spectroradiometer in Guelph, Ontario, Canada for reference and analysis related to 

photobiology. 

 

Materials and Methods 

 
Spectral recordings of daylight were collected from 21 June 2017 to 27 Feb. 2018 (Table 

C.1) with a radiometrically-calibrated spectrometer (XR FLAME-S, Ocean Optics, Dunedin, FL) 

equipped with a 2-m long, 3900-μm diameter UV-VIS optical fiber with a CC-3 cosine corrector, 

tethered to a laptop running SpectraSuite software (Ocean Optics). The collection end of the 

fiber optic was secured and mounted on a tripod with a two-way motion head with a bubble 

level. The tripod was levelled prior to measurement, and the direction of the fiber optic was 

adjusted for each measurement using the tripod handle, aided by the graded markings on the 

motion head. 

 

Direct and global measurements were alternately collected approximately every 10 

minutes, to capture a range of data from sunrise to up to 20 min after sunset. For direct 

measurements, the sensor was directed towards the sun, and for global measurements the sensor 

was directed vertically towards the zenith. The integration time was lengthened near sunrise and 

sunset (solar elevation < 6°) to reduce noise and shortened during the remainder of the day to 

prevent overexposure of the sensor. 

 

For every measurement, the direction (global, direct) and sky condition (clear, cloudy) 

were documented. “Clear” indicates that no visible clouds or noticeable haze occluded the sun’s 

disc, although clouds may have been present in other parts of the sky. “Cloudy” indicates that 

any amount of visible cloud or haze partially or fully occluded the sun’s disc. All days were 

selected to have minimal clouds except for 3 Dec. 2017, which was overcast. All measurements 

were taken near the Guelph Turfgrass Institute, Guelph, ON, Canada (43.6 °N, 80.2°W). 
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Spectral data were converted from energy units (µW·cm-2·nm-1) to photon flux units 

(µmol·m-2·s-1·nm-1) with a sample calculation presented as an Excel spreadsheet in Mah et al. 

(2019). The phytochrome photoequilibrium was estimated based on data and calculations from 

Sager et al. (1988). To enable comparisons of data collected from different times of year, time 

data were used to calculate solar elevation (corrected for atmospheric refraction) using the Solar 

Calculation Excel spreadsheet from the National Oceanic and Atmospheric Administration 

(NOAA, n.d.) which is based on calculations from Meeus (1991). The R:FR and R:FRnarrow were 

defined as 600–700 nm:700–800 nm and 655–665 nm:725–735 nm, respectively. 

 

 

  

Table C.1: Measurement dates. 

  Solar elevation (°)  

Date Time frame Start Finish Time Zone 

21 Jun. 2017 5:55 AM – 8:55 PM 2 1 UTC-4h 

28 Jun. 2017 6:07 AM – 8:59 AM 3 33 UTC-4h 

26 Aug. 2017 7:03 AM – 7:49 PM 4 2 UTC-4h 

26 Sep. 2017 7:28 AM – 7:02 PM 2 1 UTC-4h 

20 Oct. 2017 10:26 AM – 6:48 PM 25 –4 UTC-4h 

3 Dec. 2017 8:00 AM – 10:13 AM 3 19 UTC-5h 

27 Feb. 2018 7:33 AM – 6:20 PM 5 –3 UTC-5h 
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Fig. C.1: R:FR (600–700 nm:700–800 nm) and phytochrome photoequilibrium in relation 

to solar elevation (corrected for atmospheric refraction) for direct and global 

measurements. Data collected from June 2017 to February 2018 in Guelph, ON. 
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Fig. C.2: R:FRnarrow (655–665 nm:725–735 nm) in relation to solar elevation (corrected for 

atmospheric refraction) for direct and global measurements. Data collected from June 

2017 to February 2018 in Guelph, ON. Note that in the direct measurements, lower 

solar elevation is associated with decreasing R:FRnarrow on some days and increasing 

R:FRnarrow on others. 
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Fig. C.3: Relative direct solar spectra from 600–700 nm taken from three different months 

at solar elevations of 38° (A) and 8° (B), normalized at 660 nm. Graphs provide 

evidence that increased absorptance at 730 nm due to high water vapor may conceal 

the Rayleigh effect for the R:FRnarrow, causing an increased ratio at low solar elevations 

when water vapor is high. Since this phenomenon is not reflected in the phytochrome 

photoequilibrium, the wide-band R:FR would a better simplification than the 

R:FRnarrow for solar data, especially in humid climates. 
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Fig. C.4: Photosynthetic photon flux density (PPFD) in relation to solar elevation 

(corrected for atmospheric refraction) for direct and global measurements. Cloudy 

conditions indicate any amount of visible cloud cover over the solar disc. Data was 

collected from June 2017 to February 2018 in Guelph, ON. 
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Fig. C.5: Photon flux of blue (B; 400–500 nm), green (G; 500–600 nm), red (R; 600–700 

nm), far red (FR; 700–800 nm), ultraviolet A (UV-A; 320–400 nm) and ultraviolet B 

(UV-B; 280–320 nm) in percentage of photosynthetic photon flux density (PPFD; 400–

700 nm) in relation to solar elevation (corrected for atmospheric refraction) for direct 

and global measurements. 
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%B %G %R %FR %UV-A %UV-B 

28 ± 6 35 ± 2 37 ± 6 36 ± 13 7 ± 3 0.2 ± 0.1 

B = Blue (400–500 nm); G = Green (500–600 nm); R = Red (600–700 nm); FR = Far red (700–

800 nm); UV-A = Ultraviolet A (320–400 nm); UV-B = Ultraviolet B (280–320 nm). 
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Table C.2: Average percentage of photosynthetic photon flux density ± SD for each 

waveband above 20° solar elevation. 
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