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Light is crucial for plant growth and development. Changes in light signalling are
responsible for much of the development patterns of shoots and roots. Kalanchoe blossfeldiana,
a popular ornamental crop, has long been grown in controlled environments (greenhouses), with
propagation largely achieved via rooted cuttings. Advances in light emitting diode (LED)
lighting systems in the past decade allow for highly efficient and customizable light spectra that
could be used to improve adventitious rooting in Kalanchoe. Although Kalanchoe is a popular
crop, few studies examine effects of light quality on adventitious root and shoot promotion.
Enhanced root development was observed in spectra containing greater amounts of blue light,
while UV-A and Far-red light did not detect any appreciable improvements. Desirable shoot
development was seen under lower blue levels than for root development, suggesting that a
dynamic spectral environment throughout plant development may yield a better balance of root
and shoot development.
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1 Background and Rationale
The environment of a plant can be as influential on its growth and development as its
genetics. Environmental conditions such as light, temperature, humidity, and CO2 are known to
influence the quality, shape, and developmental progression of plants (Goto, 2011; Carvalho &
Folta, 2014). Further, the sensitivity of plants to their environment can have different impacts at
different stages of growth and development such as germination, vegetative stages, and
reproduction/flowering (Carvalho & Folta, 2014). Amongst environment influencers, light is one
of the main modulators of plant photosynthetic production and morphological development
(Ballare et al, 2012; Carvalho & Folta, 2014). The influence of light on plant growth and
development are widely known (Karen et al., 2009) and it stands to reason that manipulating the
light environment of plants could influence root and shoot systems. Harnessing this influence over
specific periods of development could allow for better management of overall growth rate,
morphological development traits (i.e., plant height, nodal growth and leaf area), and
physiological/metabolic conditioning (Pacurar et al., 2013; Carvalho & Folta, 2014). More
specifically, light has been shown to manipulate secondary metabolites in plants through its
influence on antioxidative enzyme activity (i.e., β – carotene production), flavour and smell of
crops (i.e., anthocyanin and phenolic production), which in turn can alter the nutrition and aesthetic
quality (Hasan et al., 2017 & Jeong et al., 2012).
Greenhouse crop production is a major component within the broad industry sector known
as controlled environmental agriculture (CEA) (Watson et al., 2018). Greenhouse production, and
more broadly CEA, provides a safe and reliable way to grow both food and ornamental crops yearround, making them available to retailers and sellers worldwide (Despommier, 2010). Greenhouse
1

production relies heavily on solar radiation to drive production; however, in many regions where
greenhouse production is employed supplemental lighting is needed to maintain production during
winter cycles where incident solar radiation is insufficient or when regional weather patterns such
as prolonged overcast periods threaten production. In this way consistent photoperiods are
maintained especially during crop specific long/short day cycles (Watson et al., 2018). Despite the
essential nature of supplemental lighting in many regions, the electricity required to drive those
lights can account for as much as 30 % of total production costs (Watson et al., 2018). This is a
major cost of production for growers, especially in Ontario where electricity prices are relatively
high (Energyhub, 2020). Alterations to crop production are often dependent upon the type of
lighting used such as High-Pressure Sodium (HPS), metal halide, fluorescent, or light emitting
diodes (LEDs). Among current lighting options, LEDs have one of the highest efficiencies in terms
of photons/unit energy input (Massa et al., 2008). Further, LED fixtures are considered ‘cool’ and
can be placed much closer to the crop, which can allow LEDs to be operated at lower power levels
while achieving the same incident PPF (Massa et al., 2008). Although the initial input costs are
relatively high, LEDs tend to have a longer life span than conventional horticultural lighting
sources, allowing the generally higher capital costs to be amortized over a long period (Hasan et
al., 2007 & Massa et al., 2008). Some LED fixtures provide narrow wavebands and allow for
dimming and spectral tuning (i.e., changeable spectrum), which used in combination provides a
customizable light source that can be tailored to photosynthetically active wavelengths, or other
wave bands that could drive the production of desired secondary metabolites (Hasan el al., 2017
& Jeong et al., 2012). The net effect of this is that growers can deliver photons that are most
efficiently absorbed by plants by targeting light photoreceptors to alter the developmental state of
2

the plant, thereby increasing overall energy use efficiency (Massa et al., 2008). In this way, tailored
lighting schemes have the potential to maximize greenhouse productivity, and crop quality, and
reduce costs for growers, while preserving value to consumers (Hasan et al., 2007; Carvalho &
Folta, 2014). In addition, the power of tuneable light fixtures provides an opportunity for
researchers to explore the dynamic relationship of various plant and light interactions.

1.1 Kalanchoe blossfeldiana and Commercial Production
Kalanchoe blossfeldiana (Michel Anderson) Robert Blossfeld, from here on simply
referred to as Kalanchoe, is a popular ornamental crop (Interflora British Unit, n.a). It is widely
appreciated by growers and consumers alike for its low cost of production, ease of maintenance,
and its aesthetic appeal as a potted house plant (Kim et al, 2014). Kalanchoe is an herbaceous
succulent species native to Madagascar’s Tsarantanana Mountains with many cultivated varieties
grown in CEA systems worldwide (A. Van Voorst & J. C. Arends, 1984). Kalanchoe is grown
commercially year-round and is propagated via adventitious cuttings. Kalanchoe’s popularity is
well established and is one of the most common potted crops in Europe. Kalanchoe production
contributed 16 million and 38 million euros to the Denmark and Netherland economies
respectively in 2002 (Christensen et al., 2008). Within Canada, the floriculture industry
(greenhouse flowers and plants) provided 1.5 billion dollars in sales in 2017. Specifically,
Kalanchoe production contributed to 7178, 000 plants in 2017 (Statistics Canada, 2017).
Full grown commercial Kalanchoe come in various sizes ranging between 15 and 30 cm
in height/width, and are grown in 2, 4, 6, and 10-inch pot sizes depending on the cultivar, see
(Figure 1.1) (Gilman, 1999; Waldan Gardens, 2019). Typical retail pricing based on Canadian
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growers/sellers for Kalanchoe ranges between $4.99 and $14.99 based on the pot size and retail
location (Waldan Gardens, 2019). They are commonly grown from 2”, 4”, 5” and 6” cuttings
depending on pot size where they are first “stuck”. Cuttings are typically grown under 18 hours of
light and 6 hours dark for the first 4 – 5 weeks (known as their long – day cycle). Following the
long-day vegetative cycle, the plants are grown for 4-6 weeks under 10 hours of light and 14 hours
dark to induce flowering (known as the short – day cycle). The plants are then moved back into
the long - day cycle for the remaining 5 – 6 weeks until completion at 15 – 16 weeks of growth.
Kalanchoe are known as short-day plants (require lower duration of light), however, go through
periods of long and short-day light exposure until flowering (Kalanchoe Queen, 2017).
Due to Kalanchoe naturally growing in dry, arid environments they have adapted to have
a crassulacean acid metabolism (CAM) pathway. These plant types are known to photosynthesize
at night when air temperatures are cooler and water vapour pressure deficit levels are lower to
reduce moisture loss. Kalanchoe can grow well in part shade light environments but prefer full
light to moderate shade systems when available (University of Florida, 2018).
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Figure 1.1 : Waldan Gardens propagation process; A) arrival and examination of 2-inch pot cuttings, B)
plant positioning of cutting and bench organization, C) Flowering 4 – inch pot Kalanchoe (Waldan Gardens,
2019).

Land use efficiency has become an integral component of sustainable agriculture in recent
years as resources and arable land become ever more limiting. Due to a variety of influences such
as climate change, rising urbanization, increasing populations and rising costs to agribusinesses
(i.e., fertilizers and pesticides), traditional outdoor agriculture ecosystems are facing rapid
degradation (in the form of soil degradation, organic matter depletion, over-farming and poor
farming practices) in order to sustain consumer demand (Benke & Tomkins, 2017). Due to this,
controlled environment agriculture (CEA) such as greenhouse systems are becoming a popular
agriculture choice to growers. In addition, many crops like Kalanchoe cannot be grown in the field
in Ontario year-round. Indoor farming (greenhouse production) has a potential for year-round crop
production, consistent photoperiods, greater environment control (i.e., temperature, humidity and
carbon dioxide levels), food safety, and reductions in water use, herbicides, insecticides, plant
growth regulators and fertilizers (Benke & Tomkins, 2017). In this way, greenhouse production
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provides access to these crops for local markets, meeting consumer demand throughout the year
where they could not be produced otherwise.
Traditionally, greenhouse systems were built as a one-tiered system to take full advantage
of available sunlight (See Figure 1.2). The move toward vertically integrated production is of
interest to agricultural growers to maximize production without expanding land use; these systems
strive to maximize volume utilization efficiency (VUE) (Graham &Wheeler, 2017). Despite the
potential for efficiency gains there are many challenges with vertically integrated production, with
perhaps the most significant challenge and cost being associated with the need for electric lighting
(Massa et al., 2008). There are many vertical integrated production systems in operation worldwide
that are set up as closed or semi-closed agriculture plant production systems, however, these
systems are almost all focused on leafy green production, which has a short crop cycle and requires
less inputs as compared to other produce or ornamental crops (Goto, 2012). There has been
minimal use of vertical systems (from propagation to flowering) designed specifically for
ornamental crops such as Kalanchoe.

Figure 1.2: Waldan Gardens Commercial Greenhouse Propagation System (Waldan Gardens, 2019)
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In addition, CEA systems offer the benefit of decreased disease incidence through tighter
management of the growth environment (Sheurger & Brown, 1997; Despommier, 2010). Further,
these systems can maintain production year-round with the assistance of integrated lighting
fixtures and heating, thus expanding the possibility for increased revenue.

1.2 Environmentally Modified Organisms (EMOs)
A plant’s form and fecundity are a product of its environment and how its genetics respond
to that environment (Carvalho & Folta, 2014; Hasan et al., 2017). Even small changes to a plant’s
environment can influence overall morphology and physiology. Specifically manipulating the
growth environment, such as the quantity and quality of the incident light, to achieve a desired
plant form or outcome is the subject of much research (Carvalho & Folta, 2014). Carvalho & Folta
(2014) termed plants with such deliberate environmentally mediated modifications as
environmentally modified organisms (EMOs).
Light, both solar and electric, is a key production parameter for all crops grown in the
commercial greenhouse industry (Hasan et al., 2017). Traditionally, greenhouses have used natural
sunlight and supplemental lighting sources such as HPS, metal halide, fluorescent and
incandescent lighting for crop production. More recently, new lighting sources such as LED have
begun to displace these older technologies (Hasan et al., 2017; Agriculture and Agri- Food Canada,
2018). Light Emitting Diode lighting is a promising technology compared to traditional sources
due to its higher electrical efficiency, long service life and flexible spectra (Massa et al., 2008).
Compared to HPS, LEDs have greater longevity and spectrum stability over time, lasting
approximately 50000 hours (bulb life span) (Hasan et al., 2017; Olle and Virsale, 2013; Bourget,
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2008). A side effect of commercial broad spectrum (i.e., HPS) light fixtures is that they can release
high amounts of heat that in turn may produce undesirable effects on plants if not properly
managed (Hasan et al., 2017). In addition, broad spectrum fixtures make it difficult to develop
specific spectrum compositions for research (Agriculture and Agri- Food Canada, 2018). Thus,
LED lighting fixtures offer the ability to provide narrow bandwidth spectra with tunable fixtures
to fit specific crop needs (Ganandran et al., 2014; Carvalho & Folta, 2014).

1.3 Influences of Light on Plant Growth and Development
Light plays a large role in plant development processes. The quality, quantity and direction
of light impacts the processes governing development for plants (Hasan et al., 2017). In addition
to light, multiple plant hormones (i.e., auxin, gibberellins, cytokinins, abscisic acid and ethylene)
work dynamically with and in response to light to regulate growth and development. Auxin is a
plant hormone known as a driver of morphological development (Meng et al, 2015; Zazimalova
et al., 2010). Auxin mediated processes encompass a wide variety of plant growth parameters,
including differential cell elongation and cell expansion (tropism) in response to light and gravity
(Figure 1.3) (Nassuth, 2017). Research suggests that auxin and light individually contribute to
increasing plant growth, however, the interaction between the two still requires further
understanding (Liverman and Bonner, 1953; Da costa et al., 2013).
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Figure 1.3: A) Auxin molecules are distributed evenly when light is directly above coleoptile, B) Auxin is
redistributed laterally to the shaded side of coleoptile, inducing cell elongation. C) High auxin concentration
causes cell elongation to occur on the shaded side resulting in curvature to light, as auxin moves down coleoptile
(Pearson Prentice Hall, 2007).

In addition, the photoreceptors, phytochrome (absorbs red/ far-red light) and cryptochrome
(absorbs blue/UV light) induce plant morphological and developmental changes (Hasan et al.,
2017; Hogewoning et al. 2010). Different spectral bands have been shown to stimulate specific
responses in plants. Red and blue wavelengths are considered the most photosynthetically active
bands, however, not the only photosynthetically active bands for electron excitation in the
photosynthesis process as seen in Figure 1.4 (Bayat et al., 2018). Light qualities involving high
red: far-red ratios are known to signal stem branching and cell elongation (Demotes-Mainard et al.
2016) whereas blue and UV light qualities are known to suppress cell elongation leading to
compacted plants or can induce elongation when applied monochromatically (Huche-Thelier et al.
2016; Okello et al. 2016). Blue and UV wavelengths are also known to influence pigmentation,
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promoting the accumulation of carotenoids and anthocyanins (Figure 1.4), while red wavelengths
have been shown to impact carbohydrate accumulation (Shin et al, 2008; Bayat et al., 2018). The
ratio of red and blue light has been initially explored by Kim et. al., (2014); however, determination
of the most effective lighting regimes is still unclear. There is much known about plant morphology
and light qualities, however, there remains a significant knowledge gap regarding their interaction
with auxin (i.e., adventitious root growth; shoot development) for Kalanchoe.

Figure 1.4: Photosynthetic Absorption Graph displaying wavelengths ranging between 400 – 700 nm with
associated overlay of pigments per wavelength (Koning and Ross, 1994).

1.4 Adventitious Root Development
Establishment of strong roots is an essential component of successful vegetative
propagation from cuttings. In many species’, vegetative propagation via genetically identical
rooted cuttings has become the primary method of clonal propagation. Clonal propagation of crops
has become a cost-effective way of maintaining genetic traits and homogeneity in finished
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greenhouse crops. Critical to this method of clonal propagation are the processes leading to
adventitious root development (Da costa et al., 2013; Pacurar et al., 2014).
Adventitious roots (AR) are postembryonic roots that can be produced from vegetative,
non-root regions in response to a stress or other stimulus (Pacurar et al., 2013; Gonin et al., 2019).
The most common stresses leading to AR formation include light, temperature, nutrient
availability, wounding, etiolation, flooding, and interactions with auxin (Pacurar et al., 2014).
Adventitious roots have the unique ability to increase independent connections between the plant
body and the rooting environment as a method to mitigate root damage from diseases and
wounding (Hatzilazarou et al., 2006). This ensures plant stability and adaptability to new
environments (Gonin et al., 2019).
1.4.1 Influences on Adventitious Rooting
First and foremost, plant species and its stock health, which provides a cutting’s base level
physiological condition to form ARs, can be determining factors of rooting success (Da costa et
al., 2013). This includes the external environmental conditions the mother plant was exposed to
(light, temperature, nutrients) and internal factors (auxins, carbohydrates, mineral nutrients and
biochemical compounds) which can be determinants for incidences of early rooting response (Da
costa et al., 2013). Among these factors, nutrient uptake ability plays an important role in AR
development through the growth of AR volume within a media or media- less environment. In
addition, research has suggested micronutrients such as zinc, manganese, iron, and high nitrogen
levels interact with auxin biosynthesis that in turn has aided in root development (Schwambach et
al., 2005; Zerche and Druege, 2009).
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In addition, carbohydrate content and sink capacity at the root formation site is influential
in AR growth. It provides the energy and carbons sources required for cell division such as with
root meristems, contributing to overall root formation (Da costa et al., 2013). For example, Husen
and Pal, 2006 found that high soluble sugar and starch content at the root zone within Tectona
grandis cuttings resulted in improved rooting success. Although, it is also suggested that
phytohormones and carbohydrates are a crucial part to sugar sensing and signalling abilities
(Rolland et al., 2006). As such, it was found that total sugar and starch content in Dalbergia sissoo
cuttings were increased by exogenous auxin application (Husen, 2008). Other phytohormone
interactions with AR development are seen with regards to water availability. Stem cuttings require
enough water content in the early stages of rooting to maximize rooting potential. Water stress
conditions can lead to abscisic acid (ABA) production inhibiting cell cycle processes such as AR
formation (Wolters and Jurgens, 2009). As well, cutting maturation is a determining factor of AR
potential as regenerative ability of the plant is greatly reduced the older the cutting is (decreased
production of carbohydrates and auxins; Husen and Pal, 2006; Osterc et al., 2009).
1.4.2 Adventitious Rooting Process
The AR process, like many others, is dynamic and complex as it is impacted both internally
and externally by various influences (Figure 1.5) (Da costa et al., 2013). It can be characterized by
three main physiological processes; (1) induction (occurs after stress stimulus, ~ 24 – 72 hours),
(2) initiation (formation of root meristems by cell division, ~ 48 – 96 hours) and (3) expression
phase (internal root primordia growth and root emergence, < 96 hours) (Da costa et al., 2013;
Klerk et al., 1999; Pacurar et al., 2014). More specifically, ARs can be formed in two distinct
ways; in stem cuttings with designated cells developed for root initials (often dormant until
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impacted by a stimulus), or through differentiation of cells (before induction phase, 0 - 24 hours)
due to a lack of cells initially detailed for AR (Klerk et al., 1999; Pacurar et al., 2014). They can
also be derived from cells within or adjacent to the vascular tissues (xylem parenchyma cells,
phloem or phloem/cambium junction (Klerk et al., 1999). As adventitious roots prepare to emerge
through the surface of the stem, it is suggested that ethylene assists with cell wall loosening
providing a path for root emergence (Vidoz et al., 2010).
1.4.3 Adventitious Rooting and Auxin
Auxin plays a large role in driving AR development (Gonin et al., 2019; Teale et al., 2006).
It has both a synergistic and antagonistic relationship with other plant hormones (JA, ethylene,
ABA, CK and GA, see Figure 1.5) during the induction and initiation phases, that ultimately lead
to AR formation and development (Pacurar et al., 2013; Sorin et al., 2005). In the case of
adventitious rooting, auxin is synthesized in high concentrations after wounding (~48 – 96 hours);
however, it becomes inhibitory (post 96 hours) to root primordia growth and must either be
degraded or converted to its inactive form (De Klerk et al., 1999). This movement is categorized
as polar auxin transport such that auxin actively moves basipetally from the apex to the base
(mostly by vascular parenchyma; Figure 1.6) (Zazimalova et al., 2010, Da costa et al., 2013). For
intercellular auxin transport to occur, specific carriers known as influx (AUX1/LAX family) and
efflux carriers (PIN proteins) are required (Da costa et al., 2013). Li et al, (2012) displayed the
importance of these carriers in regards to AR formation, in mango (Mangifera indica L.) cotyledon
segments, suggesting that polar auxin transport occurs from the distal to proximal cut surface,
where ARs develop at the proximal wound site where the auxin is transported. Furthermore,
determination of emerging primordia (apical or basal) is dependent on PIN localization, which in
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turn relies on its state of phosphorylation. As such, the balance between the kinase protein PID
(PINOID) and phosphatase (PP2A) is key to apical or basal localization (PID > PP2A = apical
PIN, PID < PP2A = basal PIN; Michniewicz et al., 2007). In addition, research has suggested that
between PIN expression and auxin transport there is a link to directional distribution that mediates
auxin gradients during various growth processes (ex. cell division and elongation; Vieten et al.,
2007).

Figure 1.5: This figure displays the putative phytohormonal interactions during phases of adventitious root
development. A stress stimulus is applied to the stem cutting which promotes a wounding – response and
potential carbohydrate sink establishment. The induction phase is positively regulated by auxin, polyamines,
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CK and ethylene (early stage). In the late stage of induction, CK and ethylene are repressed. Abscisic acid has
a negative impact to the induction phase. During the initiation phase, auxin, polyamines, GA and JA are
repressed, decreasing these phytohormones to allow for the initiation process to progress. Strigolactones are
suspected to inhibit auxin transport and accumulation. There is also a positive relationship between auxin and
ethylene such that ethylene promotes auxin transport and expression and vis versa. During the expression
phase, ethylene and GA are induced, while ABA is repressed. Adventitious root emergence occurs post
expression phase. CK, cytokinin, ABA, abscisic acid, JA, jasmonic acid, GA, gibberellic acid. This figure was
adopted from Da costa et al., 2013, Figure 1.

Figure 1.6: This figure depicts auxins basipetal and acropetal transport throughout the plant, high lighting the
root and shoot systems (Nassuth, 2017).

In addition, a dynamic relationship exists between auxin and light that is suggested to
influence AR development further. Light can influence a variety of auxin system components from
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controlling auxin concentration levels, transport to its sensitivity (Haliday et al., 2009). Light can
trigger auxin synthesis through young leaves, working its way through the stem of seedlings
creating auxin gradients through transport paths and accumulation in areas where there is
inconsistent flow (Grieneisen et al., 2007). As such, light establishes control on the nuclear auxin
response pathway thereby lessening or increasing the influence on auxin (Haliday et al.,2009).
Apart from the influences of biosynthetic pathways on auxin levels, light photoreceptors such as
phytochromes A and B have been shown to take advantage of sensitive feedback mechanisms to
control auxin accessibility by transcriptionally regulating GH3 genes. This ultimately either
signals auxin for storage or sends them to degradation (Tepperman et al., 2001; Tanaka et al.,
2002).
Previous research has shown that red light improved AR response of Jatropha curcas by
56 % compared to other lighting treatments when auxin was applied (Daud et al., 2013). In another
study, red light also promoted the most primary and secondary lateral roots of tobacco seedlings
compared to white and blue light, although blue light expressed the longest roots (Meng et al.,
2015). Meng et al., 2015 also demonstrated the acceleration of auxin transport from shoot to roots,
where increased auxin concentrations were seen in the roots and lower leaves under red and blue
light. This implies that there may be an interaction between lighting and the localization of
phytohormones (Daud et al., 2013). It is also suggested that light may have an antagonistic
relationship with auxin system processes. Red light, which is known to stimulate elongation,
appears to promote an auxin receptor complex that induces plant growth responses (Bonner &
Liverman, 1953). Dissimilarly, wavelengths within the non-visible spectrum such as far-red are
suggested to inhibit auxin-induced growth (AR formation) such that the auxin’s receptor complex
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may be impaired in the presence of monochromatically applied far-red lighting (Bonner &
Liverman, 1953). Iacona and Muleo, (2010) showed this possibility with adventitious rooting of
in vitro/ex vitro cherry root stock where AR growth was lowest and suggested to be inhibitory
under far- red light during the in vitro stage (compared to red, blue, and white light). However, ex
vitro growth after six months the plants displayed the opposite result, where the tallest plants were
seen under far - red light, though the root mass was still significantly smaller than other treatments.
This aligns with known research about far-red light and the promotion of stem elongation and leaf
area under low R:Fr levels (shade conditions) where a less efficient route of auxin transport occurs
through the outer cell layers, which can cause cellular expansion (Da costa et al., 2013). Thus,
different growth phases of the rooting process may be influenced by light quality differently over
time, which may explain the effectiveness of far – red light on AR (Christiaens et al., 2016).
Although, it is also observed that far-red light in combination with red light or with red + blue light
promotes AR development in invitro cuttings at low levels, suggesting potential benefits of farred light as well (Kurlicik et al., 2008) Overall, understanding and manipulating auxin transport
has the potential to influence rooting success and faster production cycles. By manipulating the
spectral environment (i.e., light quality) auxin expression may be manipulated, potentially
allowing for a more robust root growth and development.

1.5 Shoot Growth and Development
Light can be used to manipulate shoot growth and development (Hasan et al., 2017).
Common physiological responses to different wavelengths of light are degree of canopy
compactness, internode length, leaf area (i.e., blue light/UV-A), degree of branching (red light),
and floral induction (far-red) (Demotes-Mainard et al. 2016; Huche-Thelier et al. 2016; Okello et
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al. 2016). Previous research has suggested that using a combination of red and blue light can have
a significant impact to canopy development and overall growth (Demotes-Mainard et al. 2016;
Huche-Thelier et al. 2016; Okello et al. 2016). This body of data forms the basis or justification
for exploring the influence of red: blue ratios on Kalanchoe canopy growth (pertaining to
commercial greenhouse desired traits i.e., full body plant, compactness).
In addition, lighting can influence crops further through their effect on secondary
metabolite accumulation. Narrow band light wavelengths have been shown to impact flower
volatiles (such as benzenoids and phenylpropanoids) related to aroma, taste and flavour of
flowering and fruits for crops grown under white light versus dark environments (Hasan et al.,
2017). As well, blue lighting can mitigate moisture loss by controlling stomatal conductance and
transpiration during post-harvest crop storage thereby maintaining aesthetic quality and consumer
appeal. Whereas red light increases stomatal opening and moisture loss in plants (Hasan et al.,
2017). Red and blue lighting together have been shown to delay senescence by decreasing ethylene
production in crops. This can be beneficial to growers due to the increase commercial plant shelflife (Hasan et al., 2017). UV light exposure can result in the development of a photo-protective
layer on the surface of the plant to prevent further damage from ionizing radiations. In the case of
UV-B this can also aid in disease and pathogen suppression, thereby reducing the need for pesticide
applications on crops (Hasan et al., 2017). As such, a targeted LED lighting regime composed of
both the visible and non-visible spectrum can influence greenhouse commercial production.

1.6

Hypothesis and Objectives:
This research was initiated to address the potential for using targeted light spectra to

improve commercial Kalanchoe production. Specifically, the influence of light quality on cutting
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establishment and growth was examined. It is hypothesized that a tailored light spectrum will have
an influence on root and shoot growth and development of adventitious rooted cuttings thereby
impacting cutting quality and the rate of the propagation process.
The principle objectives of the study were:
1) To examine the influence of select light spectra on the growth and development of
adventitious roots during Kalanchoe propagation via rooted cuttings.
2) Determine the influence of selected light spectra on rooted cutting shoot development
during the propagation process.
3) Evaluate overall cutting quality under the selected lighting regime.
These studies provided a baseline to Kalanchoe root and shoot growth in a commercial
greenhouse system using LED lighting as a potential supplemental lighting source. The study
also provided insights into the effect that light could have on auxin dynamics and the
subsequent impact to plant growth and development.
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2 Improving adventitious rooting in Kalanchoe blossfeldiana
cuttings using targeted LED lighting spectra1

2.1

INTRODUCTION
Auxins are an essential class of plant hormones that are instrumental in determining

physiological development in plants. Auxin, namely indole-3-acetic acid (IAA), is a light mediated
hormone that drives systematic shoot and root developmental changes (Teale et al., 2006). Auxin
mediated morphological processes encompass a wide variety of plant growth including differential
cell elongation (tropism), embryonic development in the shoot (SAM) and root apical meristems
(RAM) and, lateral shoot/root branching (Nassuth, 2017; Friml, 2003). Research suggests that
auxin and light can contribute individually to plant growth; however, the interaction between the
two is still poorly understood (Liverman and Bonner, 1953).
Kalanchoe blossfeldiana is an herbaceous succulent ornamental crop with a growing
consumer interest. This crop is attractive to both producers and consumers due to its low cost of
production and its aesthetic appeal (Kim et al, 2014). Kalanchoe is endemic to the cool plateaus
of the Tsarantanana Mountains in Madagascar where it was first discovered by Perrier de la Bâthie
in 1924 (A. Van Voorst & J. C. Arends, 1984).

Kalanchoe is now successfully grown in

greenhouses worldwide. Although greenhouse production of Kalanchoe is common, there is
relatively little data available on the effects of sole source as well as supplemental LED lighting
with respect to Kalanchoe vegetative propagation. More specifically, there is scant information on

1

The majority of this chapter is reproduced, in content and structure, from a conference proceedings paper, Rasool,
A., Graham, T., Dayboll, C., Stoochnoff, J., Zheng, Y., & Dixon, M. (2020). Improving adventitious rooting in
Kalanchoe blossfeldiana cuttings using sole source targeted LED lighting spectra. Acta Horticulturae.
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adventitious root formation and cutting establishment. Much is known about light-driven plant
morphological development in that light is known to mediate auxin transport, and auxin transport
is known to mediate adventitious root formation; however, there is a significant knowledge gap
linking light quality to auxin transport and subsequent adventitious root formation in Kalanchoe
cuttings.
Light is a crucial variable in greenhouse crops (Hasan et al., 2017). In Canada, the seasonal
variability in natural light is significant and supplemental lighting is essential to produce certain
plant species in the dark winter months. There have been substantial advances in horticultural
light emitting diode (LED) lighting systems in the past 10+ years, with LEDs poised to become
the standard horticultural lighting technology in the near future (Massa and Norrie, 2015). Part of
the appeal of LED lighting is the electrical efficiency and their low radiant heat output. In 2006,
blue LED lights were shown to be 11 % efficient; by 2011 they had reached 49% efficiency
(Mitchell et al., 2012). Additionally, LEDs have greater service life, lasting approximately 50,000
hours (Hasan et al., 2017; Olle and Virsale, 2013; Bourget, 2008). Conventional lighting systems
often generate relatively broad spectrums and produce substantial radiant heat, which can be useful
during cool seasons but represents an additional heat load in hot summer months (Hasan et al.,
2017). As well, the broad spectrum makes it difficult to develop specific spectrum compositions
for research applications (Agriculture and Agri- Food Canada, 2018). Wasted energy can result
from less productive (in driving photosynthesis) wavelengths from broad spectrum light sources.
The use of LEDs that narrowly target the most efficient wavelengths has great potential for reduced
power use and cost savings (Morrow, 2008).
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Light also plays a significant role in morphological development. Photoreceptors, such as
phytochrome (often absorb in, but are not limited to red/ far-red wavelengths) and crytochrome
(often absorbs in but are not limited to blue/UV light wavelengths), are leading drivers of
morphological development (Hasan et al., 2017; Hogewoning et al., 2010). Lights involving high
red: far-red ratios have been shown to signal stem branching and cell elongation (DemotesMainard et al. 2016). Whereas blue and UV light has been shown to hinder cell elongation leading
to compacted plants or induce elongation when blue lighting is applied monochromatically in
certain species (Huche-Thelier et al. 2016; Okello et al. 2016). The ratio of red and blue light has
been recently explored in Kalanchoe. Kim et al., (2014) describe the influence of red: blue ratios
of 80:20, 75:25, and 50:50; however, determination of the most effective lighting regime(s) is still
unclear.
The objective of these studies was to determine the most effective red: blue lighting
combinations to enhance adventitious root growth in Kalanchoe blossfeldiana cuttings during a 5week propagation period.

2.2

MATERIALS AND METHODS

2.2.1 Experimental Design
2.2.2 Experiment 1 – The Influence of Red-Blue Ratios on Root Development

Kalanchoe blossfeldiana cultivars, Ann and Ingrid (from here forward simply referred to as
‘Ann’ and ‘Ingrid’) cuttings were obtained from Waldan Gardens2 (43069 Wills Road, Wainfleet,

2

All plant material for all the studies was sourced from Walden Gardens, 43069 Wills Road, Wainfleet, ON
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Ontario). Non- rooted, 2 – inch, 2-week old cuttings were ‘stuck’ in a blonde peat-based substrate
(Pindstrup Moseberg A/S, Denmark) in standard (4 x 3 inches) cylindrical pots (TEKU, VCC,
Article number: VCC – 10 US – 0400, Farfard, 1940) and grown for a five-week period. The
substrate, a custom mix sourced from a Latvian company (Pindstrup Mosebrug A/S, Ryomgard,
Denmark), contained (per m3) NPK 12 – 14 – 24 + micro nutrients (0.7 kg), potassium sulphate
(0.16 kg), Micromax (water soluble micro-nutrient mix made of Ca, Mg, S, B, Cu, Fe, Mn, Mo
and Zn (6, 3, 12, 0.10, 1, 17, 2.5, 0.05 and 1 %, Total 0.05 kg; Micromax ICL Specialty Fertilizers),
Trianum (Trichoderma, 0.2 kg), wetting agent (150 mL), limestone (3 kg), and dolomitic limestone
(2 kg). Groups of five pots (one complete experimental unit) containing one cutting each were
placed in one of nine controlled environment chambers for a total of 45 cuttings per experiment
(Figure 2.1). The complete experiment was run twice for a total sample size of n=6. Three light
treatments were randomly assigned to each of the nine chambers. Treatments consisted of (in
percent total photosynthetically active radiation (PAR)): (1) 90R:10B, (2) 70R: 30B, and (3)
15R:85B, each at an intensity of 300 µmol m−2 s−1 (determined in a separate experiment –
Appendix A) with an 18-hr photoperiod.

Chambers were maintained at 21±1°C, 400 ppm CO2,

and a VPD of 0.8 kPa. Cuttings were fertilized by top irrigation twice weekly using a commercial
13-6-30 complete fertilizer blend to mimic greenhouse production standards (Plant Prod,
Brampton, Ontario).
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A

B

Figure 2.1: Plant layout and chambers. A) Example cutting pot placement 10 x 10 cm trays (5 Plants); B) Suite
of 9 sealed plant growth chambers used in the study.

2.2.3 Experiment 2 – The Influence of Far-red and Ultraviolet Light in Root Development
Kalanchoe blossfeldiana ‘Ann’ cuttings were used in this experiment. Similarly, to
experiment 1, cuttings were planted using the same procedure for ‘sticking’, soil media, pots, and
maintained at the same chamber environmental parameters. Four light treatments were randomly
assigned to eight chambers. The experiment was run twice for a total sample size of n = 4.
Treatments consisted of (in percent total photosynthetic photon flux density (PPFD)): (1) 70R:
25B: 5G, (2) 70R: 25B: 10Fr: 5G, (3) 70R:25B: 12UV: 5G, (4) 70R: 25B: 10Fr: 12UV: 5G each
at an intensity of 300 µmol m−2 s−1 with an 18-hr photoperiod. This experiment was designed as a
follow – up study to experiment 1 regarding cultivar Ann, to further influence root development
by adding Far-red and UV – A light to the ‘best’ red: blue combination determined in experiment
1 (70R:30B) with greatest visible root area. The 5 % green light was also added to the red: blue
combination as green light has also been shown to have beneficial impacts to growth and
development by increasing leaf area and dry weight (Massa et al., 2008). A small percentage of
green light also assists growers with visual assessments of plant conditions, which can be difficult
to determine under just red and blue light (gives off a purple hue). To account for the addition of
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5 % green, the percentage of blue was lowered to 25%, which coincided with light treatments used
in concurrent shoot development studies. The study ran for a 5-week period, mirroring typical
commercial Kalanchoe propagation period.
2.2.4 Lighting
Lighting treatments for experiment 1 and 2 and chamber light distribution map are as
follows:
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Figure 2.2: : Light Spectra Graphs in PPFD µmol m−2 s−1 for experiment 1 treatments (A) 90R:10B, (B) 70R:30B and (C) 15R: 85B. Peak wavelengths
are shown on figure (nm) as follows: (1) 627, 655R: 470B, (2) 627, 655R: 470B, (3) 627R: 447.5, 470B.
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Figure 2.3: Light Spectra Graphs in PPFD µmol m−2 s−1 for experiment 2 treatments: (1) 70R:25B: 5G, (2)
70R:25B: 5G: 10Fr, (3) 70R: 25B: 5G: 12UV, (4) 70R: 25B: 5G: 10Fr: 12UV. Peak wavelengths are shown on
figure (nm) as follows: (1)627, 655R: 470B: 567.5G, (2) 6627, 655R: 470B: 567.5G: 740Fr, (3) 627, 655R: 470B:
567.5G: 740Fr: 365UV.
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Figure 2.4: Growth chamber light distribution map. Highest to lowest intensities in µmol m−2 s−1 (yellow to
blue), reported values are single measurements as light distribution within chamber remained consistent.

2.2.5 Root Image Analysis
All five sub-samples were non-destructively evaluated at weeks three, four, and five for root
growth. Each of the samples were kept intact, by gently removing them from the pot for image
analysis (Figure 3A). Eight images of each plant were taken representing the entire circumference
of the root ball. The images were analyzed for visible surface root area using an in-house root
enumeration program that cropped and isolated representative sections of each image (Figure 5),
then isolated and determined the area of visible root tissue.
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Figure 2.5: Figure depicts the in-house root image analysis process in which each image is cropped from the total image to the
respective rooting area. The image can be cropped further and to determine relative surface root area using Auto crop and
HSV sliders.

2.2.2 Root Biomass Measurement
At the end of week five, cuttings were destructively harvested. Roots were washed to remove

the growth substrate. Drugstore conditioner (Herbal essence and Pantene, Procter & Gamble) was
used ease isolation of the roots from the growth substrate, recommended by company practices of
Berger (Saint - Modeste, Quebec City). Roots were then placed in paper bags (10.5 x 20.5 cm, &
Epicerie Grocery) and placed in a drying oven at a set range 50 – 60 °C until dry (i.e., constant
mass), at which point the dry mass was measured using a balance (TE124S, Sartorius).
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2.2.6

Statistical Analysis
Data were analyzed via regression slope analysis using statistical analysis software SAS®

version 9.4 (SAS Institute Inc., Cary, North Carolina, U.S.A) to determine treatment effects for
visible root coverage (experiment 1 ‘Ann’ and ‘Ingrid’). Shapiro – Wilk tests were run on all data
sets to test for normality (p-value ≤ 0.05). Data sets that failed the normality test were transformed
to meet the normality standard and the analysis was preformed on the transformed data. The
response variable was root coverage (log10(mm2)). The independent variable was time (weeks 3–
5). An analysis of variance (ANOVA) test with multiple mean comparisons that were adjusted
using the Tukey – Kramer adjustment was also conducted for statistical analysis using JMP®
version 14.0 (SAS Institute Inc., Cary, North Carolina, U.S.A). The ANOVA was performed for
root coverage of all experiments “Ann” and ‘Ingrid’ (log10(mm2)), root, shoot dry mass (g)
(experiment 1 : ‘Ann’ and ‘Ingrid’) and root fresh and dry mass (g) (experiment 2: ‘Ann’) between
treatments with a Type I error p-value ≤ 0.05.

2.3

RESULTS and DISCUSSION

Experiment 1
Root dry mass (g) for ‘Ann’ and ‘Ingrid’ did not differ between light quality treatments
(Figure 2.6 and Figure 2.8). Shoot weight for ‘Ann’ were significantly different for treatment
70R:30B, p = 0.0008, although ‘Ingrid’ showed no differences. Slope comparison test of total root
coverage for ‘Ann’ indicated that both the 70R:30B (p=0.0103) and 15R:85B (p=0.0116) produced
an overall greater degree of root coverage at the pot-media interface than the 90R:10B treatment.
Root coverage for ‘Ingrid’ displayed significant differences between the three treatments 90R:10B,
70R:30B and 15R:85B. Treatment 90R:10B and 70R:30B were significantly different from each
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other, p -value = <0.0001, Treatment 90R:10B and Treatment 15R:85B display significant
differences, p = 0.0012, and Treatment 70R:30B and Treatment 15R:85B were significantly
different from each other, p = 0.0046. These results were consistent across weeks 4 and 5.
Experiment 2
This experiment evaluated root growth in only cultivar Ann. No treatment effects were
observed for root dry and fresh mass. As well, total root coverage exhibited no significant
differences between treatments (1) to (4).

Figure 2.6: Experiment 1 - Root dry mass (g) of Kalanchoe, ‘Ann’ for treatments (1) 90R:10B, (2) 70R: 30B,
and (3) 85R: 15B. No significant differences were seen for root dry mass according to analysis of variance test.
Data, measured at the same time (week), bearing the same letter are not significantly different according to
analysis of variance (ANOVA) at p ≤ 0.05. Error bars are +/- SEM, n=6.
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Figure 2.7: Experiment 1 - Shoot mass (g) of Kalanchoe, ‘Ann’ for treatments (1) 90R:10B, (2) 70R: 30B, and
(3) 85R: 15B. Shoot mass was significantly different for treatment (3), p = 0.0008. Data, measured at the same
time (week), bearing the same letter are not significantly different according to analysis of variance (ANOVA)
test p ≤ at 0.05. Error bars are +/- SEM, n=6.
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Figure 2.8: Experiment 1 - Root dry mass (g) of Kalanchoe, ‘Ingrid’ for treatments (1) 90R:10B, (2) 70R: 30B,
and (3) 85R: 15B. No significant differences were seen for root mass. Data, measured at the same time (week),
bearing the same letter are not significantly different according to analysis of variance (ANOVA) test at p ≤
0.05. Error bars are +/- SEM, n=6.
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Figure 2.9: Experiment 1 – Shoot dry mass (g) of Kalanchoe, ‘Ingrid’ for treatments (1) 90R:10B, (2) 70R: 30B,
and (3) 85R: 15B. No significant differences were seen for shoot dry mass between treatments. Data, measured
at the same time (week), bearing the same letter are not significantly different according to analysis of variance
(ANOVA) test at p ≤ 0.05. Error bars are +/- SEM, n=6.
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Figure 2.10: Experiment 1 – Visible root coverage (log10(mm2)) of Kalanchoe, ‘Ann’ for treatments (1) 90R:10B,
(2) 70R: 30B, and (3) 85R: 15B. Slope analysis determined significant differences for Treatment (1) from
treatment (2) (p-value = 0.0103) and (3) (p-value = 0.0116) at 35 days. This figure assumes a linear response in
root development between weeks 4 (day 28) and 5 (day 35), connect two time points. The root coverage
threshold was between 1.9 and 2.3 (log10(mm2), displaying the potential to expedite propagation (based on
observed commercial standard production) anywhere between 1 day (T1), 3.5 days (T3) or 4 days (T2)
depending on grower evaluation. Error bars are +/- SEM, p ≤ 0.05, n=6.
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Figure 2.11: Experiment 1 – Visible root coverage (log10(mm2)) of Kalanchoe, ‘Ingrid’ for treatments (1)
90R:10B, (2) 70R: 30B, and (3) 85R: 15B. Treatment (1) and Treatment (2) are significantly different from each
other, p -value = <0.0001, Treatment (1) and Treatment (3) display significant difference, p = 0.0012. Treatment
(2) and Treatment (3) are significantly different from each other, p = 0.0046. Data, measured at the same time
(week), bearing the same letter are not significantly different using analysis of variance (ANOVA) test, Tukey
– Kramer adjustment at p ≤ 0.05. Error bars are +/- SEM, n=6.
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Figure 2.12: Experiment 2 - Average root dry mass and shoot mass (g) of Kalanchoe, ‘Ann’ for treatments
(1) 70R:25B: 5G, (2) 70R:25B: 5G: 10Fr, (3) 70R: 25B: 5G: 12UV, (4) 70R: 25B: 5G: 10Fr: 12UV. No
significant differences were seen for root fresh and dry mass between treatments according to analysis of
variance test (ANOVA), Tukey – Kramer adjustment. Error bars are +/- SEM, p ≤ 5 0.05, n=4
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Figure 2.13: Experiment 2 - Visible root coverage (log10(mm2)) of Kalanchoe, ‘Ann’ for treatments (1) 70R:25B: 5G, (2)
70R:25B: 5G: 10Fr, (3) 70R: 25B: 5G: 12UV, (4) 70R: 25B: 5G: 10Fr: 12UV. Data, measured at the same time (week), No
significant differences seen according to analysis of variance (ANOVA) test, p ≤ 0.05. Error bars are +/- SEM, n=4.

Preliminary studies (data not shown) suggested that cultivar was an important factor in
rooting response to light quality. The cultivar Ann is considered vigorous and fast rooting, while
‘Ingrid’ is known to be slow rooting and as such may explain differences in sensitivity to modified
light spectra. In the present case for experiment 1, ‘Ann’ and ‘Ingrid’ developed sufficiently under
all three red: blue lighting treatments by the fifth week of growth, which is the standard
propagation period in a commercial setting. Figure 2.10 assumes a linear response in root
development between weeks 4 (day 28) and 5 (day 35), connect the two time points. Higher ratios
38

of blue light did result in greater visible root coverage area at the pot-media interface for ‘Ann’,
whereas, the highest ratio of red light resulted in the greatest visible root coverage, followed by
the treatment with the highest blue light for ‘Ingrid’ (Figure 2.10 and Figure 2.11). If it is assumed
that greater root area equates to a more vigorous plant, then there is value in utilizing a spectrum
incorporating high red and blue light. This suggests that further root development during the floral
initiation phase could be restricted relative to the high red and blue ratios.
For experiment 2, where only cultivar Ann was evaluated, no significant differences were
seen between treatments one to four for root fresh and dry mass, and visible root area.
Given that increasing the blue light percentage beyond 10% lead to a greater root growth
rate for ‘Ann’ (Figure 2.10), it stands to reason that the overall propagation cycle could be
shortened under higher blue ratios for this cultivar. In a commercial greenhouse operation, even
small reductions in production time can lead to significant improvements in production efficiency,
ultimately leading to reduced production costs (less energy, labour, etc.). In the presented studies,
plants receiving higher percentages of blue light (‘Ann’) developed roots at a faster rate than the
plants receiving 10% of the light flux as blue. For experiment 1 ‘Ann’, the propagation visible root
area threshold ranged from (log10(79 – 200 (mm2)) at week five. Using this threshold window as a
baseline developmental range to determine suitability for floral initiation, then there is potential to
conservatively reduce the propagation phase by 1-day and less conservatively by up to four days
dependant on grower evaluation (Figure 2.10). However, this may also depend on commercial
settings. It is also interesting to note the influence that high red and blue light ratios had on root
growth for ‘Ingrid’ at 90% (red) and 85% (blue), such that at week 4 treatment 90R:10B had 0.4
(log10(mm2)) (20%) greater root coverage than 70R:30B at week 5 (p = 0.0472), which was the
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treatment that had the least amount of root growth at week 5. As well, at week 4 treatment 90R:10B
had 0.1 (log10(mm2)) (5%) greater root coverage than 15R:85B at week 5, although not
significantly different than 90R:10B at p ≤ 0.05. This could suggest the potential for increased root
growth influence with the incorporation of high red levels into future LED light treatments,
however, further study is needed to quantify the effect.
For experiment 2, with the additions of green, far – red and UV – A light at the tested ratios,
no differences were observed in visible root area, suggesting that these light qualities or the ratios
studied may not have an influence on root growth beyond that of the red: blue ratios alone. Further
study is required to evaluate this.
Kalanchoe cuttings used in these studies were two weeks old and as such may have been
less sensitive to red: blue distribution (even with the additions of green, Far-red and UV-A light)
due to previous auxin transport and signaling in response to the initial wounding/cutting.
Characterizing auxin dynamics in fresh cuttings, as it relates to light quality, would further our
understanding of the interactions of light quality and root growth in Kalanchoe. Due to time
constraints these studies were limited to research involving these wavelengths and ratios. Research
into other spectral combinations and intensities are also of interest in ornamental production and
should be explored further.
Typical commercial Kalanchoe propagation is a five-week cycle. Based on root
comparisons to commercial greenhouse plants, all light treatments produced plants considered
ready for floral induction (short day cycle) by the end of week five; however, shoot development
also needs to be considered under these light environments. In regards to ‘Ann’ and ‘Ingrid’ where
40

higher blue and red light was favoured for root growth, controversy, increasing blue ratios have
been shown to lead to compacted shoot growth, an effect that needs to be more thoroughly
examined in future studies (Huche-Thelier et al. 2016; Okello et al. 2016).
2.4 CONCLUSIONS
The ratio of red to blue light had a significant influence on root growth and development
for K. blossfeldiana ‘Ann’ and ‘Ingrid’. For ‘Ann’ it was shown that the rate of root growth was
significantly different between the treatments such that there was a potential to expedite the
Kalanchoe growth cycle by up to four days, which in turn could reduce production costs. For
‘Ingrid’, significant differences were also seen between treatments, promoting the greatest root
growth in treatments with 90% red and 85% blue light. Additions of far-red and UV - A lighting
resulted in minimal impacts to root growth, however, further exploration into appropriate ratio
combinations may still present promise. Cultivar differences were exhibited in these experiments.
Other factors beyond simply light quality are undoubtedly contributing to Kalanchoe growth and
development, however, further research is needed to examine these in the context of the current
results. Future research involving multiple wavelengths in combination with red: blue may prove
beneficial to adventitious rooting success.
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3 Canopy growth manipulation in Kalanchoe blossfeldiana cuttings
using targeted LED lighting spectra
3.1 INTRODUCTION
Light is a crucial environmental component needed in production of all crops grown in the
commercial greenhouse industry and field environment alike. Using LED lighting over more
traditional sources is of growing interest for its technical advantages and potential impact on
canopy crop production of ornamentals such as Kalanchoe blossfeldiana (Hasan et al., 2017). LED
light systems have the unique ability to target the most effective wavelengths for optimal growth,
while minimizing energy wastage (Morrow, 2008). This can allow for improved shoot growth and
provide the possibility to expedite production cycles. Some of the common influences of different
light qualities include, high Red: Far-red ratios which are known to signal stem branching and cell
elongation (Demotes-Mainard et al. 2016). Whereas UV – A/B and blue light qualities produce
compacted and dense plants. Elongation can also occur when these light qualities are applied
monochromatically. Additionally, UV-B light has been shown to increase disease resistance in
crops (Hasan et al., 2017; Hogewoning et al., 2010). In this way, it is hypothesized that different
light qualities can be used to manipulate the canopy environment to specific commercial
requirements of crops and suggests the possibility for reduced inputs of plant growth regulators
and pesticides throughout production cycles to achieve desired crop characteristics (Hasan et al.,
2017).
The objectives of the presented studies were:
1) To determine a Red: Blue: White light spectrum that resulted in a desirable
commercial shoot phenotype with respect to adventitious rooting and shoot
development.
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2) Using the spectrum developed in objective one, further characterize the influence of
UV - A and Far-red light supplementation on Kalanchoe shoot development.

3.2 MATERIALS AND METHODS
3.2.1 Experimental Design
3.2.1.1 Experiment 1 – Evaluation of Shoot Development under Different Blue, Red and
White Light Ratios
This experiment was designed as a randomized complete design (CRD) and carried out
for a 5-week period in a growth chamber known as the Whitebox. The Whitebox was set up with
three main sections from front to back of the chamber (Figure 3.1). Experiments were performed
only in the two side sections of the chamber, with six distinct growth zones (highlighted in red
and labelled, Figure 3.1). ‘Ann’ and ‘Ingrid’ cuttings obtained from Waldan Gardens were
planted in a blonde peat-based substrate (Pindstrup Moseberg A/S, Denmark) in standard 4 x 3
inch (diameter x height) cylindrical pots (TEKU, VCC, Article number: VCC – 10 US – 0400,
Farfard, 1940). The substrate contained (per m3) NPK 12 – 14 – 24 + micro nutrients (0.7 kg),
potassium sulphate (0.16 kg), Micromax (0.05 kg), Trianum (Trichoderma, 0.2 kg), wetting
agent (150 mL), limestone (3 kg), and dolomitic limestone (2 kg). A group of five pots stuck
with one cutting (2 -week old, 2-inch and non-rooted) per pot were randomly placed in 10 by 10
trays, considered one experimental unit (Second Sun Garden Supply, Lebanon, PA). The trays
were then randomly arranged into the selected 4 of 6 total zones every experiment replication
(Figure 3.1). The pots within the trays were randomized as well. A total of 200 pots were planted
per replication with an of n =3. Treatments consisted of (in percent total photosynthetically
active radiation (PAR)): (1) 90R:5B:5W, (2) 70R: 25B:5W, (3) 40R:55B:5W, and (4)
20R:75B:5W each at an intensity of approximately 300 µmol m−2 s−1 with an 18-hr photoperiod.
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Chambers were maintained at 22.5±2.5°C, ambient CO2, and a relative humidity of 40±20%.
Cuttings were fertilized by top irrigation twice weekly using a commercial 13-6-30 complete
fertilizer blend maintaining a pH of 6.2 – 6.8 using nitric acid (0.5M) and potassium hydroxide
(0.5M) and EC of 2.2 – 2.4 (Plant Prod, Brampton, Ontario).
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Figure 3.1: Whitebox Chamber Experimental Set-up with 3 main sections (highlighted in red and grey) and six zones indicated by the numbering (right). The
image connected to the 4th and 6th section is an example of the set up in experiment 1, sections 2, 4, 5 and 6 were used in the replication shown in the image
(middle). Pot set-up in 10 by 10 tray (one experimental unit) is displayed (left).
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3.2.1.2 Experiment 2 – Influence of UVA and Far-red Light on Shoot Development
This experiment was designed as an CRD and carried out for a 5-week period in the
Whitebox chamber. Kalanchoe ‘Ann’ cuttings obtained from Waldan Gardens were used.
Specifications of soil media, pots test set-up, and irrigation method were identical to those
detailed in the previous section. A total of 100 pots were planted per replicate experiment and the
experiment was repeated three times (n = 3). Treatments consisted of, in percent total
photosynthetic photon flux density (PPFD): (1) 70R: 25B:5W, (2) 70R: 25B:5W + 7Fr, (3) 70R:
25B:5W + 2.5UV-A, and (4) 70R: 25B:5W + 7Fr + 2.5UV-A, each at an intensity of
approximately 300 ± 30 µmol m−2 s−1 and an 18-hr photoperiod. Treatments with wavelengths
within 400 – 700 nm (PAR) total to 300 µmol m−2 s−1. Wavelengths outside this range (Far – red
and UV – A) are added additionally and are not included in the total PAR, however, are included
in the total 300 µmol m−2 s−1. This experiment was designed as a follow – up study to
experiment 1 regarding cultivar Ann, to further influence shoot development by adding Far-red
and UV – A light to the ‘best’ red: blue: white combination determined statistically in
experiment 1 (70R:25B:5W) in terms of canopy volume. Chambers were maintained at
22.5±2.5°C, ambient CO2, and a relative humidity of 40±20%. Cuttings were top fertigated twice
weekly using a commercial 13-6-30 complete fertilizer blend (Plant Prod, Brampton, Ontario).
3.2.2 Light Characterization
Overhead custom IVG LED lighting fixtures (IntraVision, Oslo, Norway) (made from
LED Engin, Wilmington, MA and Philips LumiLEDs, San Jose, CA) were used for plant lighting
for growth zones one to six. Growth zones one and five featured five wavelengths, UV – A (365
nm) and far – red (740 nm) from LED Engin, and red (655 nm), blue (448 nm) and white
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(5650K) from Philips LumiLEDs (Luxeon Rebels ES). Growth zones two, three, four and six
featured seven wavelengths including UV- A (365 and 380 nm), blue (440 nm), green (560 nm),
white (5650 K), red (640 nm) and far-red (740 nm). These fixtures were used for all experiments
detailed here.
Light spectra measurements were taken using a USB2000+ spectrometer with a 3900 µm
diameter UV-VIS optical fiber with a CC-3 cosine corrector (OceanOptics, Dunedin, FL). The
spectrometer was calibrated for absolute irradiance on 30 March 2019 between 300 nm and 1050
nm using a calibrating light source (OceanOptics). Light mapping was done to determine spectral
and intensity distribution under each treatment on an equally spaced 8 by 4 rectangular grid
cover each section (8 by 3 grid for plot section 1).
Average spectral irradiance was recorded (Table 3 – 1 and Table 3 – 2) for each
wavelength UV- A (365 and 380 nm), blue (440 - 448 nm), green (560 nm), white 5650 K, red
(640 - 655 nm) and far-red (740 nm) at the center of the plot section per treatment combination
per replication. Experiment 2 (Table 3 – 2) included the ratio of R: Fr and estimated
phytochrome photostationary state (PSS) per treatments including red and far-red, and ratio of
blue and UV-A. Estimated PSS was calculated based on Sager et al. (1988). Total PPFD was
also recorded.
Chamber Light Mapping
The various growing zones were light mapped to evaluate the light distribution of the
overhead light fixtures (Figure 3.3). This helped to identify the areas of higher and lower light
intensities in relation to the targeted set amount of light. As such, experimental units were placed
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closest to the center of the zone using edge plants at the corners to block external light and
randomization to avoid potential biases at the furthest corners of the chamber section.

Figure 3.2: Whitebox Chamber light map distributions: zones 1- 5, zone 6 not included due to missing data.
Highest to lowest intensities (orange to blue) located at the centre of chamber, decreasing toward the corners.

Absolute Irradiance Graphs: Experiment 1 Treatments 1 – 4
Measurements were taken from the center of each plot section at pot height. Blue (440 nm), green
(560 nm), white 5650 K, red (640 nm) were recorded as average photosynthetic photon flux as mean ±
SD (n = 3).
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Table 3.1: Spectral characterization of shoot experiment 1 Red: Blue: White treatments

Photon Flux Density µmol m−2 s−1

Treatments

R

B

270

25.7± 8

70R: 25B: 5W

210.3± 0.4

40R: 55B: 5W

20R: 75B: 5W

90R: 5B: 5W

W

PPFD

19.7± 2.3

315.3± 10.3

76.3± 0.5

20.2± 3.2

306.7± 4

123.5± 0.7

162.1±0.2

22.8± 2.5

308± 1.9

61.3±1.8

225.2± 0.2

21± 1.5

307.5± 3.5
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Figure 3.3: Light Spectra Graphs in PPFD µmol m−2 s−1 for experiment 1 treatments: (A) 90R:5B:5W, (B)
75R:20B:5W, (C) 40R: 55B:5W, (D) 20R:75B:5W. Peak wavelengths are shown on figure (nm) as follows:
(1)640R: 440B:5650W, (2) 640R: 440B:5650W, (3) 640R: 440B:5650W, (4) 640R: 440B:5650W.
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Absolute Irradiance Graphs: Experiment 2 Treatments 1 – 4
Absolute irradiance graphs were included of the four treatments for experiment 2 to
display the amount of light within each wavelength (nm) for each treatment. Specifications of
light treatments are outlined in Table 3.2. Measurements were taken from the center of each plot
section at pot height. Blue (440 nm), (UV-A (365 - 380 nm), green (560 nm), white 5650 K, red (640 nm)
and far - red (740nm) were recorded as average photosynthetic photon flux as mean ± SD (n = 3).
Estimated PSS was calculated based on Sager et al. (1988).
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Table 3.2: Spectral characterization of shoot experiment 2 Red: Blue: White + Far - red and UV-A treatments

Photon Flux Density µmol m−2 s−1

Estimated Pfr/
Treatments

R

B

W

R: Fr

B: UV-A

PPFD
P

70R:25B: 5W

12

205

65

70R: 25B: 5W+7Fr

215.3.3± 3.8

71± 2.8

13± 1.4

70R: 25B: 5W+2.5UV

217.5± 8.4

75.3±0.3

13± 2.6

70R:25B:5W+7Fr+2.5UV

216.7±0.9

72.4± 2.4

13.2± 0.8
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282

8.3±0.5

8.1±0.7

299.3± 0.5

10.5± 0.6

305.3± 5.6

9.9±0.2

302.2± 2.3

0.89

0.89

Figure 3.4: Light Spectra Graphs in PPFD µmol m−2 s−1 for experiment 1 treatments: (A) 75R:20B:5W, (B)
75R:20B:5W + 7Fr, (C) 75R:20B:5W + 2.5UV- A, (D) 75R:20B:5W + 7Fr + 2.5UV – A . Peak wavelengths are
shown on figure (nm) as follows: (A)6640R: 440B:5650W, (B) 640R: 440B:5650W + 740Fr, (C) 640R:

440B:5650W + 360, 380 UV-A, (D) 640R: 440B:5650W + 740Fr + 360, 380 UV-A.

3.2.3

Data Collection

Plant growth was measured weekly including height, widths, number of leaves, and number
of nodes and internodes. Canopy volume was calculated using height and width measurements
using the equation:
Canopy Volume (cm3) = ((2/3) • 3.14 • Height • ((Width1/2) • (Width2/2)))
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Images of the canopy (top view) were also taken weekly to track development and to capture
potential treatment effects. Plants were destructively harvested during the fifth week of growth,
during which leaf area and shoot dry mass were determined.

Overall plant quality at week five was determined via grower evaluation/rating of plant
images taken for this purpose. The rating systems for five-week-old Kalanchoe ‘Ann’ and
‘Ingrid’ linked the plants receiving the light treatments to commercial production quality
standards as determined by our commercial partner (Walden Gardens; Dan Newhouse and team).
The numerical rating system was as follows:
1. 8 – 10: commercially sellable (correct heights/widths, canopy density and fullness, could
move on to short day period)
2. 5 – 7: somewhat commercially sellable (heights/widths, canopy density and fullness are
appropriate at 5 weeks, some leaf damage, could move on to short day period)
3. 2 – 4: not commercially sellable (heights/widths, canopy density and fullness are not
appropriate at 5 weeks, some leaf damage, could not move on to short day period)
4. 0 – 1: not commercially sellable (heights/widths, canopy density and fullness are not
appropriate at 5 weeks, Kalanchoe appears unhealthy, too much leaf damage/appearance
of fungus infection, could not move on to short day period)
3.2.4 Statistical Analysis
Data were analyzed via repeated measures analysis of variance (ANOVA) with multiple
comparison test, Tukey – Kramer adjustment using SAS® version 9.4 (SAS Institute Inc., Cary,
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North Carolina, U.S.A) to determine treatment effects and evaluated using type III fixed effects.
The multiple comparison test, Tukey – Kramer test was done to evaluate treatment, week and
interaction effects. The response variables were canopy volume, number of leaves, leaf area,
nodes, internodes, fresh mass and dry mass. The independent variable was time (weeks 1– 5).
The data was evaluated with a type I error rate p – value ≤ 0.05.

3.3

RESULTS

3.3.1 Experiment 1 – Evaluation of Different Red, Blue and White Ratios of Shoot
Development
Cultivars (Ann and ‘Ingrid’) were not compared to each other as they have different
initial growth rates, they were compared individually between treatments. Cuttings grown after
one week of growth displayed no apparent treatment differences for both cultivars (Figure 3.5).
At week 5, cuttings grown under higher ratios of red light had a fuller canopy with larger leaves
and greater overall size (Figure 3.6 A, B, E and F), compared to the cuttings grown under
treatments with higher blue light (Figure 3.6 C, D, G and H) that appeared very compacted and
leaves exhibited curling. Qualitative observations of colouration differences were seen between
the treatments such that green leaf colour was greater in treatments with a higher percentage of
blue compared to red light, though this was not measured.
Treatments effects were observed in ‘Ann’ for canopy volume, average nodes, internodes,
height number of leaves and dry mass (Figure 3.7, 3.8 and 3.9, Table 3.3 – 3.5). For ‘Ann’ (Figure
3.7), treatments 40R:55B:5W and 70R:25B:5W had 149 cm3 (64%) and 200 cm3 (71%) more
canopy when compared to 90R:5B:5W at week three. At week four, treatments 70R:25B:5W had
280cm3 (54%) more canopy when compared to 90R:5B:5W. Lastly at week 5, treatments
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40R:55B:5W and 70R:25B:5W had 289 cm3 (43%) and 300 cm3 (44%) more canopy when
compared to 90R:5B:5W. For nodal growth (Figure 3.8), treatments 40R:55B:5W and
70R:25B:5W had 0.5 (10%) more nodes compared to 20R:75B:5W at week 3. At week 4
70R:25B:5W had 0.6 (10 %) more nodes compared to 90R:5B:5W, 20R:75B:5W and
40R:55B:5W. Finally, at week 5, 70R:25B:5W had 0.8 (11%) more nodes compared to
20R:75B:5W. Similar treatment trends were seen with internodes, height and leaf number with
highest values achieved under treatment 70R: 25B: 5W when compared to 90R:5B:5W,
40R:55B:5W and 20R:75B:5W. (Table 3.3 – 3.5).
Table 3.3: Evaluation of Red, Blue and White light on Shoot Development – Means values for Number of
Internodes ‘Ann’

90R:5B:5W

70R:25B:5W

40R:55B:5W

20R:75B:5W

Week 1

2 ± 0.2 a

2 ± 0.2 a

1.9 ± 0.1 a

2 ± 0.2 a

Week 2

2.8 ± 0.2 a

2.7 ± 0.2 a

2.7 ± 0.2 a

2.6 ± 0.2 a

Week 3

3.8 ± 0.3 ab

4 ± 0.3 b

4.1 ± 0.3 b

3.6 ± 0.3 a

Week 4

4.7 ± 0.4 a

5.3 ± 0.4 b

4.6 ± 0.4 a

4.8 ± 0.4 ab

Week 5

5.8 ± 0.4 ab

6.4 ± 0.4 b

6.1 ± 0.5 ab

5.6 ± 0.4 a

Reported values are means ± SD (n =3) from weeks 1 - 5 by treatment with each experimental unit (replicated over
time) consisted of 15 ± 2 subsamples (plants) per treatment. Lettering indicates statistical comparisons within a
week, not between weeks. Tukey – Kramer levels across all treatments are shown (p ≤ 0.05).
Table 3.4: Evaluation of Red, Blue and White light on Shoot Development – Means values for Height (cm)
‘Ann’

90R:5B:5W

70R:25B:5W

40R:55B:5W

20R:75B:5W

Week 1

1.5 ± 0.2 a

1.5 ± 0.2 a

1.5 ± 0.2 a

1.5 ± 0.2 a

Week 2

2.6 ± 0.3 a

2.7 ± 0.4 a

2.9 ± 0.4 a

2.8 ± 0.4 a

Week 3

2.6 ± 0.3 a

4.2 ± 0.6 b

3.7 ± 0.6 b

3 ± 0.5 a
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Week 4

4 ± 0.6 a

5.2 ± 0.8 b

4.9 ± 0.7 ab

4.8 ± 0.7 ab

Week 5

5.2 ± 0.8 a

6.4 ± 0.9 b

6.6 ± 1 b

6.3 ± 0.9 ab

Reported values are means ± SD (n =3) from weeks 1 - 5 by treatment with each experimental unit (replicated over
time) consisted of 15 ± 2 subsamples (plants) per treatment. Lettering indicates statistical comparisons within a
week, not between weeks. Tukey – Kramer levels across all treatments are shown (p ≤ 0.05).
Table 3.5: Evaluation of Red, Blue and White light on Shoot Development – Means values for Number of
Leaves ‘Ann’

90R:5B:5W

70R:25B:5W

40R:55B:5W

20R:75B:5W

Week 1

7.1 ± 0.9 a

7 ± 0.9 a

7 ± 0.9 a

7.4 ± 1 a

Week 2

10.7 ± 1.4 ab

13.3 ± 1.7 b

12.6 ± 1.6 b

9.9 ± 1.3 a

Week 3

21.5 ± 2.8 a

27.2 ± 3.5 b

24.4 ± 3.2 ab

20.5 ± 2.6 ab

Week 4

30.8 ± 4 a

41.4 ± 5.4 b

33.9 ± 4.5 ab

37.4 ± 4.9 ab

Week 5

46.7 ± 6 a

60.3 ± 7.8 b

50.8 ± 6.6 ab

52.2 ± 6.8 ab

Reported values are means ± SD (n =3) from weeks 1 – 5 by treatment with each experimental unit (replicated over
time) consisted of 15 ± 2 subsamples (plants) per treatment. Lettering indicates statistical comparisons within a
week, not between weeks. Tukey – Kramer levels across all treatments are shown (p ≤ 0.05).
Table 3.6: Evaluation of Red, Blue and White light on Shoot Development – Means values for Leaf Area
‘Ann’

Leaf Area (cm2)

90R:5B:5W

70R:25B:5W

40R:55B:5W

20R:75B:5W

232.2 ± 79.5 a

363.3 ± 124.2 a

213.2 ± 72.9 a

197.3 ± 67.5 a

Reported values are reported as means ± SE, (n =3) from week 5 by treatment with each experimental unit
(replicated over time) consisted of 15 ± 2 subsamples (plants) per treatment. Lettering indicates statistical
comparisons within a week, not between weeks. Tukey – Kramer levels across all treatments are shown (p ≤ 0.05).

No significant differences were seen (p ≤ 0.05) in leaf area (Table 3.6) between treatments.
For ‘Ingrid’ treatment effects were seen for canopy volume, nodes, internodes, leaf number and
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dry mass between treatments within each week (1) 90R:5B:5W, (2)70R:25B:5W, (3)40R:55B:5W
and (4)20R:75B:5W (Figure 3.10 and 3.11, Table 3.7 – 3.11). For canopy volume, treatment
40R:55B:5W and 70R:25B:5W had 39 cm3 (23%) and 43 cm3 (25%) more canopy volume than
90R:5B:5W, and 40 cm3 (24%) and 44 cm3 (25%) more canopy volume than 20R:75B:5W at week
3. By week 5, treatment 40R:55B:5W and 70R:25B:5W had 87 cm3 (20%) and 95 cm3 (21%)
more canopy volume than 20R:75B:5W. Significant differences were seen with dry mass between
treatment 90R:5B:5W and 70R:25B:5W, p = 0.002, treatment 70R:25B:5W and 40R:55B:5W, p
= 0.0049, and treatment 70R:25B:5W and 20R:75B:5W, p = <0.0001 at 5 weeks of growth.
Similar treatment trends were seen with nodes, internodes and leaf number with highest values
achieved under treatment 70R: 25B: 5W when compared to 90R:5B:5W, 40R:55B:5W and
20R:75B:5W by week 5. (Table 3.7, 3.8, 3.10 and 3.11). No significant differences were observed
for shoot height and leaf area at p ≤ 0.05.
Table 3.7: Evaluation of Red, Blue and White light on Shoot Development – Means values for Number of
Nodes ‘Ingrid’

90R:5B:5W

70R:25B:5W

40R:55B:5W

20R:75B:5W

Week 1

3 ± 0.2 a

3 ± 0.2 a

2.9 ± 0.2 a

3 ± 0.2 a

Week 2

3.7 ± 0.3 a

3.8 ± 0.3 a

3.7 ± 0.3 a

3.6 ± 0.3 a

Week 3

4.7 ± 0.4 ab

5 ± 0.4 b

5 ± 0.4 b

4.6 ± 0.4 a

Week 4

5.6 ± 0.4 a

6.2 ± 0.4 b

5.6 ± 0.4 a

5.7 ± 0.4 a

Week 5

6.7 ± 0.5 ab

7.3 ± 0.6 a

7 ± 0.5 ab

6.5 ± 0.5 b

Reported values are means ± SD (n =3) from weeks 1 – 5 by treatment with each experimental unit (replicated over
time) consisted of 15 ± 2 subsamples (plants) per treatment. Lettering indicates statistical comparisons within a
week, not between weeks. Tukey – Kramer levels across all treatments are shown (p ≤ 0.05).
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Table 3.8: Evaluation of Red, Blue and White light on Shoot Development – Means values for Number of
Internodes ‘Ingrid’

90R:5B:5W

70R:25B:5W

40R:55B:5W

20R:75B:5W

Week 1

2 ± 0.2 a

2.2 ± 0.2 a

2.1 ± 0.2 a

2.1 ± 0.2 a

Week 2

2.6 ± 0.2 ab

2.4 ± 0.2 ab

2.8 ± 0.2 b

2.3 ± 0.2 a

Week 3

3.9 ± 0.3 a

3.8 ± 0.3 a

3.8 ± 0.3 a

3.6 ± 0.3 a

Week 4

4.5 ± 0.4 a

5.1 ± 0.4 b

4.1 ± 0.3 c

4.3 ± 0.4 ac

Week 5

6.2 ± 0.5 ab

6.3 ± 0.5 b

5.7 ± 0.5 ab

5.4 ± 0.5 a

Reported values are means ± SD (n =3) from weeks 1 - 5 by treatment with each experimental unit (replicated over
time) consisted of 15 ± 2 subsamples (plants) per treatment. Lettering indicates statistical comparisons within a
week, not between weeks. Tukey – Kramer levels across all treatments are shown (p ≤ 0.05).
Table 3.9: Evaluation of Red, Blue and White light on Shoot Development – Means values for Height (cm)
‘Ingrid’

90R:5B:5W

70R:25B:5W

40R:55B:5W

20R:75B:5W

Week 1

2 ± 0.2 a

1.7 ± 0.1 a

2 ± 0.2 a

1.9 ± 0.2 a

Week 2

2.9 ± 0.2 a

2.7 ± 0.2 a

2.8 ± 0.2 a

2.9 ± 0.2 a

Week 3

3.1 ± 0.2 a

3.3 ± 0.3 a

3.5 ± 0.3 a

3.1 ± 0.2 a

Week 4

4 ± 0.3 a

4.3 ± 0.3 a

4 ± 0.3 a

4 ± 0.3 a

Week 5

5.3 ± 0.4 a

5.2 ± 0.4 a

5.4 ± 0.4 a

4.9 ± 0.4 a

Reported values are means ± SD (n =3) from weeks 1 - 5 by treatment with each experimental unit (replicated over
time) consisted of 15 ± 2 subsamples (plants) per treatment. Lettering indicates statistical comparisons within a
week, not between weeks. Tukey – Kramer levels across all treatments are shown (p ≤ 0.05).
Table 3.10: Evaluation of Red, Blue and White light on Shoot Development – Means values for Number of
Leaves ‘Ingrid’

90:5B:5W

70R:25B:5W

40R:55B:5W

20R:75B:5W

Week 1

8.1 ± 1 a

8.1 ± 1.1 a

8.3 ± 1.1 a

8.2 ± 1.1 a

Week 2

10.2 ± 1.3 a

10.1 ± 1.3 a

9.9 ± 1.3 a

9.3 ± 1.2 a
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Week 3

19.5 ± 2.5 a

20.2 ± 2.6 a

19.9 ± 2.6 a

17.4 ± 2.3 a

Week 4

29.7 ± 4 ab

35.5 ± 4.7 b

26.4 ± 3.5 a

33.5 ± 4.4 b

Week 5

47.7 ± 6.2 ab

55.6 ± 7.2 b

46 ± 6 a

47 ± 6.1 ab

Reported values are means ± SD (n =3) from weeks 1 – 5 by treatment with each experimental unit (replicated over
time) consisted of 15 ± 2 subsamples (plants) per treatment. Lettering indicates statistical comparisons within a
week, not between weeks. Tukey – Kramer levels across all treatments are shown (p ≤ 0.05).

No treatment effects were observed with leaf area at p ≤ 0.05 between treatments.
Table 3.11: Evaluation of Red, Blue and White light on Shoot Development – Means values for Leaf Area and
Dry Mass ‘Ingrid’

90R:5B:5W

70R:25B:5W

40R:55B:5W

20R:75B:5W

Leaf Area (cm2)

165.3 ± 51.4 a

205.2 ± 63.7 a

147.3 ± 45.7 a

129.4 ± 40.2 a

Dry Mass (g)

1.3 ± 0.06 a

1.7 ± 0.06 b

1.08 ± 0.06 c

1.6 ± 0.06 b

Reported values are reported as means ± SE, (n =3) from week 5 by treatment with each experimental unit
(replicated over time) consisted of 15 ± 2 subsamples (plants) per treatment. Lettering indicates statistical
comparisons within a week, not between weeks. Tukey – Kramer levels across all treatments are shown (p ≤ 0.05).
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Figure 3.5: Kalanchoe canopy images Ann (bottom row) and ‘Ingrid’ (top row) week 1 for treatments (A) 90R:5B:5W, (B) 70R:25:5W, (C) 40R:55B:5W, and
(D) 20R:75B:5W
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Figure 3.6: Kalanchoe canopy images Ann (right) and ‘Ingrid’ (left) week 5 for treatments (A/E) 90R:5B:5W, (B/F) 70R:25B:5W, (C/G) 40R:55B:5W, and
(D/H) 20R:75B:5W. Decreasing ratio of red, while increasing percentage of blue from top to bottom of images. Average grower evaluation rating indicates
qualitative commercial viability.
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Figure 3.7: Canopy volume (cm3) of Kalanchoe, ‘Ann’ for treatments (A) 90R:5B:5W, (B) 70R: 25B:5W, (C) 40R:55B:5W, and (D) 20R:75B:5W. Error
bars are +/- SEM, n=3. Data, measured at the same time (week), bearing the same letter are not significantly different according to analysis of variance
(ANOVA) with multiple comparisons test, Tukey – Kramer test at p≤ 0.05.
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Figure 3.8: Number of nodes of Kalanchoe, ‘Ann’ for treatments (A) 90R:5B:5W, (B) 70R: 25B:5W, (C) 40R:55B:5W, and (D) 20R:75B:5W. Error bars
are +/- SEM, p = 0.05, n=3. Data, measured at the same time (week), bearing the same letter are not significantly different according to analysis of
variance (ANOVA) with multiple comparisons test, Tukey – Kramer test at p≤ 0.05.
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Figure 3.9: Shoot dry mass (g) of Kalanchoe, ‘Ann’ for treatments (A) 90R:5B:5W, (B) 70R: 25B:5W, (C) 40R:55B:5W, and (D) 20R:75B:5W. Error
bars are +/- SEM, n=3. Significant differences were seen with treatment (B), p = <0.0001 at 5 weeks of growth according to analysis of variance
(ANOVA) test at p ≤0.05.
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Figure 3.10: Canopy volume (cm3) of Kalanchoe, ‘Ingrid’ for treatments (A) 90R:5B:5W, (B) 70R: 25B:5W, (C) 40R:55B:5W, and (D) 20R:75B:5W.
Error bars are constructed based on standard error from the mean, p = 0.05, n=3. Data, measured at the same time (week), bearing the same letter are
not significantly different according to analysis of variance (ANOVA) test with multiple comparisons test, Tukey – Kramer adjustment at p ≤ 0.05.
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Figure 3.11: Average shoot dry mass (g) of Kalanchoe, ‘Ingrid’ for treatments (1) 90R:5B:5W, (2) 70R: 25B:5W, (3) 40R:55B:5W, and (4) 20R:75B:5W.
Error bars are +/- SEM, n=3. Significant differences were seen with treatment (1) and (2), p = 0.002, treatment (2) and (3), p = 0.0049, and treatment (2)
and (4), p = <0.0001 at 5 weeks of growth according to analysis of variance (ANOVA) test at p ≤ 0.05.
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3.3.2 Experiment 2– Evaluation of Far-red and UV-A light on Shoot Development
Based on treatment effects that were seen in grower evaluation and statistical results for
experiment 1 it was determined that treatment 70R: 25:5W would be used in experiment 2 for
‘Ann’ to continue examination of red: blue: white LED lighting treatments with the addition of
far-red and UV-A light. The following evaluated the results of experiment 2 for ‘Ann’ in which
Kalanchoe cuttings were treated under 4 LED lighting treatments (A) 75R:25B:5W, (B)
75R:25B:5W + 7Fr, (C) 75R:25B:5W + 2.5UV- A, (D) 75R:25B:5W + 7Fr + 2.5UV – A.
No noticeable differences in canopy size were observed between treatments
75R:25B:5W, 75R:25B:5W + 7Fr, 75R:25B:5W + 2.5UV- A, and 75R:25B:5W + 7Fr + 2.5UV
– A based on images taken on harvest day, 5 week (Figure 3.12). Although, observational
colouration differences were seen in treatments with additions of UV-A as the leaves were darker
green compared to the vibrant green colour in the treatments without UV-A present, this was not
measured (Figure 3.12).
Minimal treatment effects were observed for canopy volume. At week 2, treatment
75R:25B:5W + 7Fr had an average of 49 cm3 (39%), 50 cm3 (40%) and 64 cm3 (50 %) more
canopy volume than 75R:25B:5W, 75R:25B:5W + 2.5UV- A, and 75R:25B:5W + 7Fr + 2.5UV
– A. However, by the fifth week no significant differences were seen for average canopy growth
between the treatments. For average nodes, treatments 75R:25B:5W + 7Fr and 75R:25B:5W +
2.5UV- A had an average of 0.7 (15%) more nodal growth than 75R:25B:5W + 7Fr + 2.5UV –
A. However, by the fifth week no significant differences for average node growth were seen
between the treatments.
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No treatment effects for ‘Ann’ were seen for internodes, leaf area, leaf number and dry mass at p
≤ 0.05 (Table 3.12 – 3.14).
Table 3.12: Evaluation of Far -red and UV – A Light on Shoot Development – Means values for Number of
Internodes ‘Ann’
70R:25B:5W

70R:25B:5W +
7Fr

70R:25B:5W +
2.5UV-A

70R:25B:5W+ 7Fr +
2.5UV

Week 1

2.1 ± 0.2 a

1.9 ± 0.1 a

2 ± 0.2 a

1.9 ± 0.1 a

Week 2

3.6 ± 0.3 a

3.6 ± 0.3 a

3.7 ± 0.3 a

3 ± 0.2 a

Week 3

4.3 ± 0.3 a

4.4 ± 0.3 a

4.4 ± 0.3 a

3.7 ± 0.3 a

Week 4

4.8 ± 0.4 a

5.5 ± 0.4 a

5.4 ± 0.4 a

4.9 ± 0.4 a

Week 5

5.1 ± 0.5 a

5.6 ± 0.4 a

5.8 ± 0.4 a

5.4 ± 0.4 a

Reported values are means ± SD (n =3) from weeks 1 - 5 by treatment with each experimental unit (replicated over
time) consisted of 15 ± 2 subsamples (plants) per treatment. Lettering indicates statistical comparisons within a
week, not between weeks. Tukey – Kramer levels across all treatments are shown (p ≤ 0.05).
Table 3.13: Evaluation of Far -red and UV – A Light on Shoot Development – Means values for Leaves ‘Ann’
70R:25B:5W

70R:25B:5W +
7Fr

70R:25B:5W +
2.5UV-A

70R:25B:5W+ 7Fr +
2.5UV

Week 1

7.4 ± 0.9 a

7.9 ± 1 a

7.7 ± 1 a

7.2 ± 0.9 a

Week 2

12.6 ± 1.6 a

12.5 ± 1.6 a

12.2 ± 1.5 a

9.3 ± 1.1 a

Week 3

22.3 ± 2.8 a

27 ± 3.4 a

26.2 ± 3.3 a

24.2 ± 3 a

Week 4

38 ± 4.8 a

46 ± 5.8 a

35.4 ± 4.5 a

35.4 ± 4.5 a

Week 5

50.2 ± 6.3 a

58.4 ± 7.3 a

43.4 ± 5.4 a

43.4 ± 5.4 a

Reported values are means ± SD (n =3) from weeks 1 - 5 by treatment with each experimental unit (replicated over
time) consisted of 15 ± 2 subsamples (plants) per treatment. Lettering indicates statistical comparisons within a
week, not between weeks. Tukey – Kramer levels across all treatments are shown (p ≤ 0.05).
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Table 3.14: Evaluation of Far -red and UV – A Light on Shoot Development – Means values for Leaf Area
and Dry Mass ‘Ann’

70R:25B:5W

70R:25B:5W

40R:55B:5W

20R:75B:5W

Leaf Area (cm2)

279.7 ± 60.3 a

334.8 ± 72.2 a

307.5 ± 66.5 a

247.6 ± 53.4 a

Dry Mass (g)

2.4 ± 0.4 a

2.8 ± 0.5 a

2.3 ± 0.4 a

2.1 ± 0.4 a

Reported values are reported as means ± SE, (n =3) from week 5 by treatment with each experimental unit
(replicated over time) consisted of 15 ± 2 subsamples (plants) per treatment. Lettering indicates statistical
comparisons within a week, not between weeks. Tukey – Kramer levels across all treatments are shown (p ≤ 0.05).
No significant differences were represented by the same lettering.
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Figure 3.12: Kalanchoe canopy images of ‘Ann’ after five weeks for treatments (A) 75R:25B:5W, (B) 75R:25B:5W + 7Fr, (C) 75R:25B:5W + 2.5UV- A,
(D) 75R:25B:5W + 7Fr + 2.5UV – A. A ruler 15cm ruler is used for scale in figure. Numbering of bags represents growth zone per treatment. Average
grower evaluation rating indicates qualitative commercial viability.
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Figure 3.13: Canopy volume (cm3) Kalanchoe, ‘Ann’ for treatments (A) 75R:25B:5W, (B) 75R:25B:5W + 7Fr, (C) 75R:25B:5W + 2.5UV- A, (D)
75R:25B:5W + 7Fr + 2.5UV – A. Error bars are +/- SEM, p = 0.05, n=3. Data, measured at the same time (week), bearing the same letter are not
significantly different according to multiple comparisons test, Tukey – Kramer test at p = 0.05.
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Figure 3.14: Average number of nodes for ‘Ann’ at week five for treatments (A) 75R:25B:5W, (B) 75R:25B:5W + 7Fr, (C) 75R:25B:5W + 2.5UV- A, (D)
75R:25B:5W + 7Fr + 2.5UV – A. Error bars are +/- SEM, p = 0.05, n=3. Data, measured at the same time (week), bearing the same letter are not
significantly different according to multiple comparisons test, Tukey – Kramer test at p = 0.05.
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Figure 3.15: Average shoot dry mass (g) of Kalanchoe, ‘Ann’ at week five for treatments (A) 75R:25B:5W, (B) 75R:25B:5W + 7Fr, (C) 75R:25B:5W +
2.5UV- A, (D) 75R:25B:5W + 7Fr + 2.5UV – A. No significant differences were seen according to analysis of variance test at p = 0.05. Error bars are +/SEM, n=3
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3.3.3 Grower Evaluation of Shoot Growth and Development
Experiment 1 – Evaluation of Different Red, Blue and White Ratios of Shoot Development
A qualitative grower assessment of Kalanchoe ‘Ann’ plant images (Figure 3.6 A - D) at
the fifth week of growth was performed in addition to the quantitative assessments. It was
determined that for ‘Ann’ treatment 90R:5B:5W and 70R: 25:5W generated plants that would be
considered commercially ready with respect to canopy fullness and size. Treatment 70R: 25:5W
had minimal curling. The canopy was verging on the side of too large, suggesting that it could
have been moved to its short-day (SD) floral induction cycle as early as week 4; a substantial
reduction in the production cycle. Kalanchoe plants grown under treatment 40R:55B:5W were
deemed too variable between plants with a disturbing amount of leaf curling, unappealing for
commercial production. It was predicted was that these plants would not be commercially viable
by the end of their 15-week growth cycle. Lastly, treatment 20R:75B:5W resulted in Kalanchoe
plants that were also commercially viable. There was a desirable distribution of leaf size between
lower and upper leaf sets, resulting in the desired pyramidal/ Christmas tree shape. As such this
treatment could move on to SD period at 5 weeks of growth.
In addition, a qualitative assessment of Kalanchoe ‘Ingrid’ plant images (Figure 3.6 E - H)
of 5 subsamples at the fifth week of growth were done. It was determined that for ‘Ingrid’ treatment
90R:5B:5W (80% correct) had a full and dense canopy with a correct height. This treatment would
be ready to go into the SD period. Treatment 70R: 25:5W (75% correct) was commercially
desirable plant regarding canopy fullness and size. There was moderate leaf tip curling, however,
this treatment could still move to the SD cycle. Kalanchoe plants grown under treatment
40R:55B:5W (55% correct) were considered too small, the canopy was overly dense appearing
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“stacked” (nodes are stacked on top of each other, minimal internodal elongation) with noticeable
upward leaf curling. This treatment is not ready to move into its SD cycle. Lastly, treatment
20R:75B:5W (30% correct) resulted in Kalanchoe plants that were not sufficiently accurate in
regard to canopy size, leaf curling was extreme and as such would not move any further in
production until they grew larger and “grew out” (leaves recovering from leaf curling as they
expand) of the curl damage. It was determined that increased canopy fullness would make this
treatment more appealing, however, at this point this treatment would not move on to its SD cycle.
Experiment 2 – Evaluation of Far – red and UV – A Light on Shoot Development
A grower evaluation of ‘Ann’ plant images (Figure3.12) was conducted on 10
subsamples at the fifth week of growth. It was determined that for ‘Ann’, treatment 70R:25B:5W
(85% correct) had a full canopy boarding on the side of too large but would still be ready to go
into the SD period. Treatment 70R: 25:5W + 7Fr (55% correct) was not commercially desirable
plant as its canopy was too full and large. It was suggested that the plants could be moved to
their SD period more quickly, after four weeks instead of 5 weeks. Kalanchoe plants grown
under treatment 70R:25B:5W+ 2.5UV (47.5% correct) were considered undersized, with short
internodes making the plant look stacked. This treatment was not ready to move into its SD cycle
at 5 weeks and based on current production cycles is inappropriate for commercial production.
Lastly, treatment 70R:25B:5W + 7FR + 2.5 UV (75% correct) resulted in Kalanchoe plants that
were appropriate in terms of canopy size and fullness for 5-week-old plants. The plants had side
shoots that were visible, while not having undesirable internode stretching. This treatment could
move on to its SD cycle.
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3.4 DISCUSSION
Overall, in experiment 1 there were treatment effects for canopy volume, average node,
internodes, height, leaf number and dry mass that were manifested by weeks three, four and five
(Figure 3.7 and 3.8, Table 3.3 – 3.5). This would suggest that around the third week the
Kalanchoe cuttings in some treatments were established to the point that the new roots could
support the water requirements of photosynthesis, allowing for an increased growth rate. This
would explain some differentiation between the treatments from weeks 3 to 5.
Kalanchoe growth measurements showed relatively minor differences between treatments
for ‘Ann’, so grower evaluation was heavily weighted when determining the most effective Red:
Blue: White lighting combination to move forward with. Although treatment 90R:5B:5W and
70R:25B:5W were evaluated equally in terms of canopy fullness and shape, 70R:25B:5W was
selected as the best candidate spectrum as the highest values per shoot characterization was
achieved under this treatment. In addition, 70R:25B:5W closely aligned with the root development
spectrum determined in Chapter 2. Among the treatments, it was determined that for ‘Ingrid’
treatment 70R:25B:5W was also the most commercially desirable plant regarding canopy
branching and size and should be considered a potential LED lighting combination that can
influence canopy growth in Ingrid cultivars. However, further exploration of different wavelength
combinations is required to make an accurate recommendation to commercial greenhouse growers,
particularly considering the cultivar differences observed.
The addition of UVA and far-red light exhibited no significant effects on shoot
development, which is somewhat surprising given the known effects of far-red light. Limited
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range of wavelengths were used as treatment combinations and as such including more
wavelengths and ratios into the lighting treatment has the potential to exhibit greater differences
between treatments (Kim et al., 2014 and Bergstand & Schussler, 2013). In addition, the base
Red: Blue: White treatment combination was constant, which may have contributed to the
limited treatment effects for the Kalanchoe cuttings. The grower evaluation suggested that FR
may accelerate the production cycle by a week. Although we did not see statistical differences,
the absolute mean of the FR treatment was in fact the highest amongst the treatments. Further
studies with greater statistical power through replication are justified and may shed light on this
potential response.
3.4 CONCLUSION
The light spectra examined resulted in differences in overall shoot growth and
development, although ‘Ann’ did respond in a more substantial manner than ‘Ingrid’. Statistical
differences between treatments were detected for ‘Ann’, with improvements in overall canopy
metrics observed for the treatments 70R:25B:5W and 40R:55B:5W. Grower evaluation suggested
expedited propagation using treatment 70R:25B:5W + 7Fr such that these plants were an
appropriate size at 4 weeks. However, treatment 70R:25B:5W and 70R:25B:5W + 2.5UV-A also
displayed a potential to be used in a commercial system with the next highest commercial grower
ratings pending experimentation in a commercial greenhouse setting.
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4 General Discussion
4.1 Adventitious Root Development
Small treatment differences in root and shoot growth were seen in Chapter 2 using ‘Ann’
and ‘Ingrid’ cuttings that were treated with different Red: Blue LEDs and Red: Blue: White +
Far red and UV – A. LED lighting combinations. It is suggested that cultivar-specific responses
may be a significant factor in the degree of light mediated root and shoot responses. This was
shown in Chapter 2, where the 70R:30B treatment was found to be the most effective light
combination for root growth in ‘Ann’, whereas 90R:10B was found to be the best for ‘Ingrid’
cuttings. This result is contrary to some of the ideas hypothesized in Chapter 2 where it was
believed that higher percentages of blue light promote more robust rooting. Other studies have
also suggested that cultivar differences may be factored in to explain discrepancies between
treatments with different cultivars of the same species (Kang et al., 2019). In this way, it reasons
that some cultivars are more sensitive to environmental changes (i.e., light) than others (Nam et
al., 2016). It is understandable considering Kalanchoe are succulent crops that are naturally
physically tolerant to harsh arid environments. This may contribute to cultivar resiliency and lack
of sensitivity to the LED lighting treatments used in both root and shoot experiments (Nam et al.,
2016). In this case ‘Ann’ and ‘Ingrid’ may have been cultivars bred for resilient traits.
Regarding root experiments in Chapter 2 (Red: Blue ratios) the treatments used
encompassed a wide range of Red: Blue light combinations (90R:10B to 15R:85B). These
treatments were based on literature that suggested that red and blue wavelengths may have the
greatest influence on root and shoot growth (Kim et al, 2014; Kim et al., 2018). This was evident
in experiment 1 results with ‘Ann’ cuttings treated with 70R:30B or 15R:85B, where there was a
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potential to improve root propagation up to 4 days sooner than the conventional 5-week period.
The significant differences that were seen for root coverage, comparing treatments 70R:30B and
15R:85B to treatment 90R:10B, could indicate that ratios with at least 10% to 30% blue light
have a positive impact on root growth compared to light combinations with <10% blue light.
However, ‘Ingrid’ cuttings displayed the opposite results in terms of red: blue ratios, where
higher red light (90%) favoured the greatest visible root growth. Similar results to this study
were found with Echeveria succulents involving 4 different cultivars grown under ratios of red,
blue, green, and far-red lighting examining root and shoot growth. In that study, it was
determined that higher ratios of red lighting encouraged root growth whilst inhibiting shoot
growth and vice versa for blue lighting (Kim et al., 2018). Similar results of shoot inhibition
were seen with both root and shoot experiments which is a common effect of high percentages of
blue light (Huche-Thelier et al., 2016; Okello et al., 2016). Zhou & Singh (2002) further
supported this idea with their discovery of high percentages of red-light promoting root growth
in American cranberry plants. Although different crops were used, similar light quality effects
between different cultivars were still seen, indicating that the effect of light appears to be species
and cultivar specific based on experiment result and literature. As such, further study is required
to verify the effects of appropriate red and blue light levels on root growth in Kalanchoe.
In root experiment 2 of Chapter 2, no significant differences in root growth were seen
between treatments with the additions of far-red and UV – A light. It is understandable that
minimal impacts were seen on root growth with the addition of far-red light as it is known
predominately for its morphological impact on shoot growth and development (DemotesMainard et al., 2016; Chen & Chory, 2011). However, phytochrome photoreceptors (absorbing
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in the red/far-red) have been linked to regulating lateral root development by manipulation of
auxin when phytochrome is localized in the shoot region. Due to this, seedlings had been shown
to promote shorter primary roots and fewer lateral roots when enriched with far-red (Salisbury et
al., 2007; Gelderen et al., 2018). Far-red light additions to red and blue light are shown to
increase adventitious rooting, however, high levels (above 9%) are suggested to have a negative
impact on root growth (Kurilcik et al., 2008). The extent to which far-red light influences root
development and the appropriate amount is still unknown for Kalanchoe propagation. In the
presented study, the lack of treatment effects with the addition of far-red light is not surprising
since only one ratio of red: far-red light (medium ratio = 7) was tested; treatments at the
extremes of these ratios may elicit more detectable responses. As well, no significant influences
on root growth were observed with the addition of UV-A light. Verdauger et al (2017) reason
that the influence that UV-A light has on root growth is often dependent on other environmental
effects apart from lighting alone. This was shown with four woody Mediterranean species and
Laurus nobilis, where an increased root biomass accumulation was found when mild drought
stress was applied (Bernal et al., 2012; Bernal et al., 2015). In other cases, conflicting evidence
of root growth accumulation were seen when UV-A light was applied suggesting that species
type may play a large role in combination with UV-A light influences (Newsham et al., 1999;
Zhang et al., 2014; Tosserams et al., 1996).
In addition, auxin is a well-known regulator of root growth and a leading factor to
adventitious rooting (da Costa et al., 2013). Kalanchoe cuttings used in this study were 2 weeks
old and as such may be less sensitive to lighting treatments, in terms of adventitious root
initiation, due to previous auxin signaling in response to the initial wounding/cutting. In general,
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initial auxin concentrations are known to decrease dramatically after the first 96 hours postexcision from their mother plant, which may explain the minimal root growth response to
different lighting treatments in the presented studies (da Costa et al.,2013; Klerk et al., 1999).
Contrary to this, light and auxin interactions may still influence root growth and development
post 96 hours (Christiaens et al., 2016; da Costa et al., 2013). For example, Meng et al., 2015
found significant lateral root promotion in tobacco seedlings when treated with red lighting
characterized by high lateral root number and density. Highest auxin concentrations were
determined under red lighting, which suggested the greatest auxin transport from the shoot to
root under high red light. Even more so, low red: far – red lighting was found to encourage auxin
signaling and biosynthesis which can then be linked to adventitious rooting growth (Christiaens
et al., 2016; Kurepin et al., 2007).
Root growth has also been linked to carbohydrate sink capacity at the root zone which
Shin et al., (2008) ties to influences of red + blue light combinations. As such, high
concentrations of carbohydrates may be inhibitory during root initiation, which may explain
limited root growth during the studies. However, amongst all possible environmental factors
influencing root growth, the species-specific molecular/genetic capacity for adventitious root
formation is likely dominant. Despite lighting and auxin localization, the plants ability to
respond to phytohormonal receptors and signals is a determining factor of rooting potential (da
Costa et al., 2013).

4.2 Canopy Growth and Development
Similarly, to the root environment, light manipulation in the shoot zone is a well
researched area for its impacts on tailoring physiological traits in crops (Folta and Carvalho,
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2015). This was evident in the shoot studies (chapter 3) for both ‘Ann’ and ‘Ingrid’ with the
grower evaluation and statistical results indicating that LED light treatments with higher red
ratios produced a full canopy and leaf development comparable to the treatments with higher
percentages of blue. This was also reflected in the canopy volume, average node, internode,
height, number of leaves and dry mass measurements for ‘Ann’; similar effects were observed
for ‘Ingrid’ displayed by the treatment differences in canopy volume, average node, internode,
number of leaves and dry mass. Similar results to ‘Ann’ were also shown with Kalanchoe height
under sole source red light and stem length under red + blue lighting (Kim et al., 2014).
Although with other succulent species, such as Echeveria, higher ratios of Red: Blue light were
found to inhibit shoot growth, while higher percentages of blue light encouraged it (Kim et al.,
2018). It is evident that cultivar and species specificity once again played a role in light treatment
effect. As well, there was a lack of treatment effect seen with leaf area for both cultivars despite
the noted aesthetic differences (Table 3.6 and 3.11). This could suggest that although treatments
with higher percentages of red light (compared to high blue levels) had larger canopies (width
and height measurements), leaf area on average was about the same despite differences in
number of leaves. Node number was examined as a proxy measure for this, where differences
between treatments were seen for ‘Ann’ by week 5, indicating that leaf size did vary for this
cultivar. Leaf size variation was also represented in ‘Ingrid’ as there were also significant
differences in node number between treatments. This is consistent with high blue light
influences seen with tomato plants where plant heights were shortened creating dense canopies
(Dieleman et al.,2019). Also, the distribution and curling upward look of leaves is a similar
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qualitative observation seen in the shoot experiments presented, a response also observed in
tomato (Huche -Thelier et al., 2016; Dieleman et al.,2019).
With the addition of far -red and UV-A light to the base Red: Blue: White spectra
(Chapter 3, experiment 2) significant differences between treatment 70R:25B:5W +7Fr
compared to 75R:25B:5W, 75R:25B:5W + 2.5UV- A, and 75R:25B:5W + 7Fr + 2.5UV – A
were seen with regards to canopy volume; however, by the fifth week of growth the effect was
not as evident. This was reflective of the known effects of far-red light in plants with the
promotion of stem elongation and height (Runkle, 2014). Treatment 75R:25B:5W + 7Fr +
2.5UV – A, however, when compared to treatments 70R:25B:5W +7Fr and 75R:25B:5W +
2.5UV- A during weeks 4 and 5 presented canopy volumes very close to the 0.05 level
suggesting that experiments with greater power (through further replication) or less variability
may in fact detect a difference. As well, the treatment differences observed at week 2 could
indicate that under a far-red light treatment canopy growth is initially improved but the effects
are not sustained over time. This could be advantageous to growers by incorporating far -red
light to LED light treatments early in the first weeks of propagation and removing it from the
treatment towards the 4th and 5th growth weeks. Similar effects were seen with Kalanchoe
blossfeldiana cv ‘Kaluna’ and Dendranthema grandiflorum cv ‘Lemon Eye’ when treated with
low levels of far-red light such that this lighting resulted in increased vegetative growth
compared to other treatments promoting flowering (Ko et al., 2012). The effects of UV-A light
although not displayed in statistical results may still suggest UV-A light does promote canopy
compactness in low levels. Cooley et al. (2001) reported similar results with Arabidopsis
thaliana such that UV- A light decreased lamina length, width, and petiole length, which
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represented an overall decrease in leaf elongation. Considering the grower evaluation and
statistical results, treatments 75R:25B:5W and 75R:25B:5W + 7Fr + 2.5UV – A were
commercially viable at week 5 of growth with regards to canopy size and fullness, indicating that
they would be ready to move to the next phase of production. Treatment 75R:25B:5W + 7Fr
resulted in plants that were borderline too large at 5 weeks, suggesting that the addition of far red
light could potentially reduce significant time off the propagation phase. However, this was not
quantified in this study further studies are needed to verify this. It should be highlighted that
these results were achieved without the use of plant growth regulators, which are often applied
throughout the propagation process. This could suggest expedition of the propagation cycle by 1
week and perhaps saving long-term production costs in terms of reduced chemical inputs.
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5 Conclusion
The primary objective of this thesis was to determine appropriate light spectra to
influence adventitious root development and shoot growth of Kalanchoe blossfeldiana cuttings,
while maintaining cutting quality treated with specific light regimes. In Chapter 2, it was
determined that higher percentages of blue light (10% to 30%) among the three red: blue
combinations resulted in improved root growth for ‘Ann’. While ‘Ingrid’ cuttings displayed the
greatest root growth under higher percentages of red light (90%). More specifically, ‘Ann’
displayed significant differences between treatments with regards to root growth rate suggesting
that the propagation cycle could potentially be reduced by up to 4 days under higher blue light
treatments, dependent on grower evaluation. In Chapter 3, various red: blue lighting treatments
were evaluated for the influence on canopy manipulation for commercially desired traits.
Statistical analyses confirmed that the greatest canopy growth for both cultivars was under
higher red: blue light combinations in experiment 1 and 2. Grower evaluation further supported
this concluding that treatments 90R:5B:5W and 70R:25B:5W resulted in plants that were
commercially viable and as such should be considered as part of a future LED lighting
application for commercial growers. Moreover, grower evaluation in experiment 2 indicated best
commercial appeal with treatment 70R:25B:5W and treatment 75R:25B:5W + 7Fr + 2.5UV – A
at 5 weeks of growth. It was noted that treatment 75R:25B:5W + 7Fr did show promise to be
used to expedite propagation by one week.
These results demonstrated an overarching trend in response to light manipulation on root
and shoot growth in environmentally controlled systems; different light qualities (specifically in
the red and blue wavelengths) have the potential to influence the morphological traits and rates
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of development of Kalanchoe. Based on the limited studies presented treatment 70R:25B:5W +
7Fr holds promise as a light combination to improve Kalanchoe ‘Ann’ propagation growth,
pending experimentation in a commercial setting. However, repeated experimentation is still
needed with precisely tailored lighting combinations to ultimately achieve desired physiological
traits. This in turn has the potential to guide industry investment and further scientific
understanding.
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APPENDICES
A: LIGHT CURVE STUDY

Objective:
To evaluate the photosynthetic light responses of kalanchoe cuttings for a vigorous
rooting variety ‘Ann’ under sole source balanced white LED lighting. The primary goal was to
examine the rate of carbon dioxide uptake in Kalanchoe cuttings at different progressively
increasing light intensities from 0 to 1200 micromoles m-2 s-1 at different stages of root growth to
compare between them to determine which light intensity is most efficient for propagation.
Materials and Methods:
Photosynthetic light responses at 400 ppm carbon dioxide (ambient carbon dioxide) were
evaluated at 1, 3, 7 (days) and 15 weeks old. Kalanchoe stock cuttings were used. A fast rooting
variety ‘Ann’ produced by Waldan Gardens was examined for rate of carbon dioxide uptake.
Balanced white LED lighting was used in two custom plant growth chambers (PS1000-1 and 2)
as overhead lighting. There were 4 treatments: (1) 1 day old, (2) 3 days old, (3) 7 days old, and
(4) 15 weeks old. All cuttings were harvested, and leaf area was measured after each light curve
experiment in the PS1000-1 or PS100-2. All cuttings were exposed to the same photoperiod. All
cuttings were grown 10 x 20 trays (45 ‘Ann’ cuttings in total per tray). Two trays were placed in
the PS chambers, one in each of the chambers at a time. Each stage of growth was replicated 4
times. All cuttings were prepared and planted at the same time per their respective growth stage.
Until maturation of their growth stage, cuttings were placed into the Whitebox chamber under
low white LED lighting. Growth medium and planting procedure were based on Waldan Gardens
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standard practices (Kalanchoe Queen). Cutting were grown at 23 +/- 1 °C under adequate
lighting conditions in the Whitebox/PS1000-1/PS1000-2 chambers. The cuttings were grown
using 400 ppm of CO2 and Vapor Pressure Deficit (VPD) of 0.8 kpa. Relative Humidity was
about 68 %. However, given the Whitebox growth chamber restrictions these conditions were
matched as closely as possible. The study ran for a day at each stage of root growth.
Results:

Figure A. 1 This graph displays the Net Carbon Exchange Rate (micromoles m -2 s-1) over Photosynthetic
Photon Flux Density (micromoles m-2 s-1). It was determined that ~400 micromoles m-2 s-1 was the optimum
point of carbon fixation for treatments 1 - day, 500 micromoles m-2 s-1 3 – day, and 600 micromoles m-2 s-1 7 –
day old.
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Figure A. 2: This graph displays the Net Carbon Exchange Rate (micromoles m -2 s-1) over Photosynthetic
Photon Flux Density (micromoles m-2 s-1) of full grown (15 week old plants). Even though younger plants
exhibited optima between 400 and 600 micromoles m-2 s 1 (see Fig A.1), a lower more energy conservative
level of ~ 300 micromoles m-2 s 1 was selected based on these data for the older plants.

Conclusions:
Increasing intensities of balanced white light had a direct positive response to net
productivity of Kalanchoe cuttings at varying stages of root growth. Treatment 1 (1-day old
cuttings) exhibited an optimum response at ~ 300 micromoles m-2 s 1 while Treatment 2 (3 day
old) and Treatment 3 (7 day old) exhibited optimal NCER at ~500 and ~600 micromoles m-2 s 1
respectively(Figure A.1). Full grown Kalanchoe plants (15 weeks old) displayed similar results
to 7 – day old plants such that cuttings could be grown at ~ 600 micromoles m-2 s 1 to achieve
peak production (Figure A.2). However, although higher intensities of light along with cuttings
of older root growth stages promoted increased carbon fixation, it was subjectively determined
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that 300 micromoles m-2 s 1 would be used in all experiments. Even though higher light
intensities were beneficial for younger plants it was shown that as the plants became established
the proportional increase in net carbon exchange rate at higher light levels (ie. higher energy
cost) was disproportionate to the light intensity. In other words, doubling the light level from 300
to 600 micromoles m-2 s 1 would result in only ~25% increase in productivity.

98

