
Chapter 1 
Introduction to Specialty Crop Lighting

By Roberto Lopez, Paul Fisher, and Erik Runkle



1.1 Introduction
A������� �� ����� ���� ����� for granted in greenhouse production,
growers harness the biology of photosynthesis and flowering to produce
high-quality crops for specific market dates. Similar to the other raw
materials needed to produce greenhouse crops (water, substrates, nutrients,
etc.), light is not always free or readily available. We can increase uniformity
and quantity of photosynthetic light by investing in technologies such as
retractable-roof greenhouses or glazing materials with high light
transmission or diffusion properties. We can also install high-intensity
discharge (HID) lights or state-of-the-art light-emitting diodes (LEDs) when
sunlight is limiting. Some growers may choose to save money and sacrifice
potential yield or quality by using older or simpler greenhouses or glazing
materials with lower light transmission. Another option is to relocate
production of crops that require high light levels (for example, stock plants,
high-wire vegetables, or cut flowers) to areas with naturally high sunlight
where supplemental light is not needed. These concepts illustrate that light
clearly has an economic value.

Producers of plants and their products can benefit from knowing how to
best manage light quantity, quality, and duration in controlled environments.
For example, you may be able to grow an extra production cycle of young
plants (rooted liners and plugs), hasten flowering of bedding plants or
perennials, produce premium leafy greens or vegetables for higher out-of-
season prices, reduce the need for plant growth retardants, increase the
nutritional content of leafy greens or produce, or make more informed
decisions when purchasing new structures and equipment. In this chapter,
we introduce the concepts of and terminology used in plant lighting, setting
the stage for the more specific and in-depth chapters that follow.



1.2 What is Light?
Light is electromagnetic radiation. In other words, it is a form of energy. It

provides the energy for photosynthesis, converting water and carbon dioxide
into sugars and oxygen. It also can influence plant growth, architecture, and
color, flowering, and other processes that occur during a plant’s life cycle.
Electromagnetic energy from any source, whether from the sun or an
electric lamp, can vary in quality (color or wavelength distribution), quantity
(intensity, or the amount of energy), and duration (photoperiod and
accumulated energy over time). Figure 1.1 shows different types of
electromagnetic radiation represented by their wavelength. Units of
wavelength are in nanometers (nm, or billionths of a meter). Plants use all
wavelengths in the visible spectrum, between 400 and 700 nm, for
photosynthesis and growth. Plants also perceive light that people cannot
see, including ultraviolet (UV) light and far-red light.

Radiation with a short wavelength (for example, x-rays and UV light) has
high energy and can be harmful to plants and animals. In contrast, long-
wave radiation has less energy and is experienced as heat. Some details of
the light spectrum shown in Figure 1.1 include:

Figure 1.1. Electromagnetic radiation includes a wide range of wavelengths. Intermediate
lengths are interpreted by our eyes and brain as visible colors and light (380-770 nm), and are
also used by plants for photosynthesis (photosynthetically active radiation; (400-700 nm). 1
nanometer (nm) = 10−3 μm = 10−6 mm = 10−9 m.

Ultraviolet (UV) Light (100-380 nm). Ultraviolet light can be divided into
three types — UV-A, UV-B, and UV-C. Shortwave UV or UV-C (100-280
nm), has very high energy and is used in greenhouse water disinfection



systems. Wavelengths even shorter than 100 nm are used in high-energy
applications such as medical x-rays. UV-C is filtered by the atmosphere
before reaching the earth’s surface.

UV-B (280-320 nm) is a small component of sunlight that causes skin
cancer and aging to humans, and can also reduce growth rate and
extension growth in plants. UV radiation promotes photochemical
degradation processes in all plastics and is generally the major reason for
their replacement. High-quality plastics contain UV degradation inhibitors,
although UV inhibitors often diffuse or degrade over time.

UV-A (320-380 nm) is the predominant type of UV in the solar spectrum.
Insect pollinators are attracted to “colors” in the near-UV light range. For
example, in the honeybee, visual cells respond most strongly at 340 nm
(UV-A), 430 nm (blue), and 530 nm (yellow-green). UV-absorbing
greenhouse covers have had some success in reducing insect pest levels,
but results have been variable.

Inside glass or most polyethylene-glazed greenhouses, plants receive very
little UV radiation because it is absorbed or reflected by the glazing
materials. However, there are some plastics that transmit some or most of
the solar UV. Ultraviolet radiation does have some suppressive effect on
extension growth, which is one reason why plants that are exposed to UV
radiation outside the greenhouse may be more compact than plants grown
in a greenhouse where the UV radiation is absorbed by the glazing material.
Ultraviolet light can also affect anthocyanin synthesis and thus the color of
leaves, making them darker green, red, or purple.

Visible Light (380-770 nm). The human eye is sensitive to a narrow range
of wavelengths, from 380 to 770 nm. Our visual system includes three sets
of cone cells in the retina of the eye that each absorb with peak sensitivities
at light frequencies that we interpret as the colors red (580 nm), green (540
nm), or blue (450 nm). Overall, the peak sensitivity is around 555 nm, which
is greenish-yellow light (Figure 1.2), whereas deep blue and deep red
appear dim to us. Signals from these cone cells are sent to the brain, which
interprets the radiation signals as a spectrum of colors. Rod cells in the eye
also measure illuminance, or light intensity. The eye can compensate for an
amazingly broad range of light levels — from about 2,000 μmol·m−2·s−1

[10,000 footcandles (fc)] on a sunny day outdoors to moonlight levels of
about 0.002 μmol·m−2·s−1 (0.01 fc).



.

Figure 1.2. The sensitivity of the human eye to a range of wavelengths, peaking in the yellow
green spectrum (around 555 nm).

Photosynthetic light (400-700 nm). Plant growth is driven by
photosynthetic light, which generates carbohydrates that are the building
blocks of plant cell walls and organs. Approximately 43% of solar energy
can be used for photosynthesis (Figure 1.3). This waveband, from 400 to
700 nm, is termed photosynthetically active radiation (PAR) and is similar to
the light waveband that is visible to humans. Increasing light quantity or
intensity in the PAR region, up to species-specific light levels, increases
photosynthesis. Energy outside the PAR region is less or not useful for
photosynthesis but may influence the concentration of pigments such as
anthocyanins, promote stem elongation, increase plant temperature, or may
be used by the plant to detect other aspects of its environment such as the
density of foliage from other plants. Photosynthesis is discussed in more
detail in Chapter 2.



Figure 1.3. Less than half the energy from the sun is in the photosynthetically active radiation
(PAR) range of 400-700 nm. This figure is adapted with permission from research by Daryl
Myers developed under DOE contract DE-AC36-99GO10337. For further reading, see Bird, R.E.,
and C.J. Riordan. “Simple Solar Spectral Model for Direct and Diffuse Irradiance on Horizontal
and Tilted Planes at the Earth’s Surface for Cloudless Atmospheres.” Journal of Climate and
Applied Meteorology, Vol. 25(1), January 1986; pp. 87-97.

Photosynthetic pigments are light-absorbing proteins primarily located in
leaves, for example, chlorophyll. The reason that PAR falls between 400-
700 nm is that photosynthetic pigments absorb light energy in this
waveband. Figure 1.4 shows that chlorophyll in the leaf has an absorption
pattern that peaks in the blue (400-500 nm) and red (600-700 nm)
wavelengths. The reason why most leaves appear green in color is that
more green light is reflected by leaves than other colors of light. More
information on specific wavelengths within the PAR waveband is provided in
other chapters.



Figure 1.4. Extracts of chlorophyll primarily absorb light in the blue (400-500 nm) and red (600-
700 nm) regions of the light spectrum. However, plants still utilize green light for
photosynthesis.

Other wavelengths affecting plant responses. The PAR waveband is not
the only part of the light spectrum important to plant growth or development.
For example, UV-A and blue light are absorbed by the pigment
cryptochrome. Cryptochromes can also influence stem elongation, leaf
expansion, leaf color, anthocyanins, circadian rhythms, and flowering time.
Phototropin is a blue light photoreceptor that controls plant growth towards
light (phototropism).

Phytochrome is a pigment in all green plants that primarily absorbs red and
far-red light, with maximum absorption around 660 nm (red) and 730 nm
(far-red). Seed germination of some plants is promoted by red light and is
mediated by phytochrome. In addition, a phytochrome-regulated “biological



clock” in plants measures the duration of the night (dark) period, as
discussed in Chapter 3 and 4. This clock measures night length, which in
some crops influences flowering.

Phytochrome is also the pigment that senses competition for light from
neighboring plants and triggers increased elongation of internodes, which is
known as the shade-avoidance response. When plants are grown at dense
spacing, leaves change both the quantity (amount of energy) and quality
(color or wavelength distribution) of light. In particular, the amount of red
light under a plant canopy declines much more than far-red. This lower ratio
of red to far-red occurs because chlorophyll in leaves absorbs red light, but
is nearly opaque to (allows transmission of) far-red light.

In Table 1.1, the quantity or intensity of the radiation from 400-800 nm is
shown as the irradiance (first column) outdoors on a very clear day. The
quality or distribution of light in different wavelengths from 400-800 nm is
shown as a percentage of total irradiance. The intensity and quality of light
(spectral distribution) of sunlight is contrasted with light under dense leaf
shading or a plant canopy. The ratio of red:far-red light changes from
approximately 1:1 under direct sunlight (above the canopy) to approximately
1:7 under leaves and inside the plant canopy. Figure 1.5 illustrates how the
shade-avoidance response results from the low red:far-red ratio under a
high plant density.
Table. 1.1. Proportion of radiation (photon flux density, μmol·m−2·s−1) outdoors within each
waveband from 400 to 800 nm under direct sun or a dense plant canopy (Kendrick and
Kronenberg, 1986).

Irradiance 
(400-800 nm)

Blue 
(400-500 nm)

Green 
(500-600 nm)

Red 
(600-700 nm)

Far-red
(700-800 nm)

Direct sunlight 1700 μmol·m−2·s−1 (100%) 23% 26% 26% 25%

Under plant canopy 60 μmol·m−2·s−1 (100%) 4% 15% 11% 70%

Wavelengths greater than 770 nm (infrared or thermal energy) are
experienced by the plant as heat, resulting as an increase in plant
temperature. Plant temperature is important for driving all metabolic



processes, including photosynthesis, respiration, and development of new
organs such as leaves or flowers, as well as stress at very low or high
temperatures.

Figure 1.5. Poinsettia plants were grown at 20- x 20-cm (10- x 10-inch) spacing (left) or 41- x
41–cm (16- x 16-inch) spacing on the right. Increased plant density results in a lower ratio of
red:far-red light, and greater plant internode elongation. Photo: Garrett Owen, Michigan State
University.



1.3 Understanding Light Units
Instantaneous units. Light can be measured using several units. If you

use a handheld light meter in the greenhouse, or have a light sensor
attached to an environmental control computer, it can measure the
instantaneous intensity in:

Micromoles per square meter and second (μmol·m−2·s−1) of PAR
light (400-700 nm). A mole is a very large constant number used in
chemistry (6.02 × 1023) and a micromole (μmol) is one millionth of a
mole (1 × 10−6). Therefore, one μmol equals approximately 6.02 x 1017.
Photons are packets, or particles, of light energy. The unit μmol·m−2·s−1

is a quantum measurement that counts the number of μmol of photons
in the PAR range that reach one square meter [(m2); 10.8 square feet]
each second (s). For plant applications, the unit μmol·m−2·s−1 is the
most appropriate unit to quantify light energy used in photosynthesis.
The light intensity in μmol·m−2·s−1 of PAR is also called the
photosynthetic photon flux (PPF) or PPF density (PPFD). The quantum
unit μmol·m−2·s−1 is also sometimes called microEinsteins (μE·m−2·s−1)
although this unit is not part of the International System of Units and is
seldom used. As the name implies, quantum light sensors measure
PAR in μmol·m−2·s−1.

Footcandles or lux. These are measures of light based on the
human sensitivity to light and are called “photometric” units. As
mentioned earlier, this visible spectrum differs slightly from the PAR
range for plant photosynthesis. Despite this error in converting from
visible to PAR light, footcandles and lux are still widely used by
specialty crop producers, although their use is decreasing. One
footcandle = 1 lumen/ft2 and 1 lux = 1 lumen/m2. Thus, 10.76 lux equal
one footcandle. None of these photometric units is appropriate for
plants because it is biased toward people. Photometric meters should
never be used to measure PAR light intensity from LEDs because the
conversion between visible and PAR light varies depending on wave
length of the LED.

Watts per square meter (W·m−2) of either PAR or total radiation.
These are measures of energy (just as we describe the watts of
electrical energy required to run a light bulb), and are also called



“radiometric” units. Light sensors that measure a wide range of
radiation, from approximately 250 to 2,800 nm (depending on the
sensor), are termed pyranometers. Environmental controls systems
often use units of W·m−2 of total energy, because all energy entering a
greenhouse needs to be considered for heating and cooling, not just the
energy for plant growth. One Watt = 1 Joule per second.
As a rough guide, for sunlight, 1 μmol·m−2·s−1 = 5 footcandles = 0.5

W·m−2 total energy. For more precise conversions, Table 1.2 compares
each unit. Light sources vary in the amount of energy produced at each
wavelength. Therefore, conversions between visible, quantum, and
radiometric units depend on the light source. Unit conversions for light-
emitting diodes (LEDs) vary from one product to another, since the
wavelengths and proportions of LED colors vary.
Table 1.2. The conversion of light units from one measurement system to another under
common lamp types used in horticulture. The conversions for LED arrays vary from one
product to another (depending on the LEDs used and their percentages in an array). PAR
= photosynthetic active radiation (400-700 nm). Adapted from Thimijan and Heins (1983).

Unit Type of
measurement

Mainly used
by

Conversion of 1 μmol·m−2·s−1

Sunlight High-
pressure
sodium

Metal
Halide

Cool-white
fluorescent

Incandescent
(100 W)

LEDs

Footcandles Visible
(human eye)

Industry
(U.S.)

5.02 7.62 6.60 6.87 4.65 Varies
by
product

Lux Visible
(human eye)

Industry
(Europe)

54 82 71 74 50 Varies
by
product

μmol·m−2·s−1

of PAR
Quanta of
light in PAR
range

Horticulture
research
and
industry

1 1 1 1 1 1

mol·m−2·d−1

of PAR (or
moles/day)

Daily light
integral (DLI):
accumulated
PAR light
over an
entire day

Horticulture
research
and
industry

Average
μmol·m−2·s−1

× 60 sec/min ×
60 min/hour ×
hours of
light/1,000,000

W·m−2 (PAR) Energy in
PAR range

Engineers,
research

0.22 0.20 0.22 0.22 0.20 Varies
by
product



W·m−2 (total) Total Energy Engineers,
research

0.51 0.56 0.59 0.54 2.58 Varies
by
product

Example: To convert μmol·m−2·s−1 of PAR for sunlight to footcandles, using Table 1,
multiply by 5.02 (1,000 μmol·m−2·s−1 × 5.02 equals 5,020 footcandles).

On a sunny day during the summer, outdoor sunlight reaches about
2,000 μmol·m−2·s−1 at noon (10,000 footcandles, 108,000 lux, 440
W·m−2 of PAR, or 1,000 W·m−2 total energy). That energy level is
equivalent to having a 1,000-W electrical heater or 10 100-W bulbs in
every square meter (10.8 square feet) of a room (Figure 1.6). That is a
lot of energy and illustrates why we have trouble cooling greenhouses
or indoor production facilities.

Figure 1.6. At midday during the summer, light levels outdoors can be 2,000 µmol·m−2·s−1

(10,000 footcandles), which is equivalent to 1,000 Watts of energy per square meter. This
can be visualized as having the heat energy of nine 1,000-W heaters for every 10- x 10-
foot (3- x 3-meter) area of the greenhouse.



Cumulative unit. The light measurements discussed above are all
instantaneous, meaning that the readings are taken at a particular time
and can change every second. We can also quantify the light energy
that reaches an area during a 24-hour period and use the term “daily
light integral,” or DLI. The unit for DLI is moles of PAR per square meter
and day (mol·m−2·d−1) and is sometimes simplified to “moles/day”).

The relationship between the average μmol·m−2·s−1 and mol·m−2·d−1

can be calculated from the number of μmol·m−2·s−1 (average
instantaneous light level) × 60 (seconds/minute) × 60 (minutes/hour) × b
hours (e.g., b=24 hours per day if instantaneous light is averaged over a
whole day and night)/1,000,000 (micromoles/mole) = c mol·m−2·d−1. For
example, if the average light intensity during a 24-hour period was 150
μmol·m−2·s−1, then 150 × 60 × 60 × 24/1,000,000 = 13.0 mol·m−2·d−1 of
accumulated light energy (DLI).

To visually understand DLI, think of the light intensity at one instant
(μmol·m−2·s−1) as rain (light particles) falling on one square meter each
second. The daily light integral (in mol·m−2·d−1) is equivalent to the
amount a rain gauge (light energy) will accumulate in that square meter
during the entire day (Figure 1.7). For example, using Table 1.2, if
there was an average 1,500 fc (300 μmol·m−2·s−1) of sunlight for a 12-
hour period, that would equal 1,500 × 12 × 0.000718 = 12.9 mol·m−2·d−1.

Figure 1.7. Daily light integral (DLI) is the amount of photosynthetic light (400-700 nm)



received in 1 square meter of area each day.



1.4 Measuring Light with Sensors
The human eye should not be used to determine how much light is

available for plant growth, for two main reasons. First, the adaptability of
our eyes means that we “even out” the extremes of light — we can read
text at light levels substantially below that required for plant growth.
Second, the light spectrum for human vision differs from the light
spectrum (PAR) used by plants for photosynthesis. Consequently,
measuring light in the greenhouse and indoor production facilities
requires an appropriate light sensor — in particular, a quantum sensor.
There are several types of light sensors available, including:

Pyranometers are sensors that measure solar radiation over most of
its entire waveband, usually from 280-2,800 nm, which represents 97%
of the sun’s spectral distribution. This value could be considered “total
solar” radiation. Units are W·m−2. Many environmental control systems
use these units, because total solar radiation determines the heat load
in the greenhouse.

Quantum sensors measure the number of photons within PAR (400-
700 nm), and the units are typically expressed as μmol·m−2·s−1 or
W·m−2. These units are most appropriate for measuring light used for
photosynthesis (plant growth).

Visible light or photometric sensors measure light within the 380-
730 nm waveband, in footcandles or lux, based on human sensitivity to
light. These units are appropriate for measuring the light level for
humans, such as in retail or work areas. They are not appropriate for
plant applications.

A spectroradiometer is a research instrument that can measure the
intensity of individual wavelengths or prescribed wavebands. It typically
measures spectral irradiance in μmol·m−2·s−1·nm−1 or W·m−2·nm−1. This
instrument is used to measure light distribution, for example, under
LEDs; color-selective, far-red-absorptive, or UV-absorptive greenhouse
coverings; or to measure the ratio between red and far-red light
(important for stem elongation).



A datalogger or light-integrating sensor (Figure 1.8) measures light
regularly (with a frequency of seconds to minutes) and then integrates
the light levels into an accumulated value, which is usually the daily light
integral (DLI). Recommended DLIs for crops grown in controlled
environments are provided later in this book, for example, vegetables in
Chapter 17. In contrast to instantaneous light, the DLI cannot be
measured at only one point in time. Because plants accumulate light
energy over the growth or production cycle, a light-integrating sensor is
suitable for measuring how much total energy is available for
photosynthesis. Some greenhouse environment controllers now allow
growers to select a total DLI desired for each crop and manage
supplemental lighting to meet that goal.

Figure 1.8. An example of a light sensor (WeatherTracker, from Spectrum Technologies)
that measures instantaneous light throughout the day, and then integrates these
readings as a daily light integral. Photo: Roberto Lopez, Michigan State University.



1.5 Tips on Buying a Handheld Light Meter for
Instantaneous Measurements

Make sure the sensor:

Is measuring in the units most appropriate to your intended
application, which in many cases is μmol·m−2·s−1

Is robust and simple to use

Can read up to a maximum light level of full sun on a summer day
(e.g., 2,000 μmol·m−2·s−1)

Has an appropriate “spectral response” and is calibrated to your
light source. For example, not all quantum meters accurately measure
light from LEDs. An ideal PAR sensor would measure all wavelengths
equally between 400-700 nm, and not measure any wavelengths
outside this range. However, no sensor is perfect. A difference between
expensive and lower-cost sensors tends to be the extent to which the
spectral response varies from the ideal. Lower-cost sensors are
calibrated to particular light sources, and you must use a conversion
factor when switching from, for example, sunlight to high-pressure
sodium lamps. Mid-range meters have a dial or switch for different light
types and internally apply the correct conversion factor.

Has an immediate digital readout of light intensity, or a real-time link
to a computer display

Is reasonably priced — a suitable meter for most controlled
environment applications including the sensor and readout starts
around US$300 and can be as much as US$1,000. Less expensive
meters are usually less accurate.

Some light meters have multiple diodes along a light bar, which
evens out the effects of shadows or high light spots. These “line
quantum meters” are probably the most accurate for use in
greenhouses, but they are more expensive than single-diode sensors.
In addition, they are usually calibrated for sunlight and thus, may not be
appropriate under non-white light (such as red+blue LEDs).



1.6 Tips on Buying and Using Light Sensors to Measure
DLI

These sensors have similar requirements as for a handheld meter.

Light integrating sensors, (for example, Figure 1.8) should be
placed close to the top of the crop canopy. The sensor should be
located where it will not be shaded by leaves, overhead obstructions,
permanent shadows, or mounting poles/fixtures.

Light sensors should not be placed under irrigation booms or areas
where overhead irrigation occurs, such as under mist or fogging
systems. The water deposits accumulate on the diodes and negatively
influence the reading.

Sensors should be inspected at least weekly to ensure that they are
vertical, level, clean, and at the height of the crop or canopy (Figure
1.9). Consult with the manufacturer to determine if your sensor needs to
be calibrated and the frequency of calibration. Usually this should be
done every 2 or 3 years.

Figure 1.9. Quantum sensors should be level, clean, and at the height of the crop or
canopy, and not shaded by leaves. Photo: Roberto Lopez, Michigan State University.



If your sensor has a mounting plate with a leveling fixture, adjust the
sensor accordingly. Leveling will reduce error and ensure that your light
measurements are accurate.

Most light sensors can be cleaned with water and/or a mild
detergent such as dishwashing soap on a nonabrasive cloth to remove
dust, water spots, and pollen. Never use alcohol, organic solvents,
strong detergents, or abrasive materials to clean the diode on your light
sensor.

LI-COR Biosciences recommends using vinegar to remove hard
water deposits from light sensors, if necessary. Before cleaning any
sensors, consult the manufacturer of your sensor for their specific
recommendations.

Research Highlight:



Light Maps to Estimate Daily Light Integrals Across the
U.S.

Dr. James Faust, Clemson University
A series of daily light integral (DLI) maps was developed to allow growers to estimate the

amount of light outdoors in different locations in the United States for each month of the year
(Figure 1.10). During ornamental young plant production (January to March), the average
outdoor DLI ranges from 5 to 25 mol·m−2·d−1 across much of the northern U.S. to 20 to 40
mol·m−2·d−1 in the southwestern U.S. During the winter months, the differences in DLI primarily
occur between the northern and southern U.S., while during the summer months the differences
in DLI primarily occur between the eastern and western U.S.

Figure 1.10. The monthly average daily light integral (mol·m−2·d−1) outdoors across the
contiguous United States (Korczynski et al., 2002).

The DLI changes rapidly during the spring and fall. For example, the outdoor DLI for Grand
Rapids, Michigan, is 28 mol·m−2·d−1 in September, 18 mol·m−2·d−1 in October, and 13 mol·m−2·d−1

in November. Similarly, the DLI changes from 10 to 35 mol·m−2·d−1 from January to April. Thus,
the light available from the sun for photosynthesis increases dramatically during spring
production and decreases dramatically during fall production. These changes have a
tremendous impact on plant growth and quality.

The daily light integral maps are based on 30 years of solar radiation data at 237 sites across
the U.S. Although this represents a considerable amount of data, we cannot account for all the
microclimates that occur due to localized geography, such as local cloud cover due to lake or
ocean effects.



Daily Light Integral Inside the Greenhouse
One reason for developing the daily light integral maps was that DLI measurements can be

difficult to make in commercial greenhouses. Growers can simply estimate the DLI delivered to
their crops based on their greenhouse light transmission percentage. The daily light integral
maps only describe the amount of light delivered from the sun to the outside of the greenhouse.
The amount of light actually reaching the crop on the greenhouse bench is affected by the
greenhouse light transmission. Surprisingly, only 35% to 70% of light measured outside the
greenhouse typically reaches the greenhouse crop. The only way to know the greenhouse light
transmission for a particular greenhouse is to make measurements with a light sensor.
Greenhouse light transmission is calculated with the following equation:

Greenhouse light transmission (%) = (Light intensity measured inside/Light intensity measured
outside) x 100

Daily light integral inside the greenhouse can be estimated by multiplying the greenhouse light
transmission percentage by the DLI indicated on the maps in Figure 1.10. For example, 25 to
30 mol·m−2·d−1 are typically delivered to the southeastern U.S. in October. If the greenhouse
light transmission is 50%, then we could expect that a greenhouse located in the Southeast
would receive 12.5 to 15 mol·m−2·d−1 during October, which is sufficient light to grow a poinsettia
crop, but is approaching the lower range for high-quality pansies. For this reason, outdoor
pansy crops are typically superior to greenhouse-grown pansies, assuming outdoor
temperatures are not excessively high.
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Chapter 2 
Light, Photosynthesis, and Plant Growth

By Marc van Iersel
������������� �� ��� ����� ������� driving the growth of plants, and
growers therefore need to know how to create conditions to allow plants
to photosynthesize efficiently. There are many cultural and environmental

factors that affect photosynthesis. Optimizing only some of these factors without
paying attention to others may not result in a stimulation of photosynthesis and
growth. Nutrition, irrigation, and environmental factors all need to be carefully
controlled to grow high-quality plants in the shortest time possible. This chapter
starts with an explanation of the basic physiological processes of photosynthesis,
and then explores how environmental and cultural practices affect
photosynthesis. Lawlor (2000) provides an excellent overview of photosynthesis,
including both basic and applied aspects.



2.1 Photosynthesis: The Light Reactions and Calvin Cycle
Photosynthesis uses the energy from light to make sugars (glucose, with the

chemical formula C6H12O6 in Figure 2.1) and oxygen (O2) out of the raw materials
of water (H2O) and carbon dioxide (CO2). These sugars can then be used for
growth, respiration, and storage (Figure 2.1; see Smith and Stitt (2007) for an in-
depth review). When plants use these sugars for growth, the plants can make
roots, stems, leaves, and flowers. Thus, plant size increases as more sugars are
allocated to growth processes. Typically, about 60% of the sugar that is produced
in photosynthesis is used for growth. The other 40% of sugars is used for plant
maintenance, which is termed respiration.

Figure 2.1. An overview of the relationship between the light reactions and Calvin cycle of
photosynthesis, respiration, and growth. In photosynthesis, the light reactions produce oxygen (O2),
ATP, and NADPH, which are used in the Calvin cycle to convert carbon dioxide (CO2) and water (H2O)
into glucose (C6H12O6). The glucose can then be used for growth and respiration, or it can be stored
as starch (or similar compounds).



From a physiological perspective, photosynthesis can be separated into two
separate processes — the light reactions and the Calvin cycle. Although the
Calvin cycle is sometimes referred to as the dark reactions of photosynthesis,
that name is a misnomer: the Calvin cycle occurs during the daytime, not at
night. Understanding how the light reactions and Calvin cycle work together in
photosynthesis can help growers determine how to control the greenhouse
environment to optimize photosynthesis and thus, growth.

The first step in the light reactions is the absorption of light by leaf pigments.
Chlorophyll is the most important pigment in light absorption, but carotenoids
(yellow, orange, and red pigments) can contribute, as well. The energy from light
is then converted into chemical energy. This chemical energy is stored in two
chemical compounds, NADPH and ATP. These two chemicals are then used in
the Calvin cycle to convert low-energy compounds (CO2 and H2O) into high-
energy sugars. These sugars can then be used for respiration and to make a
wide range of other compounds that plants need to grow.

The Calvin cycle consists of a series of biochemical reactions that depend on a
large number of different enzymes. Enzymes catalyze biochemical reactions:
they greatly speed up the rate of metabolism, but do not get consumed in the
process. In the Calvin cycle, the plants use CO2 from the air, H2O from the soil or
substrate, and ATP and NADPH from the light reactions to make sugars. When
ATP and NADPH are used in the Calvin cycle reactions, two leftover compounds
are produced: ADP and NADP. These two compounds can then be reused by the
light reactions to make additional ATP and NADPH. So not only does the Calvin
cycle depend on the ATP and NADPH from the light reactions, the light reactions
depend on ADP and NADP from the Calvin cycle. That means that the rates of
the light reactions and Calvin cycle need to be balanced; one cannot continue
without the other. Both the light reactions and the Calvin cycle occur in
chloroplasts, which are small organelles with chlorophyll that give leaves their
green color.



2.2 Photosynthesis, Respiration, and Growth
Plant growth depends on the balance between photosynthesis, in which sugars

are made, and respiration. Respiration is the process in which sugars are
“burned” inside the plant. The sugars react with oxygen to produce water and
carbon dioxide (the reverse of photosynthesis). Like any process in which things
are burned, respiration produces a lot of energy. Plants can store the energy that
gets released in respiration in chemical compounds, mainly ATP. Many of the
chemical and physiological processes involved in plant growth depend on this
energy from ATP, such as the uptake of nutrients, repair of damaged cells, and
the production of the many compounds needed for growth. These energy-
requiring processes are essential for plants to grow and remain healthy. Thus,
respiration is not wasteful, but rather a critical component of the metabolism of
plants.

Plants can store sugars whenever sugar production in photosynthesis exceeds
their use for growth and respiration. Most plants will convert these sugars into
starch or similar compounds, which can be stored inside plant cells for prolonged
periods. When plants are in need of additional sugars, they can break down the
stored starch and convert it back to sugars. For example, herbaceous perennials
and woody plants may store large amounts of starch in the stem or roots during
the fall, while other plants store starch in their tubers, corms, or bulbs. In spring,
the starch is converted back to sugars that are used for rapid growth.

Starch can be an important source of sugars during periods of low light, when
photosynthesis may be insufficient for respiration and growth. This occurs, for
example, with houseplants: These plants typically receive much more light during
greenhouse production than what they receive indoors after they are purchased.
Once houseplants are placed in low light, they acclimate by reducing their growth
rate and respiration so they can survive with low photosynthetic rates. This
process of acclimation takes time and energy. Starch that accumulates during
greenhouse production of these plants can help plants survive during this
acclimation period. Sometimes leaves turn yellow and fall off after they are
placed indoors, which is part of the acclimation process. This is a result of the
plant not receiving enough light to maintain all of the leaves, so it sheds some
leaves to reduce the consumption of sugars used for respiration. The plant will
then make new leaves that are better acclimated to low light.

The fundamental goal for successful production of greenhouse crops is to
create conditions in which plants can efficiently absorb light and use that light for
photosynthesis to produce new growth. There are many environmental
conditions and cultural practices that affect the light reactions and Calvin cycle of



plants. While these are discussed separately, the light reactions and Calvin cycle
are interdependent, and it is essential to maintain a balance between the two. It
is also important to keep in mind that plants are not passive organisms: they
constantly acclimate to their environment. For example, they become more
efficient at capturing light when grown under low light levels and more tolerant to
high or low temperatures when exposed to heat or cold. See Research
Highlight 2.1 on temperature acclimation for an example of how magnolias can
adjust their photosynthetic metabolism based on the conditions under which they
are grown.

Research Highlight 2.1



Temperature Acclimation of Photosynthesis in Magnolia
By Marc van Iersel
Plants, and especially evergreens, need to be able to photosynthesize at a wide range of temperatures.

Acclimation, a physiological process, allows plants to alter their metabolism in response to their
environment. This gives them the ability to grow under a wide range of temperatures. To demonstrate the
ability of plants to acclimate, two cultivars of Southern magnolia (Magnolia grandiflora ‘Claudia
Wannamaker’ and ‘GreenBack’) were grown under conditions that resemble summer [14 hours of light at
77°F (25°C), 10 hours dark at 68°F (20°C)] and fall [10 hours of light at 59°F (15°C), 14 hours dark at 41°F
(5°C)]. After the plants were given time to acclimate to these conditions, the net photosynthesis of the entire
plants was measured at temperatures ranging from 35°F to 86°F (2°C to 30°C).

Plants that were grown under fall-like conditions performed better at low temperature and had an optimal
temperature for photosynthesis of 55°F (13°C) (Figure 2.2). But at high temperatures (above 77°F), these
plants had a negative net photosynthesis. The plants burned more sugars in respiration than they made in
photosynthesis, resulting in a loss of biomass. Plants grown under summer-like conditions photosynthesized
poorly at low temperatures and had an optimal temperature of 68°F. These plants were able to tolerate high
temperatures much better than plants grown under fall-like conditions, indicating that the plants had
effectively acclimated to their growing conditions. Both cultivars responded similarly, although the ability of
plants to acclimate to different temperatures can be cultivar-dependent. For species with a wide natural
range, cultivars developed from plants from cooler climates typically have a better ability to acclimate to low
temperatures than cultivars developed from plants from warmer origins, and vice-versa.



Figure 2.2. The net photosynthetic rate of two cultivars of magnolia. Plants were grown under
conditions that resemble summer (14 hours of light at 25°C (77°F), 10 hours dark at 20°C (68°F) or
fall [10 hours of light at 15°C (59°F), 14 hours dark at 5°C (41°F)]. Plants of both cultivars were able to
acclimate to the different environmental conditions; the temperature response of photosynthesis
changed in response to changing growing conditions. Plants grown under fall-like conditions
photosynthesized better at lower temperatures, but were less able to withstand high temperature
than plants grown under summer-like conditions.



2.3 Photosynthesis and Environmental Conditions
Light. Before discussing how plants use light to make sugars, it is useful to first

describe what light is. From a physics perspective, we can think about light as a
form of electromagnetic radiation with different wavelengths (colors) or as distinct
particles (photons) with different amounts of energy, depending on the color of
the light. For photosynthesis, it is more useful to think about light as consisting of
individual particles, because the light reactions are driven by the photons that are
absorbed by the plants. Plants can use photons with wavelengths from around
400 to 700 nm (nanometers). As discussed in Chapter 1, light with these
wavelengths is referred to photosynthetically active radiation (PAR). About half of
the radiation coming from the sun is in the infra-red part of the spectrum, with
wavelengths from 700 to 1,100 nm. Photons in this part of the spectrum do not
have enough energy to drive the light reactions of photosynthesis. The energy
from infrared light can increase plant temperature, but does not contribute much
to photosynthesis or growth.

Photons drive the light reactions of photosynthesis and provide the energy for
the production of practically all organic material on earth. As a by-product, the
light reactions also produce the oxygen that we depend on. Under sunny
conditions, plants often receive much more light than they need to make enough
ATP and NADPH to be used by the Calvin cycle, so the Calvin cycle limits
photosynthesis. Under those conditions, plants need to dissipate much of the
energy from the absorbed light (see review by Horton, 2012). Research
Highlight 2.2 shows that under high light conditions, plants may only use a
fraction of the light received. That means that supplementary lighting is only
effective when there is little sunlight and the light reactions limit photosynthesis.
Under high-light conditions, photosynthesis can be increased by increasing the
CO2 concentration and temperature.

Research Highlight 2.2



Light Use Efficiency and Implications for Supplemental Lighting
By Marc van Iersel and Geoff Weaver
Plants are exposed to rapidly changing light intensities during the day. This has important consequences

for how efficiently plants can use the light that is absorbed by the leaves. At most, plants use about 80% to
84% of the light absorbed by the leaf for the light reactions of photosynthesis. The remainder of the
absorbed light is converted into heat or given off as fluorescence (leaves emit low levels of red light, but this
light is so dim that we typically cannot see it). The light use efficiency of leaves changes constantly in
response to changing light levels and typically is well below the theoretical maximum of 80% to 84%. This
efficiency (or yield) can be monitored by measuring how much fluorescence is given off by the leaves.

In this study, we used a chlorophyll fluorometer to measure the photosynthetic yield of a geranium leaf
during a partly sunny winter day in Georgia. The photosynthetic photon flux (PPF) ranged from 0 to 700
µmol∙m−2∙s−1, which is about 35% of full sunlight outdoors on a clear summer day. The photosynthetic yield
was close to 70% at a low PPF, but decreased to about 40% at the highest PPF (Figure 2.3). Because PPF
can be much higher in the summer, yields are often even lower in summer and can drop to 20%. These
changes in yield in response to changing PPF have important consequences for supplemental lighting:
Providing supplemental light when the yield is low will do little to stimulate the light reactions of
photosynthesis. Therefore, supplemental lighting should be used when the photosynthetic yield is high.
Because of the inverse relationship between PPF and photosynthetic yield, supplemental light is most
efficient when there is little sunlight.

Figure 2.3. By measuring the fluorescence coming from the chlorophyll in a leaf (left), researchers
can determine how efficiently plants use the light absorbed by the leaf for photosynthesis. The yield
refers to the percentage of light absorbed by the leaf that is used for the light reactions of
photosynthesis. The photosynthetic photon flux (PPF) and yield of a geranium leaf were measured
during a partly sunny winter day in a Georgia greenhouse (top right). Leaves used light more
efficiently when the light intensity was low, as can be seen when the PPF is plotted against the yield
(bottom right).



There are large differences among species in how much light they can use or
even tolerate, and this is closely related to their native habitat. Plants that
naturally grow under high light, such as meadows, typically need high light levels
to grow well. On the other hand, plants that typically grow on the forest floor,
such as African violets, most orchids, and many foliage plants, do well under low
light levels; high light can actually damage many of these plants and cause leaf
scorch. Shading can prevent such damage (see Chapter 7). Because light
responses differ among species, as well as other environmental conditions
discussed below, it is not possible to specify “optimal” light levels.

Photosynthesis is normally measured as the rate at which plants extract CO2

from the air. In darkness, respiration continues, and plants lose CO2 rather than
consume it. This loss of CO2 from plants in the dark is referred to as “dark
respiration,” and is shown in Figure 2.2 when the light intensity is 0 μmol·m−2·s−1.
The term “net photosynthesis” describes the difference between photosynthesis
(the conversion of CO2 into sugar) and respiration (sugar loss), as shown in
Figure 2.4.
Figure 2.4. An example of the effect of light intensity on photosynthesis. Plants release CO2 in the
dark (light = 0 μmol·m−2·s−1) because of respiration, and this is known as dark respiration. When
respiration and photosynthesis balance each other, net photosynthesis = 0 μmol·m−2·s−1. This is
known as the light compensation point. At high light intensities, photosynthesis no longer increases
with light intensity. At this light intensity, plants are light-saturated and photosynthesis is limited by
the ability of the Calvin cycle to produce sugars. The intensity at which light becomes saturating is
known as the light saturation point, which varies among crops and depends on environmental and
cultural conditions.



Photosynthesis initially increases rapidly as light increases from darkness and
responds less and less as light intensity increases further. At a relatively low light
intensity, photosynthesis will produce as many sugars as are burned in
respiration. At this light intensity, referred to as the light compensation point
(LCP), there is no net uptake of CO2 and thus, no growth (net photosynthesis = 0
μmol·m−2·s−1; Figure 2.4). When light intensity is higher than the light
compensation point, there is a net uptake of CO2 and sugar production by plants,
and thus it is possible for plants to grow. As light intensity increases further, there
is a point at which photosynthesis becomes saturated with light, and
photosynthesis is limited by the reactions of the Calvin cycle. This light intensity
is referred to as the light saturation point. The effect of different daily light
integrals (DLI) on plant growth can be seen in Figure 2.5.



Figure 2.5. Increasing the amount of light plants receive increases their photosynthesis and thus,
their growth. These begonias (top) and petunias (bottom) received a daily light integral from 10 to 23
mol·m−2·d−1 and were grown at an average temperature of 71°F (22°C).

Low light intensities, which are typical in the northern latitudes during the winter,
can greatly reduce photosynthesis. Under these conditions, supplemental lighting
can be beneficial. Because of the shape of the curve in Figure 2.4, the benefits of
supplemental lighting are greater when solar light levels are low. Due to its
expense, supplemental lighting is most commonly used with high-value crops,
such as cut flowers, vegetables and leafy greens, seedlings, and rooted cuttings,
where rapid growth results in greater yield (more stems and flowers, greater
branching, faster rooting, etc.) and more crop turns. Another option is to
maximize the light transmission into your greenhouse. In regions where light
levels limit greenhouse production, it is important to carefully consider what type
of glazing or greenhouse covering material to use. Chapter 6 in this book
addresses how to optimize light transmission, Chapter 8 discusses supplemental
lighting, while Chapters 11 through 18 provide specific information for different
types of crops.



Carbon Dioxide. CO2, discussed in detail in Chapter 9, is essential for
photosynthesis because it is used in the chemical reactions of the Calvin cycle
that produce sugar. Plants absorb CO2 from the air through microscopic pores,
called stomates, in the leaves. From there, CO2 diffuses inside the plants until it
reaches the chloroplasts, where it can be used for photosynthesis. High levels of
CO2 increase photosynthesis by stimulating the activity of the Rubisco enzyme
and by reducing photorespiration (Figure 2.6; Evans, 2013). The normal
concentration of CO2 in the atmosphere is about 400 ppm (parts per million), but
photosynthesis can be stimulated by increasing the CO2 concentration in a
greenhouse or indoor production facility. As the CO2 concentration reaches about
1,200 ppm however, further increases in CO2 do not further increase
photosynthesis. Most of the benefits of CO2 enrichment occur at concentrations
of 600 to 900 ppm (Figure 2.7), and 1,000 ppm is a common target
concentration for greenhouses that supplement CO2. Stimulating Calvin cycle
activity with CO2 enrichment generally is most beneficial under high-light
conditions, when the rate of the light reactions is high. CO2 enrichment is not
useful at night, because the Calvin cycle is not active in the dark.



Figure 2.6. Diagram of photorespiration. Rubisco is a crucial enzyme in the Calvin cycle. It can take a
molecule of CO2 and incorporate it into an organic molecule. This reaction is the source of almost all
organic material on earth, including those in our bodies. However, Rubisco catalyzes a second
reaction, as well: The reaction between an organic molecule and oxygen. This reaction results in the
production of toxic compounds that need to be broken down by the plant. In this process, the plant
uses energy (ATP) and releases a molecule of CO2 (lost from an organic molecule). Photorespiration
can have a large impact on plant growth. Under typical greenhouse conditions, about 20% of all
reactions catalyzed by Rubisco are part of photorespiration, rather than the Calvin cycle. There are
two ways to reduce photorespiration: (1) lower the temperature, which also slows down crop
development and thus lengthens the cropping cycle, or (2) increase the CO2 concentration. Figure
adapted from Rachel Purdon,
http://en.wikipedia.org/wiki/Photorespiration#mediaviewer/File:Simplified_photorespiration_diagram.
jpg.

Figure 2.7. An example of the effect of CO2 on photosynthesis. Low CO2 concentrations greatly
inhibit photosynthesis. The CO2 concentration needs to be above the CO2 compensation point for
plants to have positive net photosynthesis. Increasing the CO2 concentration above approximately
800 to 1,000 ppm has little effect on photosynthesis because photosynthesis has become CO2-
saturated.

http://en.wikipedia.org/wiki/Photorespiration#mediaviewer/File:Simplified_photorespiration_diagram.jpg


Plants can use large amounts of CO2, and on a sunny day CO2 levels can drop
to 200 ppm or perhaps even lower in a tightly closed greenhouse filled with
plants. When this happens, photosynthesis and growth are severely limited. Such
low CO2 concentrations rarely occur in glass-glazed greenhouses because they
tend to be leaky enough to allow CO2 to get into the greenhouse. Poly-houses,
on the other hand, can be tightly sealed, and CO2 may not sufficiently infiltrate
the greenhouse without the use of exhaust fans. CO2 deficiencies are most likely
to occur on cold, sunny days, when there is ample light for photosynthesis
without the need for greenhouse ventilation. Under such conditions, running the
exhaust fans occasionally during the day can ensure that enough outside air
enters the greenhouse. Conversely, supplemental CO2 may not be worthwhile
when vents are open, because the CO2 will simply escape outdoors. Chapter 9
provides more details on CO2 enrichment.

Temperature. Temperature affects the activity of enzymes (which is why
humans and other mammals need to precisely regulate body temperature).
Generally, enzyme activity increases with temperature, but there is an optimal
temperature for enzymatic activity. When it gets too warm, the structure of
enzymes changes (they “denature”) and are no longer active. [This is what
happens when you boil an egg: All the proteins (enzymes are a kind of protein) in
the egg denature, and they all bind together to form one big mass without any
enzymatic activity.] This is one reason why high temperature can seriously injure
plants. Because plants cannot regulate their temperature, the activity of their
enzymes varies greatly as temperature changes: low temperatures slow down all
metabolic processes, including photosynthesis. That may suggest that higher
temperatures will always increase Calvin cycle activity, and thus increase sugar
production. That is not necessarily the case because of the unusual properties of
the world’s most prevalent protein, Rubisco.

Rubisco is the enzyme that takes a molecule of CO2 and incorporates it into an
organic compound, so it is responsible for a critical step in photosynthesis.
However, Rubisco also can take a molecule of oxygen (O2) and incorporate it into
another organic compound (Figure 2.6). That process actually results in the loss
of sugar from the plant and slows down growth. The ratio between
photosynthesis (use of CO2) and photorespiration (use of O2) depends largely on
two factors: temperature and the concentration of CO2 versus that of O2. At
higher temperatures, the balance shifts toward photorespiration, which is one
reason why high temperature inhibits growth. High CO2 concentrations help to
inhibit photorespiration and increase photosynthesis and growth. For more
details, see Figure 2.6 and a review by Hikosaka et al. (2006).



Photosynthesis generally increases as temperature increases from around 40°F
to 75°F (4°C to 24°C) (Figure 2.8). Respiration also rapidly increases with
increasing temperature, causing a decrease in CO2 uptake and thus growth at
high temperatures. The optimal temperature for photosynthesis differs among
species, and depends largely on their native habitat. Not surprisingly,
photosynthesis of tropical species is generally greater at warmer temperatures
than that of species from temperate climates. As a grower, you have some
options to change the “optimal” temperature for growth. In particular, CO2

enrichment will increase the optimal temperature for photosynthesis by about
10°F (6°C), because of the inhibition of photorespiration. Plants can also
acclimate to temperature, so the optimal temperature for a plant depends partly
on the temperatures at which the plant has been grown (see Research
Highlight 2.1).

Figure 2.8. An example of the effect of temperature on photosynthesis. At low temperatures,
enzymes are not very active and photosynthesis is slow. At very high temperatures, plant damage
may occur, which also results in a decrease in photosynthesis. The optimal temperature for
photosynthesis varies among species and plants can acclimate to different temperatures (see
Research Highlight 2.1).



2.4 Photosynthesis and Cultural Practices
Fertilization. Proper fertilization is important for both the light reactions of

photosynthesis and the Calvin cycle. Because light absorption by the chlorophyll
in the leaves is the first step in the light reactions, any nutritional deficiency that
results in a lack of chlorophyll (chlorosis) inhibits photosynthesis. Nitrogen, sulfur,
magnesium, iron, and zinc are particularly important for chlorophyll production.
Many other nutrients, including chloride, copper, manganese, nitrogen, and
phosphorus, are needed in the reactions that produce ATP, the molecule that
provides energy in plants.

The Calvin cycle is also dependent on proper fertilization. Enzymes contain
large amounts of nitrogen and smaller amounts of sulfur. In fact, most of the
nitrogen that plants take up (over 80%) is used to make enzymes, and more than
50% of all enzymes in plants play a role in the Calvin cycle. In addition, several
micronutrients help regulate the activity of these enzymes. That does not mean
that more fertilizer is better; providing excessive nutrients can result in toxicity
symptoms, leading to breakdown of chlorophyll and reduced growth.

Irrigation. When the growing medium dries out, and plants can no longer take
up an adequate amount of water, plants close their stomates to minimize water
loss. Unfortunately, the closing of stomates also reduces the amount of CO2 that
diffuses into the leaf. As a result, CO2 uptake is limited and photosynthesis
decreases. Therefore, exposing plants to drought reduces photosynthesis.

There also is an indirect way in which drought can reduce photosynthesis.
Drought reduces the elongation of plant cells, and growers of vegetable
transplants often take advantage of this by exposing plants to mild to moderate
drought stress. This reduces stem elongation, resulting in shorter plants.
However, leaf cells are very sensitive to drought, so using drought to control
height also results in smaller leaves. Because plant growth depends largely on
the amount of light a plant intercepts, and smaller leaves intercept less light,
using drought to control plant height will also decrease photosynthesis. Does this
mean that growers should not use drought to regulate growth? Not necessarily,
but it is important to realize that drought not only reduces plant height, but also
leaf expansion, photosynthesis, and growth. For an in-depth review of drought
effects on photosynthesis, see Pinheiro and Chavez (2011).



2.5 Summary
There are many cultural and environmental factors that affect the light reactions

and Calvin cycle and thus, photosynthesis. Optimizing only one of these factors
without paying attention to other factors may not stimulate photosynthesis and
thus, plant growth. Because the light reactions and Calvin cycle depend on each
other, growers should manage their crop to maintain a balance between these
two processes. That can mean providing supplemental light under light-limiting
conditions and using CO2 enrichment when there is ample light. Nutrition,
irrigation, and environmental factors all need to be carefully controlled to optimize
plant growth and quality.
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Chapter 3 
Light Quality and
Photomorphogenesis

By Ricardo Hernández and Chieri Kubota
����������������� �� ��� ������ �� light quality (color) on plant
morphology (architecture) and development. In contrast with plant
responses to light quantity discussed in Chapter 2,

photomorphogenesis is less influenced by the intensity of light and more by
the proportions (ratios) of light quality. Some common photomorphogenic
responses are stem extension, stomatal opening, germination, flowering, leaf
expansion, and plant movement (phototropism). Plant growth is also affected
indirectly by photomorphogenic responses that alter light interception of
plants by changing their morphology, such as changes in leaf size. Plants
have evolved a sophisticated system of photoreceptors that enable them to
respond to light quality. The most understood photomorphogenic receptors
are the phytochromes, cryptocromes, and phototropins. However, additional
photoreceptors have been identified [light-oxygen-voltage (LOV) sensors,
xanthopsins, blue-light sensors using flavin adenine dinucleotide (BLUF),
rhodopsinsand], and research is ongoing to elucidate their importance in
horticultural applications (Moglich et al., 2010).



3.1 Red/Far-Red Light (600-800 nm)
The photoreceptor phytochrome is known to control photomorphogenic

reactions by perceiving light in the red (600-700 nm) and far-red regions
(700-800 nm) and to a lesser extent, in the UV/blue region (320-480 nm);
however, the responses to red and far-red light are the most studied.
Phytochrome is composed of a protein with two interconvertible forms: the
red absorbing form (PR) and the far-red absorbing form (PFR) (Hendricks et
al., 1962). PFR is considered the active form and triggers phytochrome
photomorphogenic responses such as germination (Mancinelli et al., 2007),
inhibition of stem elongation, and pigment synthesis (Hendricks and
Borthwick, 1967). Depending on the light quality, these two phytochromes
(PFR and PR) will reach an equilibrium mixture (Figure 3.1). Therefore, the
ratio of PFR to the total phytochrome (PFR/PTOTAL, phytochrome photostationary
state) is useful to quantify responses mediated by phytochrome and can be
estimated based on the incident spectral quality. Low ratios (0.10-0.50)
represent a high far-red spectrum, and high ratios (0.75-0.89) represent a
high red spectrum (Sager and Mc Farlane, 1997). The light absorption
spectra of PR and PFR is shown in Figure 3.2.

Figure 3.1. The biologically inactive form of phytochrome (PR) can be converted to the
biologically active form (PFR) when illuminated with red light (600-700 nm). The biologically
active PFR can be converted to the inactive form PR under far-red light (700-800 nm) or darkness.



Figure 3.2. Absorption spectra of red-absorbing (PR) and far-red absorbing (PFR) forms of
phytochrome. Absorbance data are from (Sager et al., 1988).

Phytochrome is the main mechanism that plants use to adjust plant
morphology under shaded environments in nature and under tight spacing in
the greenhouse. When the plant density is high, individual plants will start
competing for available light. Plants are capable of sensing neighboring
plants by perceiving the light quality in their surrounding environment. For
example, plants in a greenhouse are exposed to somewhat equal amounts of
blue, green, red, and far-red light from the sun. More blue and red light is
absorbed by upper leaves or taller plants compared to green and far-red
light, which in consequence delivers relatively more green and far-red light to
the lower canopy or shorter plants. A far-red rich environment generates a
small PFR/PTOTAL that triggers shade-avoidance responses such as an
increase in stem extension, leaf extension, leaf hyponasty, petiole elongation,
and apical dominance (Wang and Folta, 2013).

Providing far-red (700-800 nm) lighting can have a significant influence on
stem, as well as leaf extension, and consequently, increase the light
interception of plants and promote plant growth. Incandescent lamps have
been used for many years for various plant research studies because they
emit a moderately low red to far-red ratio and thus a relatively low PFR/PTOTAL

is established (Sager and Mc Farlane, 1997). Using far-red light-emitting



diodes (LEDs), Li and Kubota (2009) and Stutte et al. (2009) demonstrated
that supplemental far-red lighting increased lettuce leaf area and overall
growth.

Similarly, a somewhat more practical application is the use of far-red lighting
at the end-of-day (EOD) to stimulate desired morphological responses. Far-
red light at the end of the photoperiod promotes stem elongation, and it can
be used to increase stem extension in cut flowers such as chrysanthemum
(Rajapakse et al., 1993) and vegetable rootstocks (Chia and Kubota, 2010;
Yang et al., 2012). The response to EOD far-red lighting is species-specific;
however, a low far-red intensity for a short period of time is sufficient to
stimulate the stem extension response (see Research Highlight 3.1). For
example, for tomato rootstock cultivars, hypocotyl (the stem of a germinating
seedling) elongation increased by ≈20% to 40% at a near saturation intensity
of far-red light of 2 to 4 mmol·m−2·d−1, which translates to about 2 to 3
μmol·m−2·s−1 for 12 to 24 minutes at the EOD (Chia and Kubota, 2010).

Research Highlight 3.1



End-of-Day Far-Red Light Effects on Vegetable Rootstock
Seedlings

By Chieri Kubota
Light quality affects extension growth of expanding stems and leaves of plants. For example, plant

stems (or seedling hypocotyls) become longer under light quality rich in far-red light (peak at 735 nm or
generally defined as wavelengths between 700 to 800 nm). However, plants exhibit their extension
growth at a faster rate during the night than during the day. The light quality that plants perceive at the
end-of-day (EOD) significantly affects the stem elongation rate at night. Sunlight, as well as electrical
light, contains large amounts of red light; therefore, switching the light quality to more far-red rich light
at the EOD accelerates extension growth of plants at night. For example, far-red light at the EOD
extended stems of hybrid lilies (Blom et al., 1995), chrysanthemum (Hisamatsu et al., 2008) and
hypocotyls of young tomato seedlings (Decoteau and Friend, 1991). Possible applications of EOD far-
red treatments include non-chemical control of stem extension needed in vegetable grafting or in long-
stem cut flower production.

Sensitivity to far-red light is unique to plants; the human eye has very low sensitivity to far-red.
Therefore, most electrical lamps emit little far-red light. Until recently, the incandescent lamp (including
newer, more energy-efficient halogens) was the only commercial light source rich in far-red light. We
examined the light quality of lamps to operate at the EOD and found that far-red LEDs are a suitable
light source (Chia and Kubota, 2010). Recently, far-red LED lamps became available for various
applications including flowering control. When applied as an EOD treatment, the required photon flux to
promote stem extension is low; 1.4 to 40 μmol·m−2·s−1 for a short period of time (3.3 to 24 minutes).
Therefore, far-red EOD lighting is more economical than far-red applications during the day because
more far-red photons are required to make a measurable change to the phytochrome photoequilibrium.

Vegetable grafting has been practiced worldwide as a means to achieve yield increase and
pest/disease resistance. Lengthening rootstock hypocotyls is critical to increase the grafting speed, as
well as to prevent the vulnerable scion from coming in contact with the soil after transplant (Chia and
Kubota, 2010). Using two tomato rootstocks and one cucurbit rootstock, we showed the response of
hypocotyl elongation to EOD far-red light. The dose-response curve (Figure 3.4) suggests the
minimum EOD far-red amount needed to maximize the hypocotyl extension rate. The near-saturation
dose was 2 to 4 mmol·m−2·d−1 for tomato rootstocks ‘Aloha’ (Solanum lycopersicum) and ‘Maxifort’ (S.
lycopersicum × S. habrochaites). None of the EOD far-red treatments affected plant dry weight, stem
diameter, or leaf number. Similarly, the near-saturation EOD far-red dose for hypocotyl elongation of
interspecific squash (Cucurbita maxima × Cucurbita moschata) was 4 mmol·m−2·d−1 (Figure 3.3). The
EOD far-red treatment for 10 consecutive days increased the hypocotyl length by 44%, compared to
the non-treated control seedlings. Our study demonstrated that an EOD FR treatment (4 μmol·m−2·s−1

of far-red light for 30 minutes, which equals a dose of 7.2 mmol·m−2·d−1) elongated squash hypocotyls
grown under a PPF of 150 μmol·m−2·s−1 provided by white fluorescent lamps (Kubota et al., 2012;
Figure 3.4).



Figure 3.3. End-of-day (EOD) far-red light dose responses of interspecific squash rootstock
hypocotyl elongation after 10 consecutive days of EOD far-red treatments (15 days after
seeding). The far-red light source was delivered by spectral filtered incandescent lamps. Means
are shown with standard errors (n=24) (Yang et al., 2010). Plants in the photograph are lined up
from low to high doses of EOD far-red light (left to right).



Figure 3.4. Interspecific squash rootstock seedlings after three consecutive days of end-of-day
(EOD) far-red light at 4 μmol·m−2·s−1 for 30 min (left) using LEDs (735 nm peak wavelength),
compared with non-treated control (right). Seedlings were grown inside a growth chamber
equipped with white fluorescent lamps providing a PPF of 150 μmol·m−2·s−1 for 12 hours per day
[Permission for use granted from ISHS (Kubota et al., 2012, Acta Hort.952:59-65)].

In order to deliver EOD far-red treatments in plant production systems, a lighting design that
effectively provides the target dose of far-red light is required. One method is to include far-red LEDs in
a programmable supplemental light source to uniformly deliver FR light over the plant canopy. Another
way is to move far-red LEDs over the plant canopy, such as with automated booms, so that lighting
from the movable fixture can achieve the necessary saturation dose. Based on this concept, we
examined a movable LED bar as a potential delivery method of far-red light over plants to promote
stem elongation (Yang et al., 2012). The 1.2 meter LED bar was mounted with 40 far-red LEDs and
deployed over interspecific squash rootstock seedlings in a greenhouse. The hypocotyl elongation
under the moving LED bar was similar to seedlings under a stationary LED fixture when the same far-
red dose was provided. The moving speed of the LED bar (0.8 or 3.1 mm per second) combined with
corresponding application times to provide the same EOD far-red dose did not significantly affect
hypocotyl elongation either. These results support our earlier finding that reciprocity of application
duration and intensity (photon flux) met the dose requirement, making the design of EOD far-red
lighting treatments more flexible.

In our research, EOD treatments have been tested mainly as a non-chemical means to extend the
hypocotyls of young vegetable rootstock seedlings. We are testing other applications mediated by
phytochrome, including morphology-based yield enhancement of baby leaf lettuces (Kubota et al.,



2012), as well as mitigation of physiological disorders on tomato seedlings under LEDs (Eguchi et al.,
2016).



3.2 Blue Light (400-500nm)
Blue light is also known to trigger photomorphogenic responses and there

are several photoreceptors with absorption of blue light such as
cryotochromes and phototropins; however, photomorphogenic responses to
blue light have not been fully attributed to specific photoreceptors. The
addition or increase of blue light can control the opening of stomata, which
affects photosynthesis and transpiration (Schwartz and Zeiger, 1984).
Cryptochrome photoreceptors inhibit stem extension and leaf size when
stimulated with blue light in the range of 390 to 480 nm (Ahmad et al., 2002).
Another well-documented photomorphogenic response to blue light is
phototropism, which is the orientation of the plant in relation to the light
source. Photomorphogenic responses of horticultural plants to
monochromatic blue light are species-specific (see Research Highlight 3.2).
For example, when strawberry (Folta and Childers, 2008), Chinese cabbage
(Fan et al., 2013), and lettuce and radish (Cope et al., 2014) were grown
under blue light alone (sole-source lighting), plants were shorter than when
grown under multiple wavebands, including red and blue light. In contrast,
cucumber (Hernández and Kubota, 2016) and pepper (Cope et al., 2014)
had increased extension growth and leaf area under monochromatic blue
light.

Research Highlight 3.2



Physiological Responses of Cucumber and Tomato Seedlings
Under Different Blue and Red Light Ratios from LEDs

By Ricardo Hernández
The horticulture industry is interested in the adoption of closed-type production systems using sole-

source electrical lighting for the production of leafy greens, compact crops, and transplants. Light-
emitting diodes (LEDs) are a suitable light technology to produce plants under sole-source lighting.
LEDs are more energy efficient than fluorescent lamps and their spectrum can be manipulated to
optimize plant morphology, growth, development, and nutritional quality. Before LEDs are fully adopted
as a lighting technology, plant responses to light quality have to be investigated for horticultural plants.
Early research showed that supplementing red LED light with some blue light was necessary for
normal plant growth and development (Yorio et al., 1998). Since then, most research has focused on
low blue:red light ratios (5% to 20% blue) and higher intensities of blue light have not been commonly
tested, most likely because blue LEDs are more expensive than red LEDs. However, blue LEDs have
become less expensive and more energy-efficient, and therefore, the use of higher blue light is a
feasible option. The objective of this research was to investigate cucumber ‘Cumlaude’ and tomato
‘Komeett’ seedling responses to different blue and red ratios using LEDs (Figure 3.5 and Figure 3.6).

Seedlings were grown in a growth chamber for 17 days at 77°F (25°C), ambient CO2, an 18-hour
photoperiod, and under a PPF of 100 μmol·m−2·s−1. The treatments consisted of different blue:red ratios
of 0:100, 10:90, 30:70, 50:50, 75:25, or 100:0. Peak wavelengths of LEDs were 455 nm (blue) and 661
nm (red). For cucumber, hypocotyl length decreased with the increase of blue light up to the 75:25
blue:red treatment. Plants under only blue light (100:0 blue:red) had a greater hypocotyl length than
plants under all other treatments. For example, the hypocotyl length of plants under the 100:0 blue:red
treatment was 346% greater than plants under the 75:25 blue:red treatment. Leaf area decreased with
the increase in blue light when both red and blue were part of the spectrum. Leaves under the 0:100
blue:red treatment were the smallest, and surprisingly, leaf area under the 100:0 blue:red treatment
was the greatest among treatments. For example, leaf area under the 100:0 blue:red was 48% greater
than under the 75:25 blue:red treatment. In tomato, hypocotyl length decreased as the proportion of
blue light increased up to the 75:25 blue:red treatment. Leaf area was greatest under 30:70 and 50:50
blue:red. In both cucumber and tomato, response in plant growth rate was similar to the leaf area
response. For example, in cucumber, dry mass decreased with the increase of blue light when both
blue and red were part of the spectrum, and dry mass was as high in the 100:0 blue:red treatment as in
the 10:90 blue:red treatment. In tomato, dry mass increased with the increase in blue up to 50:50
blue:red, and then it decreased.

From these research results, it is possible to recommend using 10:90 blue:red to grow cucumber
transplants under sole-source lighting since the growth rate is as high or higher than other blue:red
treatments and plant height is still commercially acceptable. For tomato, 10% to 50% of blue is
recommended to maximize plant growth rate. Plant responses to light spectrum are species-specific,
and the optimal spectrum to grow multiple horticultural crops has not yet been determined.





Figure 3.5. Hypocotyl length and leaf area of tomato and cucumber seedlings grown under
different percentages of blue and red light (Hernández and Kubota, 2016).



Figure 3.6. Cucumber seedling morphology when grown under different percentages of blue
and red light. [Permission for use granted from Elsevier Limited (Hernández and Kubota, 2016,
Environ. and Expt. Bot. 121:66−74.)].



3.3 Green Light (500-600 nm)
Studies investigating the effects of green light on plants have been mainly

performed on non-horticultural crops. Most studies agree that the responses
to green light are triggered under low light intensities (Wang and Folta, 2013).
Higher ratios of green light (percentage of the total incident light) also trigger
shade-avoidance responses similar to those induced by far-red light;
however, the mechanism and photoreceptor appear to be different. In
addition, a high far-red light environment together with high green light
increases the shade-avoidance response more than far-red or green light
alone (Wang and Folta, 2013).

Green light can also inhibit blue-light mediated responses. For example,
plants grown under a high blue to red ratio have shorter hypocotyls than
plants grown under a high blue to red ratio and green light. Also, research
with Arabidopsis has demonstrated that blue light can also accelerate flower
induction; however, if green light is added to the light environment, the time
to flower can be significantly delayed (Benejee et al., 2007). Green light can
inhibit other blue-light mediated responses such as accumulation of
anthocyanin and stomatal opening (Wang and Folta, 2013).



3.4 UV-B and UV-A Light (300-400 nm)
A high intensity of UV-B can cause morphological responses in plants, such

as a decrease in shoot height, leaf elongation, and leaf area, and an increase
of leaf mass area, number of leaves, branching, and cotyledon curling.
However, most of these studies were performed under higher intensities than
would be experienced in nature and under a low photosynthetic photon flux
(PPF) (Barnes et al., 1996). In addition to morphological changes, plants
under high levels of UV-B also show a reduction in photosynthesis and,
consequently, plant growth. In contrast, plants grown under intensities of UV-
B and UV-A similar to that under solar radiation show no evidence of UV
light-induced growth reductions (Barnes et al., 1996). Among the
morphological responses to ambient or moderately enhanced UV-B
intensities, hypocotyl growth inhibition is the most evident (Shinkle et al.,
2004). Hypocotyl inhibition by UV-B appears to be controlled by independent
UV-B photoreceptors. Also, hypocotyl inhibition in the shortwave UV-B (280-
300 nm) and longwave UV-B (300-320 nm) are triggered by different
mechanisms/photoreceptors (Shinkle et al., 2004).



3.5 Plant Photomorphogenesis Under Sole-Source Lighting
In addition to the photomorphogenic responses to individual color

wavelengths, the interactions of multiple wavelengths have also been
studied. Initial studies under sole-source light environments showed that red
light supplemented with blue fluorescent light was important for normal plant
growth and development. For example, early work done at NASA on lettuce,
potato, radish, spinach, and wheat indicated that a minimum amount of blue
light (35 μmol·m−2·s−1) in an otherwise red-light environment was required for
normal plant growth and development (Yorio et al., 1998). With the current
availability of high intensity LEDs, more in-depth studies on the responses of
horticultural crops to multiple LED ratios are possible and currently underway.
For example, research studies agree that tomato height decreases with an
increase of blue light relative to red light (Wollaeger and Runkle, 2014).
However, in terms of growth rate, inconclusive results are found in the
literature, and it appears that tomato growth rate responses to light quality
are cultivar specific. In cucumber seedlings, plant height, leaf area, and plant
dry mass decrease with an increase of blue light (higher B:R ratio); however,
stomatal conductance and leaf net photosynthetic rate increases with blue
light (Hogewoning et al., 2010; Hernández and Kubota, 2016). In impatiens,
petunia, and salvia, height and leaf area was greater in plants under red light
alone compared to plants under 25% or more blue light (Wollaeger and
Runkle, 2014). Plant responses to sole-source lighting are species-specific
and further investigation is needed to elucidate spectrums that elicit desirable
growth and flowering responses for important horticultural crops.



3.6 Plant Photomorphogenesis Under Greenhouse
Supplemental Lighting
Supplemental lighting in greenhouses alters the light spectrum by increasing

the intensity of specific wavelengths and thus, modifying the ratio of other
wavelengths. These changes in light quality are more evident during low
solar DLIs, such as in the winter months and cloudy days, or when the
supplemental lighting becomes sole-source lighting (i.e., before dawn and
after dusk).

High-pressure sodium (HPS) is the most common lamp type used to
supplement solar light in the greenhouse. LED arrays/fixtures are gaining
acceptance as a supplemental lighting technology to replace or complement
HPS lamps. The type of supplemental lighting fixture and spectral output can
alter plant photomorphogenesis in greenhouse-grown crops. For example,
plant height can be greater under supplemental HPS lighting than under
supplemental LED lighting. For example, petunia rooted cuttings, cucumber
seedlings (Figure 3.7), tomato seedlings, and poinsettia plants had height
reductions of 11%, 27%, 27%, and 34%, respectively under LED
supplemental lighting compared to those under HPS supplemental lighting
(Islam et al., 2012; Currey and Lopez, 2013; Hernández and Kubota, 2016).
Similar observations have been reported in seedlings such as celosia,
geranium, impatiens, pansy, petunia, marigold, salvia, and vinca, where plant
height under supplemental HPS was greater than under blue:red LEDs
(Randall and Lopez, 2014). An increase in green/yellow (500-600 nm) light
can promote stem extension (Mortensen and Strømme, 1987; Spaargaren,
2001) and this can contribute to responses under HPS lamps which emit
~53% green/yellow light (500-600 nm)(600W HPS fixture).



Figure 3.7. Cucumber transplants grown under supplemental blue LED, red LED, and high-
pressure sodium (HPS) light. Plants were grown for 26 to 38 days under the lighting treatments
at 100 μmol·m−2·s−1 and an 18-hour photoperiod. Plant height in the red LED treatment was 38%
shorter than the other treatments [Permission for use granted from the American Society for
Horticultural Science (Hernández and Kubota, 2015, HortScience 50:351−357)].

Recent research has also focused on comparing different blue:red ratios of
LEDs as supplemental lighting (Figure 3.8). Plant responses to higher
percentages of blue light appear to be influenced by the plant species and
the amount of solar DLI. For example, in cucumber, higher percentages of
blue in supplemental lighting decreased leaf area and dry mass and
increased leaf thickness when the natural DLI was low (5 mol·m−2·d−1).
However, under a higher DLI (>16 mol·m−2·d−1), no difference in plant
morphology and growth occurred between different blue:red ratios
(Hernández and Kubota, 2014). In contrast, tomato seedlings grown under
varied solar DLIs showed greater leaf area, stem diameter, and shoot dry
mass under treatments containing 5% and 20% blue light than plants under
the 100% red light (Gomez and Mitchell, 2015).



Figure 3.8. Vegetable transplants grown at the University of Arizona under different blue:red
ratios using LED fixtures. Plants were grown under a low (5 to 8 mol·m−2·d−1) or high (16 to 23
mol·m−2·d−1) daily light integral.



3.7 Future Perspectives
With increasing availability of more affordable LED arrays, more studies in

plant responses to specific light spectra will be performed in the near future,
in particular with important horticultural crops. Light recipes that can grow
multiple horticultural plant species will be developed and sensitive species
will be identified and grown under customized spectra. The interactions
between light quality and light intensity will also be studied in depth, and
interactions between light quality and other environmental parameters (CO2

concentration, temperature, and nutrient solution, among others) will be
studied. The widespread adoption of LEDs for sole-source and supplemental
plant lighting will be greatly influenced by the efficiency of converting
electricity into light photons, as well as the price of the arrays. The faster LED
efficiencies increase, the faster their adoption will occur in the horticultural
sector.
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