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Chapter 4 
Photoperiodic Control of Flowering

By Erik Runkle, Roberto Lopez, and Paul Fisher
�������� �� ���� ���������� �����, especially those native
to temperate climates, is controlled by temperature (including
vernalization), photoperiod, or both. Outdoors, these environmental

“triggers” act as signals for when seasonal conditions are favorable for
flowering, pollination, and subsequent seed dispersal. The environment
can also indicate when it’s time for a plant to go dormant, which can
include cessation of growth or development of storage organs such as
tubers. This chapter discusses how we can use a plant’s biological clock
to manage flowering or other photoperiodic responses of ornamentals at
a commercial scale. Chapter 10 focuses on different methods and
technologies to deliver long days.

Photoperiod is defined as the number of hours of light during a 24-hour
period. However, it is actually the uninterrupted duration of darkness that
regulates flowering. When does the photoperiod begin, and when does it
end? Research has shown that plants perceive light at very low intensities
(<0.1 µmol∙m–2∙s–1) (Figure 4.1; Whitman et al., 1998). The natural
photoperiod is sometimes defined as the period from sunrise to sunset,
but of course there is a low level of light outside before sunrise and after
sunset. Therefore, the biological photoperiod perceived by plants is the
period from sunrise to sunset, plus approximately 30 to 40 minutes to
account for twilight (Faust and Heins, 1995).



Figure 4.1. Some long-day plants such as coreopsis perceive light at very low intensities.
Plants were grown under a 9-hour day without or with day-extension lighting at 0 to 2
µmol·m–2·s–1 to create a 16-hour photoperiod. Photo: Cathy Whitman and Royal Heins,
Michigan State University.

The natural photoperiod changes throughout the year, especially as you
go farther from the equator. At the equator, there are only small changes
(less than one hour) in photoperiod. In contrast, the biological
photoperiod in Minneapolis, Minnesota (latitude 45°N) varies from
approximately 9 hours in December to 16 hours in June (Figure 4.2).
Although the natural photoperiod varies slightly depending on cloud
cover, it is a very reliable signal year after year.



Figure 4.2. The natural photoperiod changes during the year and varies by latitude. Identify
the approximate latitude of your location (A) and use the graph (B) to estimate your natural
photoperiod. Figures: Erik Runkle, Michigan State University.



4.1 Plant Responses to Photoperiod
Most ornamental crops have one of three flowering responses to

photoperiod:

Short-day plants (SDP) only flower (termed “qualitative” or “obligate”), or
flower earlier (a “quantitative” or “facultative” SDP response), when the
photoperiod is less than some duration. This duration, often around 12
hours for SDP, is termed the “critical photoperiod”. More correctly stated
though, SDP flower when the night is long, usually at least 12 hours.
Common examples of obligate SDP are poinsettia, chrysanthemum, and
Thanksgiving cactus. Cosmos and some salvia cultivars are examples of
facultative SDP.

Day-neutral plants are insensitive to photoperiod with respect to
flowering, and flower in approximately the same time whether grown
under short days or long days. These plants do not use photoperiod as a
flowering signal. Common examples include impatiens, zonal and ivy
geranium, tulip, rose, and tomato.

Long-day plants (LDP) only flower (obligate LDP), or flower more rapidly
(facultative LDP), when exposed to a photoperiod of at least some critical
duration. The critical photoperiod depends on the crop and sometimes
varies among cultivars of the same crop, and most are between 13 to 15
hours long. This means that LDP flower when the night length is less than
9 to 11 hours. Examples of obligate LDP include herbaceous perennials
such as campanula (Figure 4.3) and rudbeckia. Facultative LDP include
petunia and pansy. For listings of annuals and herbaceous perennials and
their photoperiodic flowering responses, see Chapters 13 and 14,
respectively.



Figure 4.3. Campanula is an example of an obligate (qualitative) long-day plant that
requires a photoperiod of at least 15 hours (night length of less than 9 hours) for complete
and rapid flowering. Photo: Cathy Whitman and Erik Runkle, Michigan State University.



4.2 Managing Light Versus Dark Periods
Short-day plants flower when exposed to a long, uninterrupted dark

period of a critical length, which varies by species and cultivar. Many SDP
(for example, poinsettia) will flower if the night is at least 12 hours long. In
contrast, LDP flower when the length of the dark period is less than 9 to
11 hours long. When the natural photoperiod is short, electric lighting can
be provided during the night to inhibit flowering of SDP and promote
flowering of LDP.

Plants have an internal clock that runs on a circadian (24-hour) rhythm.
Within this rhythm, plants are most sensitive to perceiving light during the
beginning to middle of the dark period. Thus, for both SDP and LDP,
“night break” or “night-interruption” lighting during the middle of the night
(for example, 10 p.m. to 2 a.m.) is effective at creating a short night (or
long day). Another, usually equally effective strategy of creating long days
(short nights) is to use day-extension lighting, where lamps are operated
beginning from around sunset until the desired photoperiod is delivered.
For some crops, low-intensity lighting beginning toward the end of the
night (pre-dawn lighting) is less effective than lighting during the
beginning or middle of the night.



4.3 How Photoperiod Controls Flowering
Very young plants, especially seedlings, may not have the capacity to

flower or are not receptive to a flower induction signal. This condition of
when plants are not capable of flowering is referred to as juvenility. Plants
must grow to some particular leaf number or size before they are capable
of perceiving a flowering stimulus, such as a long day for an LDP. Once
plants become mature, they are responsive to environmental signals, and
the flower initiation process begins when that flowering stimulus is
provided. The juvenile phase is typically short for annuals, ranging from 1
to 4 true leaves for most crops. In herbaceous perennials, juvenility is
often longer and the condition may not end until after 10 to 16 leaves
develop. For more information on juvenility of herbaceous perennials, see
Chapter 14.

Leaves perceive and measure the duration of light and darkness
primarily through proteins called phytochrome found in all plants (Chapter
3). In each plant, there are several different types of phytochrome and
two different forms of each particular type. To simplify things, let’s assume
that there is one “pool” of phytochrome. In light, phytochrome is converted
primarily to one form, and in darkness, it slowly converts into another
form. When the phytochrome pool is converted into a particular form, for
enough days in sequence, then flowering is initiated. Phytochrome
primarily absorbs red (600-700 nm) and far-red (700-800 nm) light and
therefore, these wavebands are important to regulate the flowering
response. See the Research Highlight 4.1 on phytochrome for a more
detailed discussion.

After flowering is induced in response to the night period, this flowering
signal is sent from the leaves to the meristems, which are locations of cell
division and differentiation found in the shoot apex and/or leaf axils on
most plants. Flowering is initiated in the meristems, and plants switch
from vegetative growth to reproductive growth. Flower buds form and
eventually develop into open flowers. For the vast majority of ornamental
plants, once flowers are initiated, they will continue to develop and open
even if the photoperiod is unfavorable. In some plants with an obligate



photoperiodic response, however, plants will “revert” to vegetative growth
under a non-inductive photoperiod. This means that plants may stop
developing flowers or in rare cases, the flowers abort before opening.

Cryptochrome is a blue-light receptor that can also influence flowering,
at least in some plants. The role of cryptochrome in regulating flowering is
still not well understood in most plants, but studies primarily with the
model plant Arabidopsis indicate that this receptor influences the
circadian rhythm of plants and also interacts with phytochrome to
influence flowering. Low-intensity (2 µmol∙m–2∙s–1) blue light during the
night was not perceived as a long day by either SDP or LDP (Meng and
Runkle, 2015). Furthermore, the addition of low-intensity blue light to red
and far-red light did not influence flowering. However, blue light alone can
regulate flowering when delivered at a higher intensity, such as ≥15
µmol∙m–2∙s–1 (Meng, 2014).

Research Highlight 4.1.



Phytochrome and the Control of Growth and Morphogenesis
By Ken Poff, Michigan State University and Radomir Konjevic, 

University of Belgrade, Serbia
Every non-parasitic plant, from moss to redwood, from plants in woodlands and marshes, to

plants grown in the greenhouse, has a requirement for light. Of course, this light is required for
photosynthesis through which the plant produces its own “food”. In the absence of light, no
photosynthesis takes place, no food is produced, and the plant dies unless provided with an
alternative, outside food supply. Given this importance of light for the very survival of the plant, it is
not surprising that plants have evolved sophisticated sensory systems through which they obtain
information about their light environment, and based on that information, modulate all of the basic
phases of growth and development.

Although it might make sense for the plant to use photosynthesis both for food production and for
sensing, this is not the case. In photosynthesis, light is used as an energy source and this energy
is converted into the chemical bonds of carbohydrates. In contrast with photosynthesis, when the
plant senses its light environment, the energy absorbed is neither of primary importance nor
converted into chemical bonds. Rather, the absorption of light by a specialized photoreceptor
pigment enables the plant to acquire information about its environment, and based on this
information, the plants grow and develop in a manner optimal for the plant in its specific light
environment. This provides the grower with the opportunity to consciously modify the plant’s
growth and development by modifying its light environment.

Aspects of the environment that are detected by a plant through the measurement of light include
light energy, light quality (or wavelengths of light), the direction from which the light is received,
length of the day, and the proximity of other plants. Collectively, plant responses to the light
environment are known as photomorphogenesis. In general, the pigments used to detect changes
in the surroundings are: phytochrome (which primarily absorb red and far red light), cryptochrome
(a pigment that absorbs blue light), or a pigment that absorbs ultraviolet light. Phytochrome is
discussed in more detail below.

The plant pigment phytochrome is highly unusual because it exists in two forms that are inter-
converted by light. In the dark-grown plant, phytochrome (P) exists as PR, which primarily absorbs
red (R) light (Figure 4.6). Such absorption converts the pigment to PFR, which primarily absorbs
far-red (FR) light. The absorption of FR light converts the pigment back to PR.



Figure 4.6. For plants exposed to light, phytochrome exists in two inter-convertible forms:
the red-absorbing form (PR) and the far-red-absorbing form (PFR). The proportion of
phytochrome in each form (known as the phytochrome photoequilibrium) depends on the
quality of light. The graph illustrates how these two forms of phytochrome absorb light.
The PR form primarily absorbs red light (600-700 nm), with peak absorption around 660 nm.
The PFR form primarily absorbs far-red light (700-800 nm), with peak absorption around 730
nm. Data for the curves are from Sager et al., 1988.

The recognition that phytochrome is photo-reversible was critical to its discovery and is critical to
understanding its action in the plant. Note that this photo-reversibility means that in the presence
of light, both forms of the pigment are present in the plant because the plant is exposed to both R
and FR light. Because fluorescent and high-pressure sodium lamps emit relatively little FR light,
their use results in the conversion of phytochrome into the FR absorbing form (PFR). In contrast,
incandescent lamps emit far more FR than R light, and their use results in more conversion of
phytochrome into the R absorbing form (PR).



Plant Responses Controlled By Phytochrome
Seed Germination
Light-mediated dormancy of seeds represents one of the most delicately regulated types of

dormancy. In a number of plants, there is an insufficient amount of nutrients in the seed to support
an extended growth period. Germination of these seeds under unfavorable conditions for
photosynthesis could lead to demise of the future vegetative plant. Light penetrating the soil to the
seed is measured by phytochrome.

Plants effectively absorb R light for use in photosynthesis, but transmit or reflect FR light (Figure
4.7). Thus, under a canopy of plants (such as in a forest), FR light is predominant. In this situation,
inadequate light levels exist at that spot for photosynthesis and thus survival of the seedling is
unlikely. Germination is inhibited. On the other hand, if R light is predominant, that is a signal that
the seed is not shaded, and that the young seedling will be exposed to sufficient light for
photosynthesis. Here, the seedling’s survival is more likely, and germination is then permitted.

Figure 4.7. Leaves of plants are excellent filters of light. Plants absorb most blue, green,
and red light for photosynthesis, and transmit or reflect most far-red light. Therefore, under
a plant canopy (dashed line), there is much more far-red light than red light. In sunlight
(solid line), there are similar amounts of red and far-red light. Figure from Kendrick and
Kronenberg. 1994. Photomorphogenesis in Plants (2nd edition), Kluwer Academic
Publishers, Dordrecht, The Netherlands, p. 383.



Etiolation and De-etiolation
Significant changes occur in plants as they germinate and switch from relying on seed energy

reserves to producing their own energy through photosynthesis. Young seedlings that germinated
in darkness exhibit typical features of etiolation: the hypocotyls are extremely elongated, the apical
bud is curved as a hook, and there are rudimentary and protected leaves. These anatomical
features facilitate rapid penetration through the soil to the surface.

As soon as the apical bud reaches the surface of the soil, dramatic changes occur, which is
known as de-etiolation. After the plant has broken through the soil surface, phytochrome is
converted largely to the FR-absorbing form. Consequently, hypocotyl elongation is inhibited, the
apical hook begins to open, the cotyledons develop, and the seedling acquires photosynthetic
competence.

Shade Avoidance Response
By measuring the ratio of R and FR light, the plant gains information concerning its environment.

Is the plant located in the open or is it shaded by leaves from another plant? Remember, leaves
filter out most R light, but transmit most FR light. Therefore, the effect of shading by plants can be
measured through the ratio of R and FR light. This ratio is not constant; it depends on the type of
vegetation. For example, this ratio is higher in sparse birch forests and lower in dense tropical
forests. The proportion of phytochrome in the two forms, known as the phytochrome
photoequilibrium, becomes an indicator of shading, and growth can be adjusted accordingly.
Plants that elongate in shade are said to exhibit a shade-avoidance response. These plants
rapidly elongate internodes, maximizing the probability that the plant will reach a higher altitude
(above the shade) where there is more light and thus where photosynthesis will be more optimal.



4.4 Creating Short Days
When natural photoperiods are long, short days can be created

artificially by blocking out all light with completely opaque cloth or plastic.
Some commercial greenhouses are equipped with an automated blackout
system. More often, growers manually pull black curtains over plants.
Always check (visually or with light meters) to ensure that automatic
systems are working and curtains are actually being completely pulled
closed. Because many plants perceive very low light intensities, there
should be no gaps or holes in a blackout system. If you have a light
meter, light levels should read zero.

Heat from the sun can raise temperature under a blackout system. High
temperature at night [for example, above 73°F (23°C)] can delay
flowering of some SDP such as poinsettia and chrysanthemum. Here are
some strategies to avoid heat delay:

Close the blackout material after darkness (for example, 9:00
p.m.), then open it later in the morning (for example, 9:00 a.m).

Pull black cloth closed before it is first light outside (for example,
5:00 a.m.), and then open it later in the morning once a sufficient
dark period has been provided.

Use black cloth that has an aluminum or reflective exterior side
that reflects light, rather than black cloth or plastic that absorbs heat.

Select cultivars that are not as delayed by high night
temperature, if they exist.



4.5 Creating Long Days
There are several strategies to create long days with electrical

lamps. Factors that need to be considered for photoperiodic lighting
include:

1. The timing of light delivery

2. The light intensity provided

3. The type of lamp used (light quality emitted)

4. Whether lights cycle on and off or remain on plants continuously
during the lighting period

5. Lamp, bulb, and installation costs

6. Lamp energy efficiency and longevity

7. Electricity supply and cost

Here, we primarily address the first four items; the remaining items
and additional information on long-day lighting are discussed in
Chapter 10. The most reliable way to induce complete, uniform, and
rapid flowering of a wide variety of LDP (for example, campanula,
Figure 4.4) is to provide night-break lighting for four hours
continuously during the middle of the night (Runkle et al., 1998).
When night-break lighting is shorter than four hours, flowering of
some LDP is delayed. Generally, SDP are more responsive to night-
break lighting than LDP and for many SDP crops, two hours of
continuous lighting (and sometimes less) is effective to inhibit
flowering. For both SDP and LDP, day-extension lighting from sunset
onward is usually as effective as night interruption lighting, but lights
may need to be on longer to exceed the critical photoperiod.



Figure 4.4. Many long-day plants, such as campanula, flower most rapidly when a
long night is interrupted with continuous light for 4 hours. The two plants on the right
were provided with cyclic lighting for a 4-hour period, with incandescent lamps on for
6 minutes every 60 minutes (10% of the time), or on for 6 minutes every 30 minutes
(20% of the time). Photo: Erik Runkle and Royal Heins, Michigan State University.

Regardless of the long day delivery method, the goal is to deliver a
minimum intensity of 2 µmol∙m–2∙s–1. This intensity usually refers to
the amount of photosynthetically active radiation (PAR; 400-700 nm)
but since red and sometimes far-red light generally exert the greatest
control of flowering, ideally the light should primarily be in the red and
far-red light wavebands (600-800 nm). Most LDP will still flower
under only 1 µmol∙m–2∙s–1 (and some crops under even less light), but
a higher intensity of at least 2 µmol∙m–2∙s–1 is recommended to
ensure saturation of the flowering response (Whitman et al., 1998).
When the long-day lighting intensity is lower, LDP may still flower, but
flowering can be delayed and less uniform, which is typically not
acceptable in commercial production. The 2 µmol∙m–2∙s–1

recommendation also provides “insurance” in case a bulb burns out
and is not promptly replaced. However, it is important to check that
lamps are turning on and off at the desired times, and to routinely
check for burned-out bulbs.



Most electric lamp types (high-pressure sodium, metal halide, LEDs,
fluorescent, etc.) are effective at inhibiting flowering of SDP. That is
true for most LDP, as well, but some LDP flower most rapidly when
the long-day lighting includes both red and far-red light. For example,
flowering of petunia ‘Wave Purple Classic’ was delayed under long
days delivered by only compact fluorescent lamps (Figure 4.5;
Runkle et al., 2012), which emit much more red than far-red light.
When plants were grown in the same conditions but long days were
delivered by incandescent lamps (which emit more far-red than red
light) alone or alternating with fluorescents, flowering was promoted.
Therefore, for at least some cultivars of dianthus, pansy, petunia, and
snapdragon (and probably other LDP), the lamp type can influence
flowering time. These results have been confirmed with LEDs; some
LDP plants flower faster when the lamps emit red and far-red light
compared to red light alone (see Research Highlight 4.2).



Figure 4.5. The light quality of photoperiodic lighting can influence flowering time of
long-day plants such as petunia. Here, incandescent (INC) and compact fluorescent
(CFL) lamps operated alone or in combination for 2 or 4 hours during the 15-hour
night, or for 6 hours at the end of the 9-hour day to create a 15-hour photoperiod.
Photo: Sonali Padhye and Erik Runkle, Michigan State University.

Research Highlight 4.2.



Light Quality Effects on Flowering
By Erik Runkle, Michigan State University
Light quality refers to the spectral distribution of energy. In other words, it describes the

amount of blue, red, far-red, and other light wavebands emitted from a light source. Light
quality can influence stem elongation and, in at least some LDP, flowering. For example, leaf
and stem extension is increasingly promoted as light contains more far-red (FR, 700-800
nm) than red (R, 600-700 nm) photons. Experiments performed at Michigan State University
have determined how light quality, particularly R and FR light, influences plant height and
flowering of LDP.

Experiments with Spectral Filters
In one study, plants were grown under plastic films that specifically reduced the

transmission of blue (B, 400-500 nm), R or FR light (Runkle and Heins, 2001). The light
quality under these filters was therefore deficient in B (–B), R (–R), or FR (–FR). Light
intensity was controlled so that a similar daily light integral (DLI) was provided in all
treatments. Plants were also grown under sunlight with a neutral density filter and similar
DLI. Temperature was controlled to a constant 68°F (20°C) and the photoperiod was 16
hours.

In pansy, the –R environment promoted extension growth by 31%, and the –FR
environment suppressed it by 33%, compared with control plants (Figure 4.8). All pansy
plants grown under the neutral filter flowered and in an average of 83 days after seed sow.
However in the –FR environment, only 81% of plants flowered and in an average of 108
days. Plants initiated flowers at approximately the seventh leaf (node) under all filter
treatments. Those flower buds usually opened under the neutral filter but in the –FR
treatment, the first few flower buds did not open and it wasn’t until around the ninth leaf
(node) that flowering occurred. Thus, a high R:FR ratio (under –FR) inhibited flower
development, but not flower initiation, of pansy. In the –B and –R treatments, extension
growth was promoted but there was no effect on flowering time.

Figure 4.8. Reducing the transmission of certain wavelengths of light can influence
plant height and flowering of the long-day plant pansy. Plants were grown under a
neutral-density filter (control, or C) or filters that provided a similar DLI but with
reduced transmission of blue (−B), red (−R), or far-red (−FR) light. Plants were grown
under the photoselective filters until visible flower bud (UVB), continuously (C), or



only after visible bud (AVB). Compared with control plants, stem extension was
promoted when light was deficient in blue or red light. Both flowering and extension
growth were inhibited when pansy was grown under the −FR treatment. Photo: Erik
Runkle and Royal Heins, Michigan State University.

Another study determined whether pansy seedlings could be grown in an –FR environment
to reduce extension growth without a subsequent delay in flowering (Runkle and Heins,
2002). Pansy seedlings were grown in 128-cell plug trays under the –FR filter or a neutral-
density filter (N) that transmitted a similar DLI. A third treatment consisted in transferring
plants from the N to the –FR filter when their leaves began to touch within the plug tray.
When the plugs were considered ready for transplant, they were transplanted and grown in
a greenhouse without filters until flowering.

Pansy plugs grown under the –FR filter were more compact than plants under the neutral
filter: petiole length under the –FR filter was reduced by 34% (Figure 4.9). Plants held
continually under the –FR filter were of similar size as plants transferred from the neutral to
the –FR filter when leaves first touched. Flowering of plants from plugs grown in the –FR
environment was delayed by 2 or 3 days. Therefore, the –FR filter presents an alternative
method of controlling seedling height with minimal impact on flowering when plants are
subsequently grown under unfiltered light.



Figure 4.9. Extension growth of pansy, as measured by petiole length, was inhibited
when grown under a filter that reduced transmission of far-red (−FR) light. Seedlings
were grown for 27 days in plug trays at 68°F (20°C) under a neutral filter (left), under a
far-red filter (right), or were transferred from the neutral filter to the far-red filter when
the leaves began to touch in the plug tray (after 16 days, center). Subsequent
flowering was minimally impacted. Photo: Erik Runkle and Royal Heins, Michigan
State University.

Experiments with LEDs
Several experiments using LEDs to deliver low-intensity, photoperiodic lighting have been

performed at Michigan State University to better understand how the spectrum of night-
interruption lighting influences flowering of both SDP and LDP. We grew plants under a
range of R:FR ratios, from essentially pure R light to pure FR light. Below is a summary of
what we learned.



To inhibit flowering of SDP, R light is the most effective light color and the addition of FR
light had essentially no effect on regulating flowering (Craig and Runkle, 2013). Generally,
plants did not perceive FR light alone; flowering responses under short days (without a night
interruption, NI) were the same as those provided with an FR NI. In some cases, plants
under an R+FR NI were slightly taller than those under an R NI.

To promote flowering of LDP, R+FR is the most effective on a wide range of plants and
growing conditions. Some LDP flowered as quickly under an R NI as an R+FR NI, but others
(petunia, calibrachoa, and dianthus for example) flowered earlier under an R+FR NI (Figure
4.10; Craig and Runkle, 2012). Later, we compared flowering responses under two types of
the Philips flowering lamps: one type that emitted red and white (W) light (R+W) and another
that also emitted FR light (R+W+FR). Responses under incandescent lamps were also
compared. When daylight levels were low [the average DLI was 6 mol∙m–2∙d–1, which is
typical of winter conditions in the North (>40 °N latitude), several LDP flowered earliest
under the R+W+FR lamps (Figure 4.11; Kohyama et al., 2014)]. However, when daylight
levels were higher (12 mol∙m–2∙d–1), flowering occurred at the same time for both lamp types.
In some cases, plants under the R+W+FR lamps were taller than under the R+W lamps.

Figure 4.10. Flowering of the long-day plant snapdragon grown under a 9-hour day
without or with 4-hour night interruption lighting from incandescent (INC) lamps or
light-emitting diodes (LEDs) that delivered seven different ratios of red and far-red
light. Flowering occurred earliest when the night-interruption lighting included both
red and far red. Photo: Daedre Craig and Erik Runkle, Michigan State University.



Figure 4.11 Flowering of the long-day plant dianthus grown under a 9-hour day
without or with 4-hour night interruption lighting from incandescent (INC) lamps or
light-emitting diodes (LEDs) that delivered red (R), white (W), and far-red (FR) light.
When the daily light integral (DLI) was low, flowering occurred earliest under lamps
that emitted R and FR light (incandescent lamps and R+W+FR LEDs). Photo: Fumiko
Kohyama and Erik Runkle, Michigan State University.

The LEDs, such as the flowering lamps from Philips, consume about 10 to 20 W per bulb
and can reportedly replace at least a 150-W incandescent bulb, resulting in a 90% decrease
in energy consumption. The LEDs are considerably more expensive than incandescent or
compact fluorescent bulbs, but they last much longer and consume less energy. In locations
where electricity supply is limiting, electricity costs are high, and/or photoperiodic lighting is
used for more than a few months of the year, the LEDs could have a favorable return on
investment. Conduct your own economic analysis considering your costs and lighting needs
and see Chapter 10 for additional information.

Conclusions
Collectively, these experiments demonstrate that light quality during the day or night

influences extension growth and flowering of specialty crops. Some of the key findings
include:

• Plastics that reduce the transmission of FR light produce shorter, more compact plants
while those that selectively reduce B or R light increase extension growth.

• In some LDP, such as in pansy, a FR-deficient environment can delay flowering.



• At least when the DLI is low (for example, <10 mol∙m–2∙d–1), night-interruption lighting that
does not emit FR light is not as effective at promoting flowering of some LDP as lighting that
includes both R and FR light.

• When the DLI is higher or with SDP, the need to deliver FR light with R light is reduced or
eliminated.



4.6 Cyclical Lighting
A variation of night-interruption lighting is to provide cyclical lighting

(or intermittent lighting) for 4 to 6 hours, either at the end of the day
or during the middle of the night. Cyclical lighting can be effective for
both LDP and SDP, consumes less electricity, and can reduce
electrical load. This strategy can be achieved using different
systems. The simplest form of cyclic lighting is with incandescent
lamps or LEDs that operate for 20% or 25% of the time during a 4-
hour period (for example, 6 minutes on and 24 minutes off, from
10:00 p.m. to 2:00 a.m., as in Figure 4.4). The lifetime of these two
lamp types is not influenced by on/off cycles, so they are appropriate
for cyclic lighting. Cyclic lighting is not advised for other lamp types
since their bulb life is negatively influenced by frequent on/off cycles.

Another effective strategy to deliver cyclical lighting is to use a fixed
bulb with a rotating reflector, which provides a moving beam of light
to crops below. One example is the Beamflicker from PARsource,
which consists of a high-pressure sodium lamp (400 to 1,000 watts)
with a reflector that rotates back and forth every minute. Fixtures
need to be positioned so that plants receive at least 1 to 2 µmol∙m–

2∙s–1 of light when the light beam reaches the plants (Blanchard and
Runkle, 2009; 2010). One 600-watt Beamflicker can light
approximately 1,500 ft2 (140 m2) of growing area. Some growers
have reported that flowering time is more variable under these
fixtures than fixed lamps such as incandescents or LEDs. As with
any new lighting strategy or technology, conduct your own small-
scale trials before making changes to your entire operation.

A third cyclic lighting strategy is to attach high-intensity lamps (such
as high-pressure sodium) or LEDs to irrigation booms that move over
plants. This “boom lighting” is usually a customized solution installed
by growers or greenhouse maintenance personnel, but it’s important
that wiring of electricity is carefully done. There are no standards for
boom lighting, and a wide range of installations have been made.
More information on boom lighting and comparisons on technologies
to deliver long-day lighting are in Chapter 10.
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Chapter 5 
Sole-Source Lighting for Controlled
Environment Agriculture

By Cary Mitchell and Gary Stutte
���� ������ �� E���� ������� under broad-spectrum solar
radiation, anytime they are grown exclusively under electric
lighting that does not contain all wavelengths in similar

proportion to those in sunlight, plant appearance and size could be
uniquely different. Nevertheless, plants have been grown for decades
under fluorescent (FL) (Biran and Kofranek, 1976) and incandescent
(INC) (Bickford and Dunn, 1972) lamps as a sole source of lighting
(SSL). Researchers have become comfortable that, in certain
proportions of FL + INC for a given species, plants can appear normal
relative to their growth outdoors. The typical problem with using such
traditional SSL for commercial production is short lamp lifespans and
not obtaining enough photosynthetically active radiation (PAR, 400-700
nm) when desired. These limitations led to replacement or
supplementation of FL + INC lamps with longer-lived, high-intensity
discharge (HID) lamps in growth chambers (Warrington et al., 1978). As
researchers became comfortable that a combination of orange-biased
high-pressure sodium (HPS) and blue-biased metal halide (MH) HIDs
resulted in normal plant growth at higher intensities, growth chambers
subsequently were equipped with HID lamps. In some instances, their
intense thermal output is filtered out by ventilated light caps or thermal-
controlled water barriers. However, lack of economically viable options
for SSL have held back aspects of year-round indoor agriculture from
taking off commercially.

An early attempt to use HIDs for commercial SSL was Phytofarms of
America, which started as an experimental facility of General Mills in
Dekalb, Illinois during the late 1970s, and became a private enterprise in
the 1980s (Field, 1988). Phytofarms was a warehouse-based
hydroponic production facility specializing in leafy greens and herbs.


