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Chapter 1

Introduction and History of the Retractable Roofs
Since Cravo was incorporated in 1977 it has been involved in
motorized retractable curtain systems.

1982 Thunder Bay, ON, Canada

In 1982, Cravo developed the first outdoor retractable roof shade
house in response to a grower in Thunder Bay Ontario who wanted
to be able to close a shade cloth over his outdoor holding area for
tree seedlings that he was acclimating. He needed the roof to be
motorized since the roof had to retract in the event of snow since his
conventional shade houses collapsed when he was unable to pull the
shade back before the snow. A snow sensor was developed to

1988 Somis, California

automatically retract the roof when snow was falling.
In 1988, a grower in California wanted to be able to protect the
bedding plants in his outdoor growing area from frost. This led to the
roof covering on the retractable roof to be made from woven white
polypropylene fabric instead of regular black shade cloth.
In 1989, a propagator in Homestead Florida wanted to be able to

1989 Homestead, Florida

prevent the heat from entering his greenhouse since the conventional
ventilation system was unable to keep his greenhouses sufficiently
cool. This led to the development of the exterior retractable shade
systems being installed above the greenhouse.
In 1990, Cravo developed the world’s first retractable A-Frame
greenhouse that was installed in Pennsylvania to protect outdoor bulb
crops from excessive cold and rain. In 1991, they were then used to

1990 Myerstown, Pennsylvania

harden off containerized tree seedlings in British Columbia, Canada,
and then in 1993 they were used extensively to grow bedding plants
throughout the United States. The growers soon found out that the
bedding plants and perennials were naturally more compact, had
brighter colors, had fewer foliar diseases, and were already acclimated
to outdoor conditions since they had been exposed to the natural
1993 Prince George BC, Canada

outdoors during the growing process.
However many questions arose about the ability of the
retractable roof to withstand snow and wind, and how to
best control the retractable roof and walls.
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1993 Marysville, Washington

As more retractable roofs were installed, they were eventually exposed
to the heavy snow loads of the north and they proved their ability to
hold the loads. They also were installed in the warmer southern
conditions to protect ornamentals from the occasional freeze, hail
and excessive heat. The retractable roofs proved their ability to
withstand the frequent tropical storms in summer.

Grand Haven, Michigan

Fulshear, Texas

Pitt Meadows, British Columbia

Mount Vernon, Washington

Huntersville, North Carolina

Lakeland, Florida

In 1996 shade, blackout and heat retention curtains were added to allow
growers to extend their season, and bring poinsettias into bloom on time.
Growers started incorporating hanging baskets, irrigation booms, flood
floors and a variety of heating systems as they expanded uses of the
retractable roof greenhouses.
Then in Costa Rica and California, growers of stock plants wanted insect
net incorporated into the retractable roof so that their stock plants could
be exposed to direct unfiltered sunlight while still being
protected from insects.

1996 Detroit, Michigan

1997 Costa Rica

1998 Australia
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While growers using the retractable roofs realized the benefits of exposing plants to outdoor conditions,
those in northern climates found that the retractable roof covering was not always optimal for growing plants
in the colder, darker months of January and February. They wanted higher light levels inside and better
condensation control which is possible only with a rigid covering. This started the market for open hinged
roof houses with glass roofs. Other growers in northern locations did not need glass for their crops, but
wanted good energy efficiency so they chose a hinged open roof covered with inflated double poly.

Over time, it became clear that if you were located in a northern
climate, the retractable roof was good for protecting plants that are dormant
during the winter like perennials and ornamentals and excellent for growing
plants during the spring, summer and fall. In warmer climates, the retractable
roof was suitable for year round production.
The fact that the open hinged roof could be covered with glass, acrylic,
polycarbonate or double inflated poly made them more suitable for actively
growing crops in cold climates in the winter, but the higher cost of the open
hinged roof made them less attractive in warmer climates.

While the concept of
closing and retracting
the greenhouse roof
is easy to understand,
many growers had

In 2002, the retractable roofs where then used to grow foliage plants in
Florida both as a tool to grow them, and then to acclimate them. In 2004,
the first retractable roof was used in aquaculture in Florida to help
maintain optimum water temperatures for shrimp.

difficulty imaging all
the many ways that the

Between the years 2003 to 2009, the retractable roofs were really put
to the test being hit by Hurricanes Charlie, Francis, Jeanne, Ivan, Katrina,
Wilma, Ike, and Norbert. Eight hurricanes later, and not one retractable roof
structure was lost in any of the hurricanes. In some cases the roofs were
closed during the hurricanes and in others they were retracted.

retractable roof could
improve the plant
production process.

While the concept of closing and retracting the greenhouse roof is easy to
understand, many growers had difficulty imaging all the possible strategies
that they could utilize to improve the plant production process.

2002 Fort Pierce, Florida

2004 Labelle, Florida
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2004 Boynton Beach, Florida

2005 Sherwood, Oregon

2006 Galveston, Texas

In 2005 the use of retractable roofs expanded to a new market.
In 2005 the use of retractable roofs expanded to a new market, garden
centres. The retractable roof was the backbone for a new destination
garden center in Portland Oregon. It was built to ensure that the customers
could be comfortable everywhere in their shopping environment regardless
of the weather outside. Historically, garden centers had a greenhouse, a
shade house and outdoor sales area. When it was raining or too hot,
customers did not want to be outside resulting in potential sales loss.
Conversely, when outdoor conditions were beautiful, customers did not
want to be in a greenhouse or shade house. Consequently, putting a
retractable roof over the entire sales area allowed customers and plants to
be in optimal conditions regardless of the weather. This design resulted in
significantly higher annual sales and reduced crop shrinkage by over 85%.
This lead to the garden center winning an award for “Garden Center of the
Year!”
Growers in warmer climates wanted to protect their lower value
outdoor crops from rain and cold but the conventional A-Frame
was too expensive. This led to the development and introduction in 2006
of the retractable A-Frame “Rafter” house. This Cravo house is designed
with wider spans and lower roof slopes for mild or hot climates where there
is high wind loads and low snow loads.
In 2006, the use of the retractable roofs expanded again and it was used
to cover a water park. This changed the focus from creating optimal conditions for plants, to creating a comfortable, aesthetically pleasing environment where families could enjoy the water and never be too hot or cold.
In fact, the water park received the award for the “Best indoor water park
in the world!” That same year, a dog kennel owner wanted to cover an
outdoor play area for the dogs so that they would stay dry and clean during
the rain.

2006 Oakland, California

This dramatic expansion of applications for retractable roofs
resulted in the vision statement of Cravo changing to
“Creating better environments for people, plants and animals.” tm
In the years 2006 to 2009, the retractable roofs made their way to growing
flowers on the slopes of San Remo Italy, to growing vegetables in Mexico,
to growing perennials in Germany.

2006 San Remo, Italy

2006 Kyle, Texas

In 2011, Cravo developed the X-Frame house which is a lower cost peaked
roof which is designed for covering fields that have rolling grades. This
house model is well suited for covering vegetables, berries and fruit trees.

2008 Culiacan, Mexico
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2013 Michigan State University

Easy to maintain drive systems

The 35 years of experience in which the
retractable roof houses were exposed to the
heavy snow loads of the north, the hurricane
winds of the south, the humid conditions of
the tropics to the dry arid conditions of the
desert has allowed for a refinement of the
drive systems and roof coverings.

(Standing on roof not recommended)

The end result is that the current roof
coverings being used have proven life spans
of 9 to 14 years depending on location,
use and type of crop being grown inside.
In addition, the drive systems have been
refined to the point where they are easy to
maintain and are trouble free.

16 year old roof in Gatton, Queensland Australia
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“The Retractable Roof Production System (RRPS)”TM
Probably the most significant accomplishment in the last 10 years
had nothing to do with the mechanical or structural design or which
crop to grow, but rather the creation of the best computer control
strategies and sensors to optimize the timing of when the roof and
walls opened and closed.
Those who had purchased retractable roofs years ago, tried to
control them the same as a conventional greenhouse using an
aspirated air temperature sensor as the primary sensor for
determining the roof position. This led to growers being frustrated
with the fact that the roof was rarely in the desired position, and the
frequent movement of the roof was causing excessive wear and
tear on the drive system and roof covering. They were using a
conventional inside air temperature sensor with conventional
control algorithms to try to optimize the movement of an
unconventional retractable roof.
While growers were frustrated with their inability to optimize the
control of the roof, no consultant or computer supplier could tell
them how to best control the roof.
After studying the control strategies in use for conventional
greenhouses, and the problems of the conventional greenhouse,
shade house and open field, it became very clear that a new
control strategy was required to allow growers to use the
retractable roof to achieve the benefits of a greenhouse, shade
house and open field while avoiding the disadvantages of each.

If the goal of the retractable roof
was to grow plants outside except
when outside conditions were
adverse, how would a computer
know when outside conditions
were optimal or adverse
if the primary sensor was an air
temperature sensor located inside
of the greenhouse?
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In 2005 the retractable roof control strategy was developed which
involved a new but simple sensor located above the greenhouse and
a modified set of computer control algorithms. This sensor would
determine when outdoor conditions were superior to those inside and
when outdoor conditions were adverse. The end result of this strategy
is that the optimum control strategies are almost completely opposite
to those of conventional greenhouses. This control strategy is
detailed in Chapter 7.

It has become clear
that retractable roofs
are not a conventional
greenhouse with a
larger roof vent,
but rather they are
a totally different
production system
utilizing the benefits of
nature and protection.

This book brings together the 30 years of experiences and lessons
learned to help develop the guidelines and best practices when
planning to build a new greenhouse project using retractable roof
greenhouses. The expanded range of environmental control
possibilities that a retractable roof can provide will impact on:
• where you locate your production
• what overall greenhouse sizes are optimal
• the roof profile and roof covering
• the model of curtain system that should be installed inside
• the sidewall design options that best suit your requirements
• the other equipment that should be installed inside
So if this is the first time that you are exposed to retractable roofs
and you are asking yourself “Is this a new product?” Of course the
answer is, “No it is not new, but it may be new to you.” And if you
were exposed to retractable roofs years ago, but have not looked at
them lately, it may be time to take a second look.

Richard Vollebregt
President
Cravo Equipment Ltd
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Chapter 2

Key Differences between Conventional Ventilation Systems and Retractable roofs.
Many growers are familiar with retractable roofs, but are not sure what questions to ask or what factors
are important to consider when purchasing of a greenhouse. Since the key purpose of the greenhouse is
to create the best possible environment for plants, this chapter will review the critical but not often thought
of differences between the different roof ventilation systems.
When comparing the effectiveness of different roof ventilation systems, the most important factors are the
impact of the vent on plant temperatures (not air temperatures), on humidity levels, and on light quantity
and light quality when the roof vent is open.
The fundamental difference between the different ventilation systems is whether the vent opening is
horizontal or vertical and the overall size of the vent opening.

Traditional Roof Vents		
			
Openings are vertical		

		

Hinged Open Roofs		
Openings are horizontal
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Retractable Roofs
Openings are horizontal

2.1 Traditional Roof Ventilation Systems
Traditional greenhouse roof vent systems
are designed in such a way that the vent
opening is vertical.
Air exchange rates depend on wind speed
and wind direction.
Hot air inside must exit and cool air outside
must enter through the same opening.
Vertical openings are generally limited to
15%-25% of roof area.
Gutter connected houses also create
barriers to the wind, deflecting the wind
over adjacent houses causing ventilation
rates to vary by house.

When the roof vent is open, the roof covering
is constantly reducing UV, PAR, and infrared
radiation levels inside.
Ventilation is further reduced when insect netting
is installed over the vent opening.
While a vertical opening has the advantage of
limiting the entry of rain during ventilation,
it also has the following disadvantages:
• Inside air temperature and humidity are
generally higher than outside.
• Light quantity and quality are constantly
reduced by the roof covering.
• Plant temperatures are cooler than the
air causing leaves to stay wet longer, and
transpiration to be lower than normal.
Soil temperatures also tend to stay cool.
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2.2 Traditional Roof Vents Compared to Open Hinged Roofs
Open hinged roof houses have a greater impact on plant temperatures, humidity levels, light quantity and
quality inside compared to a traditional roof vent.
The overall vent opening on an
open hinged roof is larger than
a traditional roof vent, plus the
vent opening is horizontal rather
than vertical. The combination of
these two factors allow for a great
exchange of air helping to reduce
the air temperature and humidity
level regardless of wind direction.
Traditional Vent Roof

Open Hinged Roof

In addition, the hinged open roof vent allows plants to receive a higher level of light quantity and light
quality especially midday when the sun is overhead.

2.3 Open Hinged Roofs Compared to Retractable Roofs
Both open hinged roofs and retractable roofs have a horizontal opening. The horizontal opening allows
for hot air to rise up directly out of the greenhouse causing a high degree of air exchange which helps to
moderate air temperatures and humidity levels. However, there is a significant difference in the light and
plant temperatures when both roofs are fully open (or retracted.) 		
The difference between
the two roof vent systems
has to do with the impact
on light levels and plant
temperatures throughout
the day.
		
Open Hinged Roof

Retractable roof

When the roof is open, the plants
receive less light and heat during the
early morning and late afternoon due
to the vertical roof panels. The plants
only receive direct sunlight midday
when the sun is directly overhead.

When the outside temperature is warm
enough, the roof retracts completely
to expose plants to direct, unfiltered
sunlight causing an increased heating
of plants and soil. When outside
temperatures are too hot midday,
the roof is closed 80-90%.
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2.4 The Impact of Direct Sunlight and Greenhouse Roof Coverings on
Surface Temperatures.
The following temperatures were taken at 10:09am in Immokalee Florida on March 5, 2010.
The air temperature outside was around 18C (65F).

A

B

C

Notice the difference in surface temperature in the direct sun, under a gutter and under regular
greenhouse plastic. The air temperature inside the greenhouse is 29C (84F) in all 3 locations.

A Direct sunlight		

Surface: 57C (134F)

B In the shade from the gutter C In the light from the roof.

Surface: 29C (84C)

Key Observations:
• The surface temperature in the direct sunlight
was 28C (50F) warmer than the air even though
the location was closest to the open sidewall.
• The surface temperature in the shade from the
gutter was the same temperature as the air
temperature due to the absence of infrared radiation.
• The surface temperature under the plastic roof
was 11C (20F) warmer than the air, but 17C
(30F) cooler than the direct sunlight.
• If a grower were to monitor and make decisions
on air temperatures, they would think that all
plants were the same temperature and that the
plants closest to the sidewall were the coolest.
This is absolutely not true on a sunny day.
On a cloudy day, all surface temperatures
would be closer to the air temperature.
• Exposing plants to direct sunlight all day or
just midday will cause excessive leaf and
soil temperatures.

Surface: 40C (104F)

• The ability to expose plants to direct sunlight
when desired can increase plant temperatures
without the use of fossil fuels and can create a
greater heat sink that can help warm the inside
of the greenhouse during the night.
• The increased drying out of crops along an open
sidewall can be explained by increased plant
temperatures and wind combined with a
lower humidity.

Exposing the plants to direct sunlight
warms the plants naturally without the
use of fossil fuels but exposure to direct
sun all day can cause excessive plant
temperatures.
12

Open Hinged Roofs		

Retractable Roofs

When indoor air temperatures become too hot,
the open hinged roof opens completely exposing
the plant to direct sunlight.		

When the outdoor surface temperature become
excessive, the roof closes 90% to intercept the
infrared radiation.
The white or clear roof
covering will intercept
the infrared radiation to
prevent overheating of
the plants.

When the sun is
overhead and the roof
is open, plants receive
maximum, unfiltered
sunlight.		

On the A-Frame house,
the opening at the peak
allows hot air in the
peak to escape through
the opening while the
cooler air above the
roof drops down
into the house.

The vertical roof
panels prevent the
wind from blowing at
the plant level.

Closing the roof and
interior curtain system
in opposite directions
prevents plants from
being exposed to direct
sunlight while still
maintaining a high
level of ventilation.
			
Plants receive
maximum light and
heat during early
morning and late
afternoon conditions.

Midday is when a
shade system is
closed to protect
plants from excessive
heat which also
reduces ventilation.
		
Mid-morning and later
in the afternoon when
the sun is at a 45º
angle, plants receive
the lowest light levels
since the light has to
go through the two
vertical roof panels.

Hinged Open Roof
Primary Advantage
It can be covered with
a rigid covering like
glass for high light
transmission and good
condensation control.
Roof can also be
covered with double
poly for better energy
efficiency.

Retractable Roof

Primary Disadvantage
Light levels are blocked
by the roofs when light
levels are already
low during the early
morning and late
afternoon. Light levels
are maximized midday
when light levels are
generally excessive.

Primary Advantage
Plants receive optimum
light quantity and
quality throughout the
day when outside
temperatures permit.

13

Primary Disadvantage
Roof cannot be covered
with rigid coverings or
with double inflated
poly.

2.5 Impact of the Retractable Roof on Light Levels and Heat.
The following chart shows light levels outside and at the plant level. Plants received 26% more light
under the retractable roof compared to a stationary roof. This additional light comes during the early
morning and late afternoon conditions when light levels are in short supply. ( University of Arizona, 2003).

The yellow area represents the increase in light at the plant level from retracting the roof during the
morning and afternoon
Summary of the different roof ventilation systems
Outside- light quantity is maximized all day and the light is not filtered.
Conventional Roof Vent - light quantity is reduced all day, but light reduction is greatest in the early
morning and late afternoon when maximum light levels are required. Light quality is constantly
altered since sunlight is filtered through the roof covering.
Open Hinged Roof - light quantity is reduced and sunlight is filtered during the early morning and
late afternoon causing plants to stay cooler. Plants receive the highest quantity of light that is
unfiltered midday when heat is generally excessive and when a shade system is typically closed.
Retractable Roof - plants receive almost the same quantity of light as plants outside. Sunlight
is unfiltered during the early morning and later afternoon when outside temperatures permit.
Roof is closed 90% midday when outside temperatures are excessive to reduce light quantity and
change the light quality by intercepting the UV and infrared radiation. The ability to warm the
plant temperatures using the natural sunlight allows crops to be grown at lower air temperatures.
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Chapter 3

How Photosynthesis and Plant Stress are Impacted by Outdoor Conditions and
Greenhouse Roof Coverings
When growers first used a retractable roof, they noticed that not only did the plants grow faster, there
were obvious differences between those that grew outside or in conventional greenhouses.
When I asked them why they thought the plants grew differently, they all had different theories but there
were no concrete answers. After researching this for 7 years, I think that the answer is quite simple.
When plants are grown outside, they are exposed to both optimal conditions and periods of excessive
cold, wind, rain and heat whereas the plants in the retractable roof are protected from these extremes.
However, when plants are grown in a conventional greenhouse, the greenhouse roof covering:
• Reduces UV
• Reduces PAR light
• Intercepts infrared radiation before it reached the plant
• Increases humidity
• Creates C02 deficiencies
• Blocks the wind
• Causes plants to experience a low level of transpiration
• Causes plants to experience a low level of water stress
All of the above factors function either as an input for photosynthesis or create a stress in the plant
which influences how the plants grow.
Growers who had years of experience growing in conventional greenhouses became experts at trying
to compensate for the impacts of the roof covering on the growing environment. When growing in the
winter in cold climate, growers have no choice but to grow in a totally closed greenhouse environment.
However, when crops are being grown during mild or hot conditions, growers have the choice of growing
in a protected environment or retracting the roof to allow the natural outdoor environment to come
into the greenhouse.
To understand exactly why plants grow faster and can develop better quality in a retractable roof,
the following section will provide a quick overview on the environmental factors which naturally influence
how fast plants grow and how they develop. These factors are so obvious in nature but we tend to
forget about them when we are growing plants outside in a container and when we are growing them
in a protected environment.

3.1 The Difference Between the Input to Photosynthesis and Plant Stress
Plants need light, water, C02, oxygen, and nutrients for photosynthesis to occur. The rate of
photosynthesis determines how fast plants grow. The rate at which photosynthesis occurs is
limited by the input that is in the shortest supply which is frequently referred to as the limiting factor.
While the rate of photosynthesis determines how fast plants grow, it is the magnitude and duration of
plant stresses which influence how plants grow and develop. As the weather outside changes both
daily and seasonally, the changes in the duration and magnitude of light levels, air and soil temperatures,
humidity, wind, and rain impact on the stresses that plants experience. While these stresses do not
directly support photosynthesis, they do play a role in determining how the plant changes and develops
as it matures. The rate of transpiration, level of water stress, wind and leaf and root temperatures all
influence:
• When seeds germinate
• Leaf size and cuticle thickness,
stem internodes
• The colors of the leaves and flowers
• Quantity and size of flowers and fruit
• Root to shoot ratio
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With the erratic changes in the weather, the level of plant stress can either be insufficient, optimal,
or excessive. Excessive fluctuations in the speed and magnitude of stresses are generally the biggest
cause of reductions in the rate of plant growth or quality. However, it is not always optimal to have a
constant level of stress since a change in the level of the stress may be necessary to cause the desired
plant reactions.

3.2 Inputs to photosynthesis
This section will outline some of the basic rules of thumb for inputs to photosynthesis as they relate to
protected and outdoor environments. There are many books available which already cover in great detail
the roles of each of these inputs.
The inputs for photosynthesis are:
• PAR light
• Water
• C02
• Oxygen
• Nutrients

Photosynthetically Active Radiation (PAR)

Research has shown that plants primarily use Photosynthetically Active Radiation (PAR) for photosynthesis which is the wavelengths in the range of 400nm to 700nm. Sunlight also contains UV and infrared
radiation but they influence the plant in other ways.
The level of photosynthesis will be determined both by the levels of PAR light that the plant receives and
the number of hours in a day that the plant receives it. Plants respond to the magnitude of the light levels
to which they are exposed. When light levels are:
• Low, photosynthesis will not start until light levels reach a certain minimum.
The minimum level differs by plant type
• Optimal, photosynthesis is maximized
• Excessive, photosynthesis will not increase since light levels have reached the plants’
saturation point. If light levels exceed the saturation point, photosynthesis may actually
decrease due to excessive plant temperatures and water stress.
Greenhouse roof coverings and glazing systems tend to block 15% - 50% of PAR light resulting
in plants frequently receiving less light than desired.

Carbon dioxide (C02)

C02 is a very critical input to support photosynthesis. According to some research, a 1% increase or
decrease in C02 from the ambient level of approximately 340 ppm causes a corresponding 1% increase
or decrease in the rate of photosynthesis. Photosynthesis can stop when C02 levels drop somewhere
between 50 to 125 ppm. When plants are outside, C02 deficits generally never occur since air
currents help maintain ambient C02 levels around 340 ppm. A light breeze blowing across the leaf
surfaces facilitates C02 uptake by distributing C02 rich air around the leaf surfaces which prevents
localized deficiencies. At higher wind speeds, C02 take up is reduced eventually resulting in growth
being inhibited by the stomates automatically closing to prevent excessive transpiration.
When plants are in a greenhouse environment, C02 levels can drop to 125 and localized deficiencies can
be more pronounced at the leaf surface due to the lack of wind. The deficit can be more acute near the
top of a tall crop where growth is most active since C02 tends to sink towards the ground. Greenhouses
however, do allow for C02 levels to be artificially increased by injecting C02.
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Water ( H20 )

A plant’s need for water is greater than it’s need for any other nutrient material. The rate of water flow
through the plant is very influential in determining how fast the plant grows as well as how the plant
develops. Plants use water:
• In the formation of new plant tissue (+/- 5%)
• To cool itself through transpiration (+/- 95%)
Transpiration is the primary influence for water movement through the plant which helps the roots absorb
and distribute nutrients to the leaves, flowers, and fruit, and helps draw oxygen down to the roots.
Transpiration also impacts on the level of water stress plants experience. The most important factors
which determines how water influences how plants develop are:
• The daily amount of water flow through the plant, i.e. the total amount of water used by
the plant per day (daily demand)
• The peak water flow per day, i.e. water usage between 11am - 2pm on a hot sunny day
(peak demand)
• The total water availability to the root system, i.e. (daily water supply)
• The maximum uptake by the roots during periods of peak water usage (peak supply)
• The balance between the daily and peak supply and demand
Much more will be said about water later when discussing transpiration and water stress.

Oxygen ( O2 )

The roots need oxygen in order to properly function and can be damaged from an oxygen deficiency in as
little as 24 hours. When the roots absorb water, oxygen is drawn down towards the roots. When plants
are in an outdoor environment, excessive rainfall can cause soil media to become saturated causing roots
to experience a shortage of oxygen. Conversely, when plants are grown in a protected environment, they
can also experience a shortage of oxygen since soil media tends to stay saturated for longer periods of
time due to the reduced rates of evaporation and transpiration. Oxygen shortages can be even more
pronounced when growing in a hydroponic or Nutrient Film Technique (NFT) system.

Nutrients ( N,P,K+Micro Nutrients )

Nutrients are critical to the development of strong, healthy plant cells. The function of each of the different
nutrients that plants require and optimal quantities will not be covered here since the information is readily
available elsewhere. Growers can provide adequate levels of nutrients using fertilizers, but for plants to
be able to properly absorb and distribute the available nutrients, the soil media must have sufficient water
and the roots must be absorbing sufficient quantities of water. Plants require high levels of transpiration
for nutrients like calcium to be adequately absorbed and distributed to the extremities of the plant.
When plants are grown in a protected environment, growers must frequently increase fertilizer feed rates
to compensate for the reduced transpiration. When plants are grown outside the movement of
nutrients is usually not a problem since transpiration rates are high. However, when plants are grown
outside in a container and controlled release fertilizers are used, excessive temperatures can cause
excessive release rates of the fertilizer.
Using the retractable roof to create stable leaf and soil temperatures will simultaneously optimize both
the release rates of controlled release fertilizers so that they are more constant and in line with the needs
of the plant and transpiration rates to facilitate absorption of nutrients. Moderating the release rate of
the controlled release fertilizers will help prevent an excessive release early in the growing season when
plants are small and a premature depletion later in the season when plants are larger and require
more fertilizer.
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3.3 The role of plant stresses and how plants respond to changes in
the level of stress
In nature, the weather changes both daily and seasonally.
Plants perceive and react to the magnitude and changes in the levels of:
• Ultra violet radiation, PAR and infrared radiation
• Leaf and root temperature
• pH of the soil media
• Water supply
• Electrical conductivity (EC) of the water or soil
• Humidity
• Wind
These environmental influencers impact the levels of stress that plants experience.
Plants develop according to how:
• Much they move physically due to wind
• Much water they lose
• Easy it is to replace the water that was lost
• Much water stress they experience
• Easy it is to absorb nutrients in the soil and move them throughout the plant
The development of the plant which we refer to as plant quality is determined by whether the
levels of plant stress were insufficient, optimal or excessive.
Each of the different plant stresses will vary depending on whether plants are grown outside
with roots in the ground, outside with roots in a container or in a greenhouse.
When growing outside or in a greenhouse, the fundamental difference between the two is that
there is a roof covering preventing the plants from being exposed to outdoor natural
conditions. Consequently it is critical to understand the full impact of the roof covering on the
environment. Most people just think of the roof covering as keeping the heat inside the
greenhouse, but the roof covering is impacting on light quantity, light quality, leaf temperatures,
humidity levels, and wind.
The following chart provides a sample of the % transmission by wavelength for several common
roof coverings. Results like this however indicate the greatest light transmission possible
since the tests are done on a brand new sample of roof covering. Once the roof coverings are
installed, the light transmission will be reduced due to an accumulation of dirt, algae and
condensation and for some coverings a gradual discoloration due to the UV radiation.

Percentage of Sunlight Transmitted at Selected Wavelengths Through Various Types
of Greenhouse Roof Coverings
Spectral Transmittance (%) in nanometers
Roof Covering

Ultraviolet
(200-400nm)

Visible ( PAR)
(400-700nm)

Infrared
(700-2500nm)

Clear float glass

-

89.3

-

Double layer polyethylene

47.9

77.8

79.6

Twin wall acrylic (8mm)

84.5

73.9

73.9

Twin wall polycarbonate

18.1

79.3

76.3

Table from “The Commercial Greenhouse, Second Edition”, 1998, James W. Boodley
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The following chart shows the transmission of roof coverings typically used on retractable roofs.
These roof coverings also reduce the amount of UV, PAR and infrared radiation that plants receive.
However, this reduction only occurs when the roof is closed to protect the plants from adverse conditions
outside. When outdoor conditions are optimal and the roof is retracted, the plants in the sun are receiving
100% of the UV, PAR and infrared radiation.

Light
Transmission of Retractable
Roof Coverings




































The following is a very brief overview of each of the environmental influencers and their impact
on plant stress. The levels of each of these influencers will be impacted by the time of year and whether
the plants are outside or under a greenhouse covering.

UV radiation

Ultraviolet radiation is less than 400 nanometers. While UV radiation does not play a significant role
in photosynthesis, it does create stresses that can be helpful or harmful depending on whether
the levels of UV are high or low.
• Insufficient levels of UV exposure can cause:
o Plants to develop a thinner cuticle which makes them more vulnerable to diseases and insects
o Colors of flowers and leaves to be less brilliant
• Optimal levels of UV exposure:
o Have a sterilizing effect by potentially killing fungal spores
o Starts or speeds up various plant responses
o Reduces stem length
o Contributes to the hardening of plants
o Creates intensive flower color, particularly the color red and yellow
• Excessive levels of UV exposure:
o Can cause sunburn
o Bleaching of leaves, flowers and fruit
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Purple leaf Basil grown in a double-poly quonset
greenhouse ( left ) compared to a retractable roof
greenhouse structure ( right )

Plants with red and yellow colors frequently
perform the best in retractable roofs since plants
get sufficient UV to develop bright colors but are
protected from excessive UV on sunny days.

The stationary poly on the Quonset house blocked
enough UV radiation to prevent the basil (on left)
from developing its normal purple color.

(Picture courtesy of the Oregon State University)

Infrared and Far Red Radiation

The far red radiation (700nm - 750nm) influences flowering and morphogenesis (stretching or
compactness) of plants, whereas infrared radiation (750nm and up) influences the surface temperatures
of exposed surfaces causing heat reactions in plants and affecting control of flowering by means of
photoperiod. When infrared radiation is:
• Insufficient, plant surface temperatures are cooler than the air resulting in condensation
forming on plant surfaces.
• Optimal, leaves warm up faster then the air temperatures, causing them to dry off which helps
increase the transpiration rate. The rapid drying of the leave also ensures that fungal spores
have a reduced chance to germinate and penetrate the plant tissue.
• Excessive, plant tissue temperature and transpiration can become excessive resulting in a
reduction in photosynthesis and eventually sunburn and damage to plant tissue.

Leaf Temperature

To maximize photosynthesis, the leaf temperature needs to increase as plants receive higher light levels
in order to increase the transpiration rate so that there is a proper balance between photosynthesis and
transpiration. Temperatures of 12 - 16C (53 - 61 F) are optimal during low light conditions, while
15 - 25C (59 - 77 F) is optimal during high light conditions, and at temperatures of 35C (95F)
the rate of photosynthesis drops very quickly. If leaf temperatures are:
• Insufficient, then photosynthesis will be impaired.
• Excessive, then damage to leaf tissue can result.

When
plant canopy temperatures drop
				
below 0C (32F) plant tissue dies.		

When plant temperatures are between
15C and 25C ( 59F-77F), plants grow
rapidly and develop strong defenses
against insects and disease.		
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When plant temperatures are
excessive, plant development is
impaired and plants are more
susceptible to insects and disease.

Root Temperature

Seasonal increases in soil temperature help influence germination of seeds and bulbs and cause shrubs
and trees to initiate growth in the spring. Seasonal decreases in root temperature influence some plants
to go dormant in the fall.
Root temperatures are relatively stable when they are in the ground which allows roots to function
properly to absorb water and nutrients. Root systems do not function properly or are damaged when
root temperatures:
• drop below 0 - 5C (32 - 41F)
• exceed 25 - 45C (77-113F)
• change quickly
Root temperatures tend to be relatively stable when plants are grown outside with their roots in the
ground and when plants are grown in a greenhouse, since the greenhouse covering intercepts the
infrared radiation preventing rapid increases in soil temperature.
However when plants are outside in a container that is exposed to direct sunlight, root temperatures
can fluctuate up to 30C (50F) in as little as 6 hours.

The Impact of Infrared Radiation on the Soil Temperature (F) in a Pot Outside
		

Notice how the air temperature
fluctuated from a low of 21C (70F) to
a high of 38C (101F) whereas the soil
temperature fluctuated from a low of
23C (73F) to a high of 49C (120F).
This 11C (19F) increase in soil
temperature was due to the heating
effect of the infrared radiation.
(Picture courtesy of the Oregon
State University)

Excessive soil temperatures in pots
exposed to direct sunlight results in
root disease and death.
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Rain

Rain falling on the plants and soil is normally positive in that rain water:
• Is supplied to the roots
• Helps clean dust and dirt off the leaves to allow plants to receive maximum sunlight
• Leaches salts in soils
However, rainfall is normally insufficient or excessive in terms of timing, quantity and the physical impact
When water availability is:
• Insufficient, plants experience excessive water stress resulting in a reduction in photosynthesis
• Optimal, plants have an adequate water supply to support photosynthesis
• Excessive, the soil becomes waterlogged resulting in the roots experiencing an oxygen
deficiency

Electrical Conductivity (EC)

The electrical conductivity or salinity of the irrigation water and soil media creates a stress by facilitating
or hindering absorption of water by the root system. Consequently EC levels influence rate of water
absorption, which then directly influences the level of water stress that the plants are experiencing.
If the EC of the water or soil media is:
• low, water is easily absorbed by the roots
• high, water absorption by the roots is impeded
Soil in a greenhouse generally suffers from the EC gradually becoming excessive since the roof covering
prevents rain from the leaching of salts.
Container grown plants outside also can suffer from high EC in the summer when controlled release
fertilizers are used since the high soil temperatures in a pot cause an excessive release of fertilizer.

Humidity

The relative humidity of the air influences the rate of transpiration. When the relative humidity is low, the
Vapor Pressure Deficit (VPD) is high and consequently the transpiration rate is high. When humidity is
high, the Vapor pressure deficit is lower and consequently the transpiration rate is lower. Consequently,
the actual relative humidity is generally only important when it causes the rate of transpiration to be
excessive or insufficient.

Wind

Wind can have a significant impact on the rate of photosynthesis and how plants develop. Wind causes a
mechanical stress by causing stems to bend, increases C02 availability by moving air across the leaves
and increases the transpiration rate. Consequently, if wind exposure is:
• Insufficient, plants tend to develop longer, thinner stems and leaves can experience
C02 deficiencies.
• Optimal, plants grow naturally compact with thicker, stronger stems and tend not to
experience localized C02 deficiencies
• Excessive, the level of photosynthesis is reduced due to a rapid increase in C02 causing the 		
stomates to close. Extreme wind can result in physical damage to the plant.
		

A grower is challenged to create
optimal growing conditions
by increasing what is insufficient
and reducing what is excessive
without increasing production costs.
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3.4 Transpiration and Water Stress:
The Most Important but Most Difficult Stresses to Measure and Manage
Transpiration and water stress are two of the most important plant stresses because they influence
many other plant functions and play a significant role in the development of the plants natural defense
mechanisms. As you will see, the transpiration rate has the same importance to plants as the blood flow
in our bodies. While we can check our blood pressure and pulse very easy, unfortunately there is no easy
way to measure transpiration and water stress. Even though we cannot measure them, their impact on
plant development is very significant since overall yield and quality is directly related to our ability to
optimize both transpiration and water stress.

Transpiration

Transpiration is the process by which plants lose water. The amount of water that plants lose outside
is greater than what is required for photosynthesis. Plants have a linear water flow, where water is
absorbed by the roots, relocates or flows upwards through the stem to the leaves, flowers and fruit where
it exits through the stomates. Plants cannot absorb water unless they lose water since the roots cannot
create enough internal water pressure to force the water out of the leaves.This implies that the rate of
water absorption and water flow through the plant is dependent on the environment surrounding the plant
to create the necessary stresses to cause plants to transpire.Transpiration is arguably one of the most
critical plant stresses and yet it is one of the most difficult stresses to measure, benchmark, and hence
manage. The actual transpiration rate for plants is variable since the rate that plants lose water is
influenced by both the makeup of the plant itself and the surrounding environment.
		
Tomato leaf stomata
The makeup of the plant determines how much water it loses by the:
• Size of the plant: the bigger the plant, the more surface area from
which to lose water
• Thickness of the leaf cuticle: the thicker the cuticle, the slower
the rate of transpiration
• The quantity of stomata on the leaf or flower: the greater the 		
number of stomata, the greater the ability of the plant to lose water
The environment around the plant also influences the transpiration rate:
• Infrared radiation warms up exposed leaves faster than air temperatures
• The lower the relative humidity the higher the transpiration.
• The higher the wind, the greater the transpiration since the wind draws drier air
over the leaf surfaces
The actual transpiration rate of a plant is a result of each of the above influences. When transpiration is:
• Insufficient: plant growth is sluggish, nutrient deficiencies can result and plants
experience low levels of water stress
• Optimal: nutrients are absorbed by the roots and distributed to the plant cells in the leaves,
flowers and fruit. The removal of water from the soil media also helps draw oxygen to the roots
• Excessive: water is wasted since it is being used by the plant for cooling instead of
photosynthesis. If the transpiration is excessive for an extended period of time, then plants
will experience excessive levels of water stress

Water stress

Plants experience water stress when the rate at which they lose water is greater than their ability to
replace the water lost. Changes in the water supply and water demand create a water deficit which
causes different levels of water stress.
As plants grow, they must develop both roots and canopy in the right proportion in order to be in balance.
If a plant grows too many leaves before it establishes a strong root system, the excessive water loss
could cause the plant to die from the roots being unable to supply enough water.
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Consequently, plants react to changes in the level of water stress they are exposed to by automatically
self regulating the balance between the amount of roots and leaves. Gradual changes in levels of water
stress can influence the plant to release the stress hormone abscisic acid (ABA) which can influence the
plant to:
• Reduce the rate that water is lost by closing the stomates
• Develop thicker cuticles and grow fewer and smaller leaves
• Cause leaves to abscess or drop off
• Increase the capacity of the plant to absorb water by growing more roots
• Switch the development from vegetative to reproductive growth
It is not known exactly how plants monitor water stress and how they release abscisic acid. It is also
not known if all plants react exactly the same to similar levels of abscisic acid. What is known it that it
happens. All one has to do is look at the grass on your front lawn to see it brown in the summer from a
lack of rain only to be green days after a heavy rain. Fruit growers also know that the best tasting
tomatoes and grapes are when the season has been drier. While plants appear to have a built in
mechanism to protect themselves from excessive water stress, they appear to have virtually no ability
to protect themselves from insufficient water stress. If plants have an excessive water supply, plants
cannot increase the rate at which they lose water to help dry out the soil media and prevent an oxygen
deficiency. This is why flooding tends to cause major crop losses.
When plants experience increasing levels of water stress, they automatically slow the rate of leaf
development to prevent increasing the surface area, from which they can lose more water and increase
the rate of root growth so that it can increase it’s ability to supply water. Once the plant has developed a
stronger root system and has a more dependable water supply, the water stress decreases and the level
of abscisic acid drops. This is the signal for the plant to start to increase the growth of leaves. If the plant
is sufficiently mature and the water stress continues, the next response from the presence of ABA is that
energy is diverted away from vegetative growth towards reproductive growth causing an increase in the
growth rate of flowers and fruits. With leaf formation suppressed, sugars are redirected to flowers
and fruit, sustaining fruit growth and improving flavor. ABA can also affect the shapes of ornamental
trees and other perennial crops by keeping them compact.

How water stress changes naturally outside by the season, by the day,
by the hour, and based on the root environment.
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In the winter and spring,
transpiration is low and
precipitation is high causing
water supply to exceed
demand resulting in
low water stress and
vegetative growth.
In the summer, transpiration
is high, and precipitation is
low causing water demand
to exceed supply resulting
in high water stress. This is
when plants tend to grow
generatively.
		

Daily Water Stress On A Sunny Day When Plants Are
Outside and Roots Are In The Ground
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On a sunny day when
plants are grown in a pot,
the potential transpiration
rate is the same as for plants
in the soil. However, water
availability drops rapidly due
to the reduced water holding
capacity of the soil in the
pot, plus excessive root
temperatures in the pot limit
the effectiveness of the roots
in absorbing water. If soil
temperatures are extreme,
then root damage will occur
causing a reduction in water
absorption capacity.

In a greenhouse, the
transpiration rate is constantly
reduced due to the reduction
in infrared radiation and wind
and an increase in humidity.
Water availability increases
since soil media stays wet
longer causing plants to
experience no water stress
which changes how plants
develop compared to
those outside.

Impact of changes in water availabilty and water demand

Impact of Changes in Water Availability and Water Demand
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The response of the plant to water stress depends on it’s magnitude and duration.

A - Transpiration is very low and water supply is very high causing plants to experience
no water stress
• Occurs outside during cloudy periods with excessive rain or in a greenhouse when
irrigation rates are excessive or when using a water based hydroponic system
• Roots become water logged and could be damaged due to oxygen deficiency.
Roots become susceptible to disease.

B - Transpiration is low and water supply still exceeds water loss.

• Occurs outside after some time has passed after a heavy rain or in a greenhouse
during moderate light levels.
• Plants tend to have more vegetative growth, with leaves being larger but thinner,
and the root system stays small since the plant has enough water available for it’s needs.
• When growing in a greenhouse, high levels of sunlight combined with a low transpiration rate,
causes nutritional deficiencies to occur in leaves, flowers and fruit since the plant was
unable to absorb and distribute required nutrients in sufficient quantities.
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C - Water supply equals transpiration rate causing optimal levels of water stress

• Occurs outside during the early morning and late afternoon
• A higher transpiration rate combined with a reduction in water availability causes plants to
develop fewer leaves that are smaller and have a thicker cuticle. Shoot growth tends to be
inhibited, plants develop a stronger root system (greater root to shoot ratio) and some plants
switch from vegetative to reproductive growth. The sugars are redirected to flowers and fruit
sustaining fruit growth and improving the flavor.
		

		 		
				
D - Transpiration rate is high and exceeds water availability causing moderate water stress
• Occurs outside typically midday on sunny days during the early morning and later afternoon
causing plants to close their stomates to preserve water resulting in a reduction in the entry of
C02 and consequently a reduction in the rate of photosynthesis. Leaves could start to wilt.
• If the moderate water stress continues, plants stop growing leaves to prevent an increase in
transpiration and instead grow more roots to create a more dependable water supply.
Plants can also switch from vegetative to reproductive growth resulting in sugars being
redirected to flowers and fruit sustaining fruit growth and improving flavor.

E - Transpiration rate is extremely high and water supply is very low causing extreme water stress
• Occurs outside typically midday on very hot sunny days after a long period without rain or
when plants are in a container and the soil temperature becomes excessive
• Plants start to drop leaves in order to reduce the transpiration rate. They may also develop
a stunted appearance with very short internodes, abnormally small fruit and leaves.
• Root systems try to grow bigger to increase water availability but are likely damaged and
susceptible to disease. Absorption can be further reduced since a low water content of the
soil causes an increase in EC.
• Plants become more susceptible to insects and desease.
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The impact of a retractable roof on transpiration compare to the open field
and a conventional greenhouse
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When a retractable roof retracts, transpiration rates increase to those seen outside due
to the increase in infrared radiation and wind and a reduced relative humidity.
When the roof closes 90% midday during hot conditions, the transpiration rates drop
to those similar of a conventional greenhouse.

3.5 The Impact of the Outdoor Environment, a Stationary Roof using
Insect Net and a Retractable Roof on Plant Development
DeRuiter 2180 indeterminate roma tomatoes were transplanted from the same tray on January 20, 2008
at INIFAP in Culiacan Mexico into the open field, a conventional net house and a retractable roof.
Pictures below were taken April 26, 2008.
Open Field			

Net House
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Retractable Roof

Impact of Transpiration and Water Stress on Plant Development
Plants were dug up April 26 and placed side by side for comparative purposes.
Open Field
High transpiration
and water stress

Net House
Low transpiration
and water stress

The genetics of these
plants are identical but
the differences in the
plant stresses from the
3 different environments
caused the plants to
develop differently.
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Retractable Roof
Optimal transpiration
and water stress

Impact of Low and Optimal Transpiration and Water Stress on Leaf Development

Tomato plant grown in a retractable roof		
Net House

Leaf on left is from a net house and the one on
the right is from a retractable roof

Retractable Roof

Leaf
on top left is from a net house and the leaf on the bottom
		
right is from a retractable roof. Leaves from the retractable roof
tend to be smaller and thicker. Smaller leaves allow more light
to reach lower leaves so that more leaves are working.
Thicker leaves help provide the plant a greater capacity to
protect itself against high transpiration rates, insects and disease.
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The pepper plant above was grown
in a poly house through the winter
and then moved outside in the
spring. Notice the change in the
size of the newer leaves after the
plant was moved outside.

A thicker wax cuticle helps plants protect themselves from excessive transpiration and helps improve
the plants ability to naturally defend itself against insects and disease

These are scanning electron micrographs of the leaf
anatomy from a legume grown in the sun (left) and in
the shade (right). The sun leaf is much thicker and
has multiple layers of palisade cells. (Taiz and Zeiger)

Impact of Water Stress on Fruit Development

Open Field		
Excessive transpiration
and water stress are
preventing leaf and fruit
development

Net House
Insufficient transpiration and
water stress causes more
energy to go into the leaves
rather than the fruit
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Retractable Roof
Optimal transpiration and
water stress causes more
energy to be stored
in the fruit

The Impact of Transpiration and Waterstress on Shelf Life

Shelf Life Comparison
Vega (Sierra Seed), Panzer (Syngenta)

Open Field

Net House

Retractable Roof

Day 1

Day 7

Day 15

Day 28

Day 41
This increase in shelf life in the retractable roof would also apply to crops like
cut flowers where shelf life is impact by the energy reserves in the plants.
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3.6 Why Insect Pressures are Less in Retractable Roofs than in the Open Field
or a Conventional Greenhouse
When growers were first exposed to retractable roofs, their first concern was usually that they could
not use a retractable roof because they believed that the insect would enter through the open roof and
transmit virus to their plants. This belief was based on their previous experiences growing either in the
open field or in a conventional greenhouse. After explaining the reasons why insect pressures were lower
in the retractable roof, many were still unconvinced. I finally had to say to them “do you know for a fact
that you will have greater virus problems in a retractable roof…. Or do you think you know.” This
statement is critical since retractable roofs are a totally different production system from the open field
and conventional greenhouse. The retractable roof environment causes changes in both how the plants
develop as well has how insects behave. Now that virus sensitive crops have been grown in retractable
roofs for many years, we can conclusively say that plants grown in retractable roofs have less
incidence of virus even when insects like whitefly are present.
There are 4 basic principles at work which help to explain why crop losses due to insects in a
retractable roof are less in a retractable roof:
a. Reduce the entry of insects into the growing area to minimize pressure
b. Ensure that the plants are exposed to environmental conditions which create optimal stress
to allow plants to fully develop their natural defense mechanisms
c. Prevent the plants from being exposed to excessive stress
d. Slow down the insect reproduction cycle
A retractable roof with insect screening on the walls helps achieve all 4 principles.

a. Reduce the entry of insects
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b. Ensure that the plants develop their natural defense mechanisms
• When the roof is retracted, plants develop thick wax cuticles on the leaves, stems and fruit
since they are exposed to the full spectrum and intensity of UV and infrared radiation.
In addition, the wind and lower humidity causes an increase in transpiration which further
increases cuticle development, reduces leaf size and increases root development to ensure
that the roots have a large capacity to absorb water to cope with the higher transpiration rates.
• A high brix or sugar content in the plant makes the plant less desirable to sucking insects.
Plants grown in the retractable roof have the same brix as those grown in the open field 			
when outside conditions were optimal.
For example, the leaves from a roma tomato plant grown in the retractable roof had a brix of
11 which was the same as the plant grown in the open field. However, the same variety grown 		
in a net house had a brix of only 8, which means the plant in the net house had less sugar and a
higher water content making it easier for insects to attack.
Leaves from plants grown in a retractable roof have a thicker wax cuticle compared to those from a
plant grown under a stationary roof. The thicker cuticle helps provide protection against excessive
transpiration, insects and disease. Leaf on the top of the left picture is from a tomato plant grown in
a net house and the leaf on the bottom is from a plant grown in a retractable roof.

Net house

Retractable roof

c. Prevent plants from being exposed to excessive stress
If a plant has insufficient water either due to excessive water loss or insufficient water take up, leaves
will start to flag or droop. Since insects can sense which plants are in excessive stress and they
prefer to feed on sick or stressed plants, it is important to prevent excessive stress.
The retractable roof can help prevent excessive water stress both by helping to increase water uptake
and reduce water loss. When the roof is retracted, the higher transpiration rates cause the plants to
develop larger, deeper root systems which then allows the plants to increase water uptake when required.
The higher transpiration rate also causes the plants to develop smaller, thicker leaves which transpire
less. When outdoor temperatures and transpiration is excessive, the roof is closed 90% which reduces
transpiration by blocking the infrared radiation and wind, and increases the relative humidity by creating
a micro climate around the plant. In addition, when young plants are being transplanted during hot
conditions, closing the roof will help prevent excessive soil temperatures which ensure that the root
system stay active to supply water to the plant. This strategy of closing the roof 90% for several days
after transplanting is critical to helping reduce the chance of virus.
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d. Slow down the insect reproduction cycle
Insect reproduction increases as temperatures and humidity
increase and as the food supply increases. Empirically, the
reproduction cycle of insects appears to be lower in the
retractable roof then either the open field or conventional houses.
The rapid increase of insects in the open field during hot
conditions is prevented in the retractable roof since the roof is
closed 90% during hot conditions to reduce temperatures and
plant stress.
The rapid growth of insects typical in conventional houses is
prevented since the roof is retracted when outdoor conditions
are optimal. This lowers the humidity levels slowing insect
reproduction and increases the development of the plants
self defense mechanisms.

Soap and garlic can frequently be
used for control in the retractable
roof since plants are stronger and
more resistant to insects plus insect
reproduction tends to be slow.

The following pictures of tomato and cucumber plants were taken in Los Mochis Mexico, March 2009.
There were no treatments to destroy whitefly for several weeks. Whitefly pressure was high, but plants
did not develop any symptoms of virus. Adult whiteflies were observed but few eggs or nymphs were
visible implying that the reproduction rate was low.
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3.7 Preventing Foliar Diseases
Growers cannot prevent fungal spores from being present since they are present in most water sources,
air, dust, soil and plant material. Consequently growers can only try to minimize the chance that spores
will germinate and successfully penetrate a plant. A greenhouse environment unfortunately is an ideal
environment for fungal spore germination since:
• Temperatures are normally between 15C-25 C (59F-77F)
• Relative humidity is high
• Leaves are frequently wet for long periods of time
• There is no exposure to ultra violet sunlight which can kill fungal spores
• Plants are weaker and have a thin cuticle which makes spore penetration easier
Retracting the roof when outside conditions permit:
• Helps dry off leaves by increasing infrared radiation exposure, reducing humidity
and increasing the wind
• Increases evaporation of water on the ground
• Increases UV radiation which helps sterilize leaves
Outdoor growers can also reduce foliar diseases and fungicide usage by closing the roof to keep
excessive dew or rain off the plants.

3.8 Preventing Root Diseases
It appears that it is impossible to prevent the existence of root diseases like pythium and phytophthora
since they are present in most water sources, air, dust, soil and on most plant material. Fortunately they
tend not to attack healthy plants or root systems and instead attack damaged tissue or a weak plant.
Problems with nematodes can also be aggravated when the soil media stays wet for long periods of time.
Retractable roofs have proven to be effective in reducing root diseases compared to both greenhouse
and outdoor grown plants by reducing excessive root stress by:
• Preventing root temperatures from dropping below 0 – 5C (32-41F)
since cold temperatures can kill root tips
• Preventing root temperatures from exceeding 25 – 45C (77-113F)
since hot temperatures can kill root tips
• Preventing rapid changes in root temperature
• Increasing the rate of transpiration which reduces soil wetness and increases the rate
that oxygen is being drawn down into the soil towards the roots
• Closing the roof during rain to prevent soil media from being saturated which helps
prevent a shortage of oxygen around the roots
• Closing the roof during excessive heat to prevent the soil media drying out which
prevents excessive EC levels
• Retracting the roof during rainfall to prevent salt accumulation in the soil media
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Chapter 4

Summary of the Primary Cause of Reductions in Plant Quality in the Open Field,
Container Grown Plants and Conventional Greenhouses

Outside

When plants are outside and roots
are in the ground, extremes in the
plant canopy temperature is the
primary cause of problems.		
		
		

Outside in a Container

When plants are outside and roots
are in a container, extremes in the
root temperature is the primary
cause of problems.		
		

In a Greenhouse

When plants are under a
greenhouse covering, a low
transpiration rate is the primary
cause of problems.		

Very simply, retractable roofs allow you to
protect the plant canopy and root system
from extremes in temperature by closing
the roof and allow you to prevent low
transpiration rates by retracting the roof
when outside temperatures are optimal.
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Chapter 5
In this chapter you will see pictures of the many crops that have already been grown in the
retractable roofs. The pictures have been grouped into 3 main categories:
• Food Production
• Cut and potted Flower production
• Plants produced inside greenhouses and then planted outside

5.1 Food Production in the Retractable Roof Production System
Producing multi fruiting crops like tomatoes, peppers and cucumbers in the
retractable roofs have resulted in:
• Increases in early harvest, fruit size, total yield, fruit brix, shelf life
• Almost a complete elimination of losses due to virus
• Reductions in disease and insect pressure
Results to date indicate that a two to five year return on investment is possible
when growing high value crops in a retractable roof in warm or hot climates.
For more detailed information, please read “The Retractable Roof Production
System” for high value fruits and vegetables in warm and hot climates. In that
book, you will find more detailed information on the production of food crops.

Retractable roofs produce strong young
plants with thick leaves and a large root system
which helps prevent excessive stress
when transplanting.
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Improving Pollination
Pollination is not something that is normally
viewed as a problem for crops grown outdoors
since pollination naturally occurs because
bees, insects and wind are always present.
However, when plants are grown in a
greenhouse, pollination is something that
does not always occur naturally due to the
presence of the roof covering. Growers must
artificially pollinate plants using bees or
shaking the flowers using vibrating sticks.
Retracting the greenhouse roof and walls when
outside conditions allow has proven to allow for
natural pollination since plants are exposed to
wind and insects.
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Tomatoes Grown Hydroponically

Plants can be grown in the soil, in
raised beds, in pots or hydroponically.
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Peppers

Bell Peppers grown in the retractable
roof during 39 C (102F) had a
50% longer shelf life than bell peppers
which were grown in a conventional
nethouse.
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Cucumbers

Papaya and Eggplants
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Berries
Achieve longer harvest
seasons with higher yields
and brix, firmer fruit, a
reduction disease and
insects.

Conventional Tunnel

Retractable Roof

Cherries and Other Tree Fruits
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Lettuce and Herbs

The lemon grass (left) was grown at the
University of Arizona.
The plant on the left was grown in the
open field and then dug up for the picture.
The plant in the center was produced under
a retractable white roof. The one on the right
was produced under a retractable clear roof.
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The many ways in which the “Retractable Roof Production System” RRPSTM
can impact on the shareholders and on the sales and production departments
of open field growers
Importance to Shareholders
1. The higher yields per hectare or acre results in a reduction in the fields required allowing for
production expansion without acquiring additional land.
2. The reductions in annual fixed production costs due to a smaller footprint can be sufficient to
make the annual loan repayment on a 5 year amortized loan.
3. The ability to protect from heat and cold could result in the ability to reduce the number of geographic
production locations resulting in a reduction in assets required to produce year round at multiple
locations, a reduction in operating costs for the multiple locations and a reduction in the constant
movement of personnel from one location to the next.
4. The retractable roofs can generate approximately a 75% reduction in water usage per kg which could
eliminate the need for further investment in new water delivery systems should future regulations
dictate improving water efficiency.
5. If the retractable A - Frame house is utilized, water from the gutters can be collected making the farms
virtually water self sufficient.
6. Future profits can be more secure since harvests can be protected from extreme weather conditions.
7. The investment in the retractable roof could be paid for in as little as one year if you have product
when the crops in the open field are damaged due to extreme weather.

Impact on Operations
Sales
1. Tomatoes grown in the retractable roofs can be sold to both food service and grocery stores
		 since they are always sliceable even when ripe.
2. Sales can better respond to their customer’s needs since production will have an easier time
		 ensuring product is ready when the market requires it, instead of production determining
		 when sales will have product to sell.
3. Sales can communicate to its customers that they can supply “regardless of the weather”
4. Sales can promote that their company is using the most sustainable food production system
		 in the world.
Production
a. Harvests can be better timed since growth rates can be increased or decreased.
b. Options for varieties are increased since insect and disease pressure will be managed more by
managing the environment than by just working with the plant genetics and sprays.
c. Staff working in under the retractable roof will be more efficient since they are protected
from excessive cold, heat, wind and rain. Staff moral can increase and turnover can decrease
due to the more pleasant work conditions.
d. Daily labor requirements are more consistent throughout the production period,
since the weather will no longer cause extreme increases or decreases in harvest volumes.
e. It will be easier to grow organically since environmental extremes will be better managed.
f. Production planning is easier since a wide variety of crops can be grown using in the RRPS.
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5.2 Cut and Potted Flower Production
Retractable roofs have been used to grow stock plants, propagate cuttings and grow flowering
potted plants, foliage and cut flowers. Under a retractable roof these plants develop many flowers,
bright colors and strong stems. Cut flowers can benefit particularly since the higher transpiration
during the production phase helps the plants develop smaller leaves with thicker wax cuticles and
larger stems. The thicker leaves help reduce the transpiration rate and the thicker stems increase
the water holding and transport capacity.

Retractable roofs with insect screening for stock plants
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The higher transpiration rates and
wind in retractable roofs can help
plants develop stronger stems
to help prevent or delay flowers
from drooping.
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5.3 Containerized Bedding Plants, Perennials, Ornamentals, Shrubs and Trees
These crops are all similar in that the climate needs to be managed in order to ensure that the plants
are ready for the customer at the desired time. However all of these plants will end up being planted
outside so it is critical to ensure that the plants are properly acclimated to the outdoor environment.
When growers of these plants grow them in conventional greenhouses, the common problems are:
• Plants stretch
• Plants are more susceptible to foliar diseases like botrytis
• Insects
• Plants burn when they are moved outside
The main reason that plants stretch and are subject to
burning when moved outside is that the transpiration rate in
a greenhouse environment is low and the plants develop
according to the low transpiration rate. When plants are
moved outside, the transpiration increases dramatically, but
the leaves and root systems have not developed such that
they are able to prevent a shortage of water.
This is why plants grown in a conventional greenhouse
have to be hardened off, which really means that the
grower wants to increase the transpiration rate.
When growing these plants in a retractable roof, the plants
are exposed to high transpiration rates throughout the
growing process whenever the roof is retracted and
consequently develop thicker leaves and a larger root
system so they have already developed to withstand the
high transpiration of the natural outdoor environment.
Easier to induce dormancy
Many growers using conventional greenhouses have
had to start to shut down the plants weeks earlier simply
to ensure that the plants have gone dormant before the
onset of cold temperatures. Plants can be more
effectively induced into dormancy in a retractable
roof greenhouse because average leaf and soil
temperatures can be easily lowered. Growers who
can retract the roof have found that they can extend
active growth until later in the fall by several weeks
to increase plant size and then shut down plants
quickly by dropping average temperatures.

Growing plants in a retractable roof
allows them to be grown hardy
throughout the growing process instead
of growing them “soft” and then
“hardening them off” prior to shipping.
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Impact of No Roof, a Stationary and Retractable Roof on the Development of Trees and Shrubs

Pictures courtesy of the Oregon State University

Plant on the left grown in a poly covered
hoop house, whereas the one on the right
was grown in a retractable roof.

Tree on the left grown in the open field,
the one in the center was overwintered
in a poly house and then the poly was
removed. The tree on the right was
grown in a retractable roof.
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Improving the Performance of Slow Release
Fertilizers
Using the roof to manage the soil temperatures
in potted plants outside will simultaneously help
manage the release rates of slow release fertilizers.
Preventing excessive soil temperatures will slow
the release rate early in the growing season when
plants are small which will then help prevent a
premature depletion later in the season when
plants are larger and require more fertilizer.

Decreasing the Rate of Plant Growth in order
to time when Plants are Ready for Shipping
In cases where plants are going to be ready too
early, growers can use a technique called “cold
trapping” to slow down plants without the use of
chemicals simply by creating cooler average soil
and leaf temperatures. Growers using this
technique have delayed the flowering of certain
crops by several weeks. At night, the roof and
walls are retracted to reduce canopy and root
temperatures as much as possible. Then when
the sun rises, the roof is closed partway to block
much of the radiant energy in the sunlight to
minimize warming up of the leaves and soil media.
The walls are left open to allow the wind to blow
across the plants for maximum cooling. The roof is
left in that position until evening at which time the
roof is again retracted to cool down the plants.

Trees being overwintered in the retractable roof
to protect the roots from freezing and then timing
when the spring flush occurs
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Tree Liner Research at The Ohio State University

Retractable Roof Liners

Bareroot

Rhoads Nursery Circleville, Ohio ( Photo courtesy of Ohio State University )
“Based on numerous trials results, researchers at The Ohio State University recommend that nursery
professionals grow containerized tree liners in retractable roof greenhouses because they reduce
production times, consistently produce crops with lower mortalities and expand the plant offerings in the
market versus using field bareroot liners.
In October 2003, No. 3 containerized tree liners from the retractable roof had 0 percent mortality versus
field bare root production at 42% after planting into nursery fields. Average over species, retractable roof
liners reached salable size 2 years earlier than bareroot liners.
In 2006, No 3 containerized tree liners from the retractable roofs had 27% mortality compared to field
bare root production at 87% mortality after out planting. Average over species and one growing season,
caliper and height of retractable roof liners were significantly larger than bareroot liners by 82% and 84%
respectively.
Retractable roofs have been found to increase plant water use efficiency and nitrogen use efficiency,
increase growth, cut production times of certain crops in half, reduce wind throw problems and extend
growing seasons.”
Excerpts from “Ace up your sleeve”, Printed in American Nurseryman, December 1, 2007
Annuals and Perennials

Use of fungicides and growth regulators can be reduced or eliminated by exposing plants to direct sunlight
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Prevent Excessive Stretching of Stems
Many growers have been able to reduce growth
regulator usage by 50%-100% by retracting the
roof when outside conditions allow.
The primary cause of plants stretching in a
greenhouse is photosynthesis occurring while
plants are experiencing a shortage
of light combined with no wind exposure and
a low level of transpiration and water stress.
When the greenhouse roof is retracted, the
outdoor environment creates the conditions
which will naturally cause plants to develop
shorter and stronger stems:
• Higher light levels
• More infrared radiation causing an increase
in canopy temperatures
• Lower humidity levels and more wind
This can reduce or eliminate the need to:
• Use DIF, (which can be difficult to do in
warmer climates)
• Implement drought stressing
(by reducing the water supply)
• Move plants outside after plants
are established
		
		

Sunsatia Pomelo plant on left grown in a Retractable Vinca on the left was grown in a conventional
Roof structure. Plant on right grown in a convention- greenhouse whereas the one on the right was
al greenhouse ( Photo courtesy Plantpol Poland )
grown in a retractable roof

Exposing plants to outdoor conditions
increases the shelf life at the retailer

Plants develop more flowers due to the higher
transpiration rates and optimal water stress
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Chapter 6

Guidelines to New Projects when using Retractable Roofs Greenhouses
Since retractable roofs create a totally different environment than a conventional greenhouse, the
guidelines for designing a new house are different as well. The following factors need to be considered to
ensure the greatest return on investment:
• Site selection (where to build)
• Roof profile (A Frame or flat)
• Layout (post line orientation, house sizes, gutter height, location of roadways)
• Internal curtain systems (fabric selection, curtain orientation, curtain profile,
curtain closing direction)
• Sidewall coverings
• Other equipment required inside

6.1 Site Selection
Build the greenhouses in locations with warmer average temperatures
The improved ventilation and cooling capabilities of a retractable roof allow the system to be
built in locations which typically would not be optimal if conventional greenhouses were built. These
ideal locations may be at lower elevations or further inland which could offer the following benefits:
• Warmer winter temperatures could eliminate or reduce the need to buy a
heating system and fuel
• Improved C02 availability naturally since the roof would be frequently retracted
• Land cost may be more economical
• Potentially closer to larger labor supply, major transportation routes (road and air)
and major markets

		
Soil
If growing in the ground is an option for the crop, growers should ensure they have good quality soil since
the salt build up that occurs in the soil over time in conventional greenhouses can be minimized since the
roof can be retracted during rainfall to help leach salts.
Water Supply and Quality
A good water quality and supply is required. However, retractable roofs can help compensate for
irrigation water with a higher EC since the roof can be retracted during rainfall either to irrigate the plants
with low EC water or to leach excessive salts out of the soil media. Outdoor growers can also benefit
since the water requirements can be reduced by 50% by closing the roof 90% during hot conditions.
Electrical
A large power supply is not required since retractable roof production houses have minimal electrical
requirements. One 2hp motor can close .5 to 1 hectare (1-2 acres) of roof and the motors only run
intermittently. Backup power should be available to allow the roof to operate in the event of a power loss.
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Hurricanes, Tornadoes or Typhoons
Cravo retractable greenhouses and cooling houses have proven to be the
most wind resistant design in the world having been hit by 16 hurricanes,
clones and typhoons with winds up to 225 kph or 140 mph without the loss
of any structure. If fact, not one retractable roof covering has blown off in
any of the storms and roofs less than 10 years old typically survive without
major damage.

cy-

Hurricanes • Charley • Dennis • Francis • Harvey • Jeanne •
Katrina • Ike • Irma • Ivan • Maria • Manuel • Norbert • Rita • Wilma
Cyclones • Debbie
Typhoon • Lando
Cravo houses have the advantage that they can be designed to resist
In the event of a power
from 110- 200kph ( 70-130 mph) with the roof and walls closed. Howfailure after the storm, the
ever, if the winds are forecasted to be greater than the design load,
motors can be manually
hectares of roof and walls can be automatically retracted in minutes to
powered using an allen
protect the structure and coverings. This means that growers no longer
key turned by hand or a
have to decide days ahead of a hurricane arrival whether to cut the poly
drill that is powered by a
off their roofs when a storm is forecast.
battery or a generator.
		
The pictures below were taken at Michaels Nursery in Boynton Beach Florida after Hurricane Wilma.
The roof on the retractable A frame house on the left was closed to protect the plants in 200 kph
(130MPH) winds. The 6 year old retractable roof covering did not sustain any damage whereas the
sheet metal covered packing house sustained major damage.
CRAVO Retractable Roof

The pictures below were taken at American Farms in Naples Florida 2 months after hurricane Irma came
through with gusts reaching 180kph (110 mph). The roofs and walls were retracted before the hurricane
and then the roof were closed the day after the hurricane to protect the crops inside of the house.
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The pictures below were taken at Kraft Gardens, Fort Pierce Florida days after the eye
of Hurricane Francis travelled directly over the nursery delivering 180kph (110mph) winds.
The structure and roof covering did not have any significant damage however a door blew in
allowing the wind to enter the greenhouse causing the opposite walls to blow out.
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6.2 Choice of Roof Profile - A-Frame or Flat
The retractable roof is available in 2 roof profiles, A Frame and Flat Roof. The primary difference
between the two is the A Frame sheds rain water to a gutter system whereas the Flat Roof uses
a water porous roof covering resulting in 100% of the rainwater entering the house.

		
		
A-Frame Roof coverings have a polyethylene
coating to make them non permeable.

Flat Roof coverings are permeable to water to
allow rain to pass through.

Advantages
• Can protect plants from cold, rain, wind, snow,
hail, and heat
• Able to be built to withstand high snow loads
to meet local building codes		

Advantages
• Most economical retractable roof house
• Protect plants from cold, wind, hail and heat.
• Minimal electrical power required since one
motor can power up to 10,000 sq m (108,000 sq ft)
• Quick and easy to install
• May be able to build without building permits
(classified as a shade house)
• May not need to do storm water management
study since rain is not diverted to a gutter

Disadvantages
• More expensive to buy and construct than a
flat roof house		

Disadvantages
• Cannot keep rain off the plants
• Limited snow load capability
• Limited ability to support equipment
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To determine whether a Flat Roof or A-Frame is more suitable,
there are two basic questions that must be answered:
Must crops be kept dry when it is raining?
This is a question that is normally NOT asked since most greenhouses that are built use waterproof roof
coverings so growers do not have a choice. While virtually every grower would answer that they prefer
to keep the rain off the plants, in many cases it is a like to have, and not a must have. While Flat Roofs
cannot keep the rain off the plants because the roof covering is water porous, they can however be used
to break up the impact of a hard rain. The covering is manufactured so that it is a barrier to air exchanging
while still allowing rain to pass and is made using woven polyethylene. The covering can either be clear
or white depending on the crop needs. The reason that this question is so important is that if the plants
can be exposed to the rain, then the investment in a house could be reduced by approximately 50% by
building a Flat Roof as opposed to an A-Frame roof.

Roof coverings on the flat roof are always water porous. Roof coverings are either water porous woven
polyethylene, or are coated on both sides with polyethylene with drainage holes then punched into the
midpoint between every set of 4 hooks. The uncoated version is generally preferable in hot climates and
the coated version is generally preferred in colder climates. The coating helps prevent dirt accumulation
and improves heat retention during cold conditions.

Rain drips through in a rectangular grid pattern. The roofs can be automatically closed to protect crops
from the impact of the rain or automatically retracted to allow for crops to receive uniform rainfall.
Must the house be able to keep snow off the plants?
If the house is going to be built in an area where crops need to be protected from snow,
then an A-Frame roof is recommended since it can be built to withstand heavy snow loads.
The Flat Roof houses can be built to tolerate small amounts of snow depending on the structural
design, however supplementary heat is normally recommended to melt snow off the roof since
the roofs cannot be retracted once there is snow or ice on the them.
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6.3 Roof Covering Color
The 2 primary choices for the roof color are clear or white. The clear greenhouse roof is better for situations where daytime temperatures are generally too cold in the winter. The white cooling roof is better for
warmer locations where nighttime temperatures may be too cold, but daytime temperatures are generally
optimal or too hot.

A

B
		
		

C

The following soil temperature were taken May 27, 2010 in Brantford, Ontario Canada. The soil temperature
was 59C (138F) in the full sun (B) and 46C (115F) both under the white roof (A) and under the clear roof
(C). Both roof coverings intercepted the infrared radiation similarly to prevent heating up of surfaces, however the white roof is more effective in preventing the build up of air temperatures more effectively than
the clear roof.
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6.4 Layout
When creating a layout for a new production system range the following are some general
rules of thumb for the retractable roofs.
House Orientation
• Shadows from the retracted or open roof sections should always be oriented north / south
so that the shadows move as the sun moves from east to west.
• Prevailing wind direction does not have a bearing on which way to orient the house.

Retractable A-Frame houses are ideally oriented
east / west so that the shadows from the retracted
roof sections and direct sunlight from the opening
in the roof are oriented north / south. This picture
is taken looking to the north, with the house gables
on the east and west.

Flat roof houses should always have the retracted
roof sections oriented north/south and travel east/
west or west to east.

Some other general guidelines for orientation are:

• East / West house orientation is best for an
A-Frame roof to maximize light levels in the
greenhouse during the winter when the
roofs are closed.

• North/ south is the best crop orientation
for tall plants.
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Overall house width and length
The superior cooling and ventilation of a retractable roof allows for large house ranges
to be built which allows growers to rethink how to best layout their new house.
Building larger houses helps:
• Reduce the capital cost.
• Maximize the efficiency of materials handling and worker supervision.
• Reduce heating expenses by reducing the amount of sidewalls from which heat is lost.
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If plants need to be protected from rain, then the roof must be closed completely to protect the plants
and the sidewalls must be opened for ventilation. If large house ranges are being constructed in a warm
location which has long periods of rain, an optional rain canopy should be installed on 1 or 2 houses
every 70m (250ft) to allow for the roofs to be left partially retracted for ventilation.
		

Zone sizes
Roof zones for ventilation are not usually very critical with retractable roofs unless crops are going to be
grown which have very different climatic requirements. Generally most growers have found that smaller
zones are necessary if they need to maintain different zones for heating, if they are growing recently
propagated young plants that they wish to hard off or if they are growing both plants which are
considered high light crops and shade plants. If the roof is being used basically to protect outdoor
crops from extreme cold and heat, then there usually is no need to create smaller zones.

		
		
If smaller zone sizes for heating are required, install interior roll up curtains to create temporary
partition walls.
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Gutter height
As with a conventional house, the taller the greenhouse, the more stable the environment
is inside when outside temperatures are too cold and the roof or vents are closed.
The gutter height should be sufficiently high to:
• Ensure that the desired environment can be easily maintained during both
the summer and winter.
• Allow for the installation of other pieces of house equipment like curtain systems,
fog systems, irrigation booms, hanging basket lines and crop support for vine crops.
• Allow sufficient clearance for vehicles to enter the house.
The gutter height is an extremely important decision because it’s virtually impossible to change the
gutter height after the house has been built.
It is recommended that in colder climates, gutter heights are at least 3.65m - 4m (12ft –14ft) especially
if curtain systems and hanging baskets are going to be installed. In hot climates, it is recommended
that greenhouses be built with a minimum 4m - 5m (13ft –16 ft) tall gutter.
Location of roadways
By building larger and taller houses, roadways can be located inside the house.
This offers several benefits:
• Fewer sidewalls to impede materials handling or labor supervision.
• Crops can be grown on the roadways should growing space be at a premium.
• Crops can be loaded on shipping carts or wagons and left on the roadways but still
be in the protected environment.
		

A-Frame and Flat Roof houses can be built tall
enough to allow transport trucks to drive through.

Tall trees can be easily moved and stored
in tall houses.

		

		
Tall houses allow for a wide variety of crops
to be grown.		

Ensure you have sufficient head clearance to
utilize field equipment.
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For growers who grow crops outside and in houses, the goal should be to try to use the same
materials handling systems and spray systems in the greenhouse and outside to allow for consistency
and cost effectiveness.

While hoop houses are economical to buy, they
are labor intensive to grow in and it is more
difficult to manage plant quality and timing and
space utilization is less efficient.

Installing trusses under the gutter to eliminate
posts allows for extra wide roads to ensure efficient
transportation and a reduction of traffic congestion.

Installing roll up curtains on the perimeter walls
and locating roadways on the outside of the house
maximizes space utilization inside.
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Stationary Roofs
Polycarbonate or metal roof coverings can be installed on sections of the retractable roof structure
to create different environments.

		
		
Roof
sections can be disconnected from the
		
drive system where desired so that the roofs are
always closed.

Shipping / Staging Area
Some growers have made their shipping /staging area multipurpose by building a house with a retractable
roof. This offers several cost saving benefits:
• Crops can be grown in part of the shipping area during the low shipping season.
• Crops can be stored in the shipping area, while still receiving sunlight to help maintain crop quality.
• The retractable roof house provides a comfortable environment in which employees can work.
• The cost of the house may be cheaper than building a traditional pre-engineered building.
		

67

6.5 Internal Curtain Systems for Additional Control
Once the roof profile and roof covering color have been selected, the next question is what
type of additional control is required inside the house. Retractable curtain systems can be added for:
• Additional coolings
• Extra shade
• Extra heat retention
• Insect protection
• Blackout
The 4 key decisions that must be made when choosing what curtain system is optimal for
your specific application are:
• Curtain fabric
• Curtain orientation (retracted curtains should be oriented north/ south)
• Curtain profile ( flat, peaked and flat, peaked)
• Curtain closing direction ( 90 or 180 degrees to the roof)
Cooling and heat retention
Retractable roof houses offer the unique benefit that the superior ventilation can reduce the
amount of shade required to grow plants during hot conditions. Experience has shown that a retractable
curtain system that uses either a white or clear fabric inside a retractable roof greenhouse can provide
sufficient heat reduction without significantly reducing visible light levels. Pot and leaf temperatures can
be cooler under the clear or white roof or curtain, than under a black shade cloth with a 50% shade.
This is achieved simply because the retractable roof blocks more infrared radiation without significantly
reducing visible light and the horizontal roof opening prevents the excessive heat build up inside during
the day. Then at night, both the roof and clear or white curtain internal system is closed to retain heat.

		
		
Truss to truss interior curtain with clear curtain.

Truss to truss interior curtain with white curtain.
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The Most Effective and Efficient Design for both Summer and Winter
Growers can get the benefit of shading, cooling and heat retention without compromising on their
cooling and ventilation simply by using a clear or white curtain and closing the roof and internal
curtain in opposite directions. The clear woven poly used on the curtain system has a 20% shade
allowing crops to receive high light but reduces radiant heat to help cool plants in the summer.
In the winter, the clear internal curtain can also be used during cold conditions for heat retention to
reduce heating costs by 30% to 35%. Heating efficiency with both the roof and curtain closed is
similar to a glass house with an energy curtain or a double poly house without a curtain.

		
50% roof ventilation without exposing the plants to direct sunlight simply by closing the roof and
curtain system in opposite directions

Interior curtain is peaked with a non porous covering to allow for ventilation, rain protection and
extra heat retention during cold conditions
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Curtain System Orientation
The optimal orientation of the internal curtain system depends on the orientation of the greenhouse.
The retracted curtains from the curtain system should always be oriented north/ south to ensure that the
sun and shade patterns move across the plants as the sun moves from east to west throughout the day.

East / West Gutter Orientation		

North / South Gutter Orientation

If the gutters on an A-Frame house are
oriented east/west, the curtains should travel from
truss to truss. The picture above is taken looking
west and the picture below is taken looking north.

If the gutters on an A-Frame house are oriented
north/south, the curtains should travel across the
house from gutter to gutter. The picture above and
below is taken looking north.

Direct sunlight which enters through the roof or
curtain opening will move as the sun moves.
Notice that there is no direct sunlight reaching
the plants. White curtain fabric shown.		
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Blackout / Heat Retention Curtain Systems for Day Length Control

		
		
Gutter to Gutter blackout system		

Flat Truss to Truss blackout system

Insect Screening
The need for screening can frequently be eliminated in a retractable roof since experience has proven
over the 20 years that insect pressures are less and easier to manage, and that virus transmission by
insects is virtually eliminated. If however you are growing stock plants or edible crops like lettuce where
insects must be excluded then you will require insect screening to cover the openings in the house.
Generally if you are screening, a smaller mesh size should be installed on the walls where insect
pressure is the highest and a large mesh opening should be installed on the roof where pressures
are lower.
Insect screening across a retractable roof house can actually be easier than trying to screen a
traditional vent because the insect net is installed across the entire roof area.
The advantage of installing the insect screening in a retractable roof is that:
• Ventilation is not significantly reduced since the surface area is much larger than when
screening a traditional vent
• UV and infrared transmission is definitely higher through the insect net than poly
The disadvantage of installing the insect net across the roof is that insect net can reduce light levels
10 -30% when it is clean depending on the angle of the sunlight as it hits the net.

With a traditional roof vent, the insect screening is
installed over the vent opening which is normally
10-20% of roof area.
The screening does not significantly reduce light
levels, but does significantly reduce airflow due to
the small surface area.		

With retractable roofs, the insect netting is installed
across the entire roof area creating a large surface
area for air to pass through, and allows for
unfiltered sunlight to reach the plants.
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Direct sunlight still passes through the insect net
allowing plants to receive UV and infrared radiation
		
		

The UV is critical to ensuring plants develop bright
colors

Three layers of retractable roofs: greenhouse roof,
shade/ heat retention curtain and insect net

The roof is closed 85% to block radiant heat to
minimize the heat buildup below the insect net.
Notice the zigzag pattern of sunlight on the
insect net
		

Stationary insect net installed under the roof
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Multiple Layers on a Flat Roof House
		

The combination
of a retractable
cooling
roof and
or stationary
insectoptions
net allows
vine crops to
Black
shade, aluminized
shade, white
or clear
roofsretractable
Heat retention
and shade
are maximized
be
grown
in
a
screened
environment
while
optimizing
the
climate
by
managing
winter
cold
and
humidity,
can be used to different environments.		
with two retractable roofs.
excessive
summer
radiation
and
temperatures
and
both
low
and
high
humidity
conditions
		
Extending the life of the roof covering using a roof canopy

		
The life of the roof covering is extended by several
years by installing a canopy over the retracted roof
reducing damaging UV radiation.		

The above picture was taken Dec. 2009 of a
10 year old retractable flat roof located in
Phoenix Arizona.

		
		

If the roof is going to be closed partway midday to shade and cool plants and crops are not able to tolerate
the full sun when it enters through the 10 - 15% opening in the roof, a shade fabric can be installed under
the roof
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6.6 Choosing the Sidewalls
Opening of the walls on a house with a roof that retracts has proven to be critical to being able
to create the best possible growing conditions. Not installing roll up curtains on the sidewalls was one
of the frequent mistakes made by the early users of retractable roof houses.
While motorized roll up curtains are initially more expensive compared to stationary or seasonally
removable poly, they allow the growers to maximize their return on investment since they are able to
almost instantly create the full range of environments possible. The sidewall design is not normally
influenced by whether the roof is an A-Frame or Flat Roof.
		

Closing the sidewalls allows:
•		
Plants to be quickly protected from damage
due to high winds or a cold front blowing in
• Crops will be uniformly irrigated if the walls
are closed when overhead irrigating
• Better penetration and reduced drift of
chemicals since the wind will be blocked
		

Opening up the sidewalls allows:
• The house to be ventilated through the 		
sidewall when it is raining and the roof
must be closed
• The house to be cooler in the summer 		
regardless of whether the roof is closed partway
for shading or totally retracted
• Re-entry times after spraying to possibly be
reduced by being able to create an outdoor 		
environment
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To determine the right sidewall design for your application, the following questions need to be answered:
• Should all 4 walls be able to be opened or just two opposing walls?
If only two walls are to open, they should face the prevailing wind.
• Should the roll up curtain close to the grade or to a knee wall?
Roll up curtain extending down to the ground
		

Roll up curtain extending down to a knee wall

• Allows for easy access by people or machine
through the sidewall.
• Roll up curtains work well with retractable
roofs since the roof is the primary ventilation.
• Growers tend not to have problems with the
opening being on the bottom since the walls
are normally not open until after the roof.

• The opening is above the crop level to help
protects outer crops from drying out faster.
• The knee wall helps keeps rodents out but also
acts like a barrier which impedes the easy access
into the greenhouse by people and machines for
materials handling etc.

Walls can be covered with motorized roll up
curtains and stationary insect net.

		
In tropical climates, walls can be covered just
with stationary insect netting

75

6.7 Impact of the Retractable Roof on Other
House Equipment

Computer Controls
In order to achieve the highest return on investment on the purchase of
a greenhouse with a retractable roof, it is highly recommended that the
roof and walls be controlled by a computer using the control strategy
developed especially for the retractable roof. Please refer to
Chapter 7 for complete information.
		
Irrigation
If using the roof to protect plants which would normally grow outside,
then the type of irrigation can be similar to that used outside.
This could be overhead sprinklers or simple drip lines.
If the roof is going to be retracted during the winter and temperatures
may go below freezing, precautions must be taken
to prevent water lines from freezing.
		
Misting or Fog
For locations with high temperatures and low humidity, the addition
of overhead fog or misting systems can help provide evaporative
cooling reduce air temperatures and help increase humidity levels
to transpiration rates.
				
Heating
All traditional forms of heating have been used in houses with retractable roofs. The fact that the roof retracts should not have a
major bearing on the choice of heating system since the roofs are
always closed when the heating system is turned on.
The one factor that could impact on the decision on what heaters to
buy could be if the house is going to be empty during the winter and the
roof retracted. If so, then snow could fall onto the heating
system, or the heating system could be exposed to freezing
temperatures.
		 				 		
Horizontal Airflow Fans		
Horizontal airflow fans are normally not required to circulate the air
unless the house is located in a cold climate and the roof is going to be
closed for extended periods of time. They could be beneficial to
distribute heat from forced air heating systems.		
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Hydroponic or NFT Systems
There are many benefits to growing in a hydroponic or NFT system. This is especially true for growing
year round in a colder climate where the roof will be closed for extended periods of time or for some
lettuce or herb crops. However, for growers who are only using the house to extend the season, or who
want to keep their production process more simple, it may not be a must to buy a hydroponic or NFT
system right away. Retractable roof production systems make it easier to manage transpiration and water
stress, which reduces the need to micromanage EC particularly for crops like roses and vegetables.
Retractable roofs can also be used to reduce the build up of EC that typically occurs in traditional
greenhouses simply by occasionally retracting the roof during a rain.
		

This grower near San Francisco California has
been growing in the same soil for 18 years.
When the season is over, the roof is retracted to
allow rain to come into the house and help leach
salts out of the soil.		
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Chapter 7

Retractable Roof Production System (RRPS) Control StrategyTM
Since the retractable roof can expose plants to both outdoor and protected climates, it is important
that the roof and walls be controlled so that we take advantage of both the natural outdoor environment
and a protected environment while avoiding the negatives of each. This strategy is foreign to growers
experienced in conventional houses as they are focused on trying to improve the environment inside the
greenhouse because they can never expose plants to outdoor conditions.
When plants are being grown commercially there are two main variables in the growing environment:
• Are the plants grown outside or under a protective cover?
• Are the roots in the ground or in a container?
The presence of a greenhouse covering changes the quantity of light, the quality of light, wind, C02 and
air temperatures and most importantly the transpiration rate of the plants. Having the roots in a container
causes dramatic changes and extremes in root temperature and overall water availability.

Summary of the Primary Causes of Reductions in Plant Quality
		
Outside with roots in the ground
When plants are outside and roots
are in the ground, extremes in the
plant canopy temperature is the
primary cause of problems.		
		

Outside with roots in a container
When plants are outside and roots
are in a container, extremes in the
root temperature is the primary
cause of problems.		

In a greenhouse
When plants are under a
greenhouse covering, a low
transpiration rate is the primary
cause of problems.		
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Since plant canopy and root temperatures are important to maximize plant growth and quality, it is
important to understand the impact of direct sunlight and different coverings on plant temperatures.
Soil and plant temperatures are affected by changes in sunlight, (specifically infrared radiation),
air temperatures and wind. To demonstrate the impact of direct sunlight and different coverings on
soil temperatures, the following soil temperatures were taken at 1:58pm in Culiacan Mexico on
March 26, 2010.

B

A

A

D
C

C

B

		
		
		

		

D

A Direct Sunlight				

C 70% Black Shade Cloth

			
		
Direct sunlight			
Clear insect net			
70% black shade		
40% white retractable roof

B Clear Insect Net

D 40% White Woven Retractable Roof Covering

Air temperature

Soil temperature

36C (97F)		
36C (97F)		
36C (97F)		
36C (97F)		

60C (140F)		
57C (134F)		
49C (1207F)		
49C (120F)		
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Increase in soil temperature

24C (43F)
21C (37F)
13C (23F)
13C (23F)

One of the most interesting results of these temperature tests is the impact of a roof
covering on ground temperatures. We are all familiar with the concept that a roof covering helps keep
plants warm when it is cold outside. What most people do not understand is that a
roof covering actually prevents the heating up of plant surfaces and soil on sunny days!

The impact of Direct Sunlight and Clear Polyethylene Roof Coverings on Surface
Temperatures
The following temperatures were taken at 10:09am in Immokalee Florida on March 5, 2010.
The air temperature outside was around18C (65F).

A

B

C

The difference in surface temperature in the direct sun, under a gutter and under regular plastic.
The air temperature inside the greenhouse is 29C (84F) in all 3 locations.

A

Direct sunlight

B

In the shade of the gutter

C

In the light from the roof

Surface: 57C (134F)		
Surface: 29C (84C)		
Surface: 40C (104F)		
		
Key Observations:
• The surface temperature in the direct sunlight was 28C (50F) warmer than the air even though 		
the location was closest to the open sidewall.
• The surface temperature in the shade from the gutter was the same temperature as the air due
to the absence of infrared radiation.
• The surface temperature under the plastic roof was 11C (20F) warmer than the air but 17C
(30F) cooler than the direct sunlight.
• If a grower was to monitor and make decisions on air temperatures, they would think that all 		
plants were the same temperature and that the plants closest to the sidewall were the coolest, 		
which of course is absolutely wrong on a sunny day. On a cloudy day, all surface temperatures 		
would be closer to the air temperature.

While we think that plant temperatures are warmer in a
house because air temperatures are higher, the house covering
actually slows down the warming of plant and soil
temperatures compared to those outside in direct sun.
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One of the key advantages of using a retractable roof in a warm climate is that a white roof covering can
be used instead of clear. The plants still receive optimal light levels in the retractable roof since they
receive virtually 100% of outside light levels when the roof is retracted. However, using a white roof
instead of clear helps create the cooling and diffusion required when outside light and temperatures are
excessive. The following temperatures were taken March 23, 2010 in Culiacan Mexico at 11:57am.

In the shade from the roof		

In direct sunlight

Notice how the soil temperature is 37C (98F) under the white retractable roof covering and 51C(124F) in
the direct sun. The air temperature in both cases is 35C (95F) which means that the white roof covering
has maintained soil temperatures within 2C ( 4F) of air temperatures. This ability to limit heat gain is
critical when growing in warm or hot climates.
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The Impact of Direct Sunlight and Shade on Leaf, Fruit and Root Temperatures
				
Leaf Temperature		
				
				

		

Fruit Temperature		

Soil Temperature	

Temperatures in the Shade

					
			
Temperatures in Direct Sunlight

12C (21F) increase in leaf
temperature in direct sunlight

17C (31F) increase in fruit
temperature in direct sunlight

23C (41F) increase in soil
temperature in direct sunlight

Retracting the roof is not only increasing visible light, C02 and wind, it allows the grower to expose the
plants to direct sunlight to increase the leaf, fruit and root temperature. When air temperatures are cool,
the direct sunlight helps dry off the leaves and increases the transpiration rate and the overall level of
plant activity. However, when air temperatures are warm or hot, exposure to direct sunlight will cause
excessive transpiration, leaf, fruit and root temperatures (when plants are grown in a container.)
What all these temperature comparisons tell us is that we cannot use an air temperature sensor as the
control point for a retractable roof since it does not accurately reflect plant or soil temperatures when they
are exposed to direct sunlight. Growers who tried to use an inside air temperature sensor to control a
retractable roof quickly saw that their roof closed and retracted excessively and that frequently the roof
was not in the desired position.

When the sun is shining directly on the plant:
• You can grow at cooler air temperatures
• Transpiration rates increase dramatically
• Soil temperatures increase faster than
when there is a roof covering
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The Best Sensor and Location to Control a Retractable Roof and Walls
To optimize the operation of the retractable roof and walls, there are two questions that
must be answered:
• What should the primary sensor measure?
• Where should the sensor be located?
Many growers tried to use a conventional air temperature sensor to control their retractable roof.
However, we now know that air temperature is not a good predictor of leaf, fruit or soil temperatures
when plants are exposed to direct sunlight. The sensor which determines when to close and retract
the roof should incorporate the heating effect of direct sunlight, the cooling effect of the wind, and follow
changes in air temperature. After experimenting with many different sensors, the sensor which best
predicts what the plant temperature will be if exposed to direct sunlight is a black plate.
Conventional Greenhouse		

Retractable Roof

Primary Control Sensor
The primary sensor is an air temperature
The primary sensor is a black plate that is exposed
sensor that shields the actual sensor to prevent
to direct sunlight. The black plate temperature
the temperature readings from being influenced
reading changes based on changes in the air
		
by sunlight.
temperature, sunlight and wind.

Sensor Location
		
The air temperature sensor is located inside
The black plate sensor outside will determine when
the greenhouse and the computer will open the
outside temperatures are too cold, optimal or too
roof vents when the inside air temperature
hot and the computer will close or retract the roof
becomes excessive.
and walls based accordingly.
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Air Temperatures Compared to Outside Black Plate Temperatures
The difference in temperature between the air temperature and the black plate will be impacted by
the cloud conditions, latitude and time of year.
The following temperature chart was taken at the Vineland Research and Innovation Center in
Ontario Canada in October 1-3, 2009. It shows the outside black plate temperature and the inside air
temperature over 3 days. On the first day, it was cloudy so the outside black plate temperatures
and the inside air temperatures were similar. On day 2 and 3, it was sunny for most of the day
so the outside black plate temperature was 5C-10C (10F-18F) higher than the air temperature.
The number on the horizontal axis represents the reading numbers from the computer system.
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When growing in locations closer to the equator or at higher elevations, higher levels of solar radiation
cause greater differentials between the black plate temperature and the air temperature. The following
temperature chart was taken March 8, 9 and 10, 2009 in Culiacan Mexico. Notice how the outside
black plate temperature was 15C (27F) higher than the inside air temperature.
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It is impossible to know if outside temperatures
are optimal to retract the roof… if you are
measuring temperatures inside the house.
It is also impossible to know what the plant
temperatures could be if you are measuring
only the air temperature.
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Retractable Roof Production System ( RRPS) Control Strategy TM
The RRPS control strategy is built upon the following principles:
• The outdoor environment is always the most natural and desirable environment
except when outdoor conditions are adverse
• The outdoor black plate temperature is best at predicting what the plant and
soil temperature will be if the plants are exposed to outdoor conditions
• Plant growth rates will be at their maximum until something limits photosynthesis
• When plants are outside and the black plate temperature is low below 15C ( 59F),
plant temperature is the limiting factor
• When plants are outside and the black plate temperature exceeds 33C (91F),
transpiration and water stress is the limiting factor
• When plants are under a roof covering, light levels, C02 and
transpiration are the limiting factor
To ensure optimum results, there is a specific sequence of control that must prevail:
• As the outside weather conditions change, the outside black plate temperature
will change which will in turn cause the roof and wall positions to change.
• The roof and wall position will then impact on the transpiration rate of the plants.
The losses in water due to evaporation and transpiration will determine the amount
of water that must be replaced by irrigation.
• The amount of fertilizer required is influenced by the total amount absorbed by the plants.
This implies that the person responsible for overall management of the crop must be responsible
for the control of the retractable roof and the person responsible for irrigation reacts to changes in
water loss that result from the roof position.
Since the goal of the retractable roof is to expose the plants to the natural outdoor conditions when
outdoor conditions are ideal, then the roof and walls strategy needs to close the roof when outdoor
conditions are too cold, too hot, too wet or too windy. There are actually 7 different outdoor weather
conditions that a retractable roof and walls control strategy need to be able to manage in order to
create the best possible growing environment at all times.
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Sample Control Strategy for the Retractable Roof and Walls
The following control strategy is an example of the extremes in outdoor weather conditions and
what sensors and set points will cause the roof and walls to create the best possible growing conditions.
The actual temperatures and time delays need to be adjusted based on crop requirements.
Outside Condition

Measurement

Mode

Too cold

Outside black plate
drops below 15C (59F)
for 5 minutes

Greenhouse Both the roof and walls are retracted 0% to trap
(GH)
whatever heat is available to help maintain minimum
desired plant temperatures.
The inside air temperature and humidity sensors are the
primary control sensors to manage the environment inside.
If the outside black plate temperature is 7C or less do not
operate the roof in case ice or snow is present on the roof
covering and drive system. The sidewalls can be opened
to purge humidity if required.

Outside Condition

Measurement

Mode

Reaction of the roof and walls

Open field
Windbreak
(WB)

The roof is retracted 100% to maximize direct sunlight
(particularly infrared radiation) and the walls are retracted 0%
to prevent wind chill. Plants now receive maximum
available light, C02 and are exposed to higher transpiration
rates. Ensure horizontal airflow fans and heaters
are turned off.

Optimal temperatures Outside black plate
exceeds 18C (64F) for
if plants are in the
10 minutes
sun but out of the
wind

Reaction of the roof and walls
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Outside Condition

Measurement

Mode

Reaction of the roof and walls

Optimal temperatures Outside black plate
and wind
reaches 23C (73F)
for 10 minutes

Open field
(OF)

Roof is still retracted 100% and walls are now also
retracted 100% to allow wind to help cool the plants,
increase the transpiration rate, assist in pollination and
strengthen stems.
Irrigation may need to be increased since
transpiration rates will increase.

Outside Condition

Measurement

Mode

Reaction of the roof and walls

Too hot

Outside black plate
exceeds 29C (84F)
for 20 minutes

Shadehouse
(SH)

The roof should be 10 -15% retracted and walls are still
retracted 100%. Roof will now intercept Infrared radiation
to reduce transpiration. The actual percent that the roof is
retracted will depend on the plants tolerance to the direct
sunlight coming through the opening in the roof.

Too hot and dry

Outside black plate
exceeds 31C (88F)
for 10 minutes and
relative humidity
inside is <50%

Humidity
Increase (HI)

The roof is retracted only 5 -10%, but the walls are retracted
0% to help trap humidity released by the plants. If higher
humidity levels are still desired, then a overhead fog or
misting system can be activated as required.
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Overrides
The following are environmental extremes outside that can be automatically managed by the
environmental computer.
Condition

Measurement

Mode

Reaction of the roof and walls

Impact or volume of rain
is negative

Rain sensor

Rain
Protection

Close the roof 100% when rain is sensed.
If the rain would be advantageous, the rain sensor
can automatically retract the roof to allow rain to:
•  irrigate the crops using water with a low EC
•  leach excessive salts out of the soil
•  clean spray residue and dirt off the leaves

Hail will damage crop

Barometric sensor

Hail
Protection

Rapid drop in barometric pressure causes the
roof to close 100%

Wind reduces uniformity
of overhead irrigation or
sprays

Outside black plate
Wind sensor exceeds
8 kph (5mph)

Spray
Uniformity

When overhead irrigation is activated or spraying
of crop, roof and walls are closed 90% to eliminate
wind drift

High wind damages crop

Wind sensor exceeds
16 kph (10 mph)

Crop
Protection

Close the sidewalls completely and the roof 90%
to prevent excessive transpiration and damage
to plants.

Extreme wind will
damage roof and walls

Wind Speed exceeds 160 Structure
kph (100 mph)
Protection

Low humidity inside

Outside black plate is
greater than 31C (88F)
and relative humidity
inside is below 50%

Humidity
increase

Close the walls 100%

Fire inside

Smoke sensor inside

Fire
Protection

Smoke sensor automatically retracts the roof, walls
and interior curtain system

Risk of crop
damage

Send alarm indicating temperature limits are exceeded.
Black plate inside also provides excellent history of
crop temperatures.

Inside temperature is too Black plate inside drops
cold or too hot
below 5C (41) for 10
minutes or exceeds 34C
(93F) for 25 minutes

Retract the roof and walls 100%

			
		

Growers in conventional houses are
always thinking about how to
improve the environment inside
the house.
Growers in retractable roofs are
thinking about whether the outdoor
or house environment will
create overall better growing
conditions.
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The Impact of RRPS Control Strategy on Temperatures
The following chart was taken in Culiacan Mexico April 2 and 3, 2010.
Outdoor black plate		

Inside black plate		

Inside air temperature 		

Inside soil

Outdoor soil			

Outdoor soil

70

Air Temp Inside C
60

Black Plate, Outside C
WindSpeed

50

Black Plate, Inside C

40

Soil Temp Inside C
30

Soil Temp Outside C
20

10

0:12:59

22:57:54

21:42:49

20:27:44

19:12:39

17:57:34

16:42:29

15:27:24

12:57:14
14:12:19

11:42:09

9:11:59

10:27:04

7:56:54

6:41:49

5:26:44

4:11:39

2:56:34

1:41:29

0:26:24

23:11:19

21:56:14

20:41:09

19:26:04

18:10:59

16:55:54

15:40:49

14:25:44

13:10:39

11:55:34

9:25:24

10:40:29

8:10:19

6:55:14

5:40:09

4:25:04

3:09:59

0

Key Observations
• The outside black plate was warmer than the air when the sun was shining on it, and
colder than the air at night since the roof was closed at night to maintain warmer air temperatures.
• The inside black plate provides a history of the temperatures at the plant level.
• Notice the similarity between the inside soil and inside air temperature.
• The black plate outside was warmer than the black plate inside since the roof reduced the
infrared radiation to the inside plate midday.
• Soil temperatures inside fluctuated only 13C (23F) from a low of 20C(68F) to a high of 33C
(91F), whereas soil temperatures outside fluctuated 49C (88F) from a low of 12C (54F) to a high
of 61C (142F). The outside soil temperature reached 61C (142F) whereas the outside black plate
reached only 45C (123C) since the outside black plate was exposed to the cooling effect
of the wind.
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Using the Retractable Roof to Accumulate Heat in the Day to Protect Crops from
Cold Damage at Night
Since direct sunlight heats objects faster than air, retracting the roof in the daytime allows the direct
sunlight to heat exposed plant and soil surfaces. Then when the sunlight intensity is no longer sufficient
to heat the plant and soil, the roof is then closed to trap accumulated heat. The following pictures were
taken in Culiacan Mexico after the February 3, 2011 freeze which destroyed hundreds of thousands of
hectares of crops when night time temperatures dropped to -4C for 6 hours.
The following pictures are of crops in the open field after the freeze

The following pictures where taken in the retractable roof house after the freeze.
There was no supplemental heating in the house.
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Soil, Air and Black Plate Temperatures During the February 3, 2011 Freeze
in Culiacan Mexico.
The following chart was taken from the computer which controlled the retractable roof.
Key observations during the day before the freeze and the night of the freeze:
• The soil temperature inside the house dropped 4C from 20C to 16C
• The air temperature inside dropped 18C from 18C to 0C
• The black plate temperature outside dropped 34C from 30C to - 4C
• The soil temperature outside which was exposed to the sun increased 7C from16C to 23C
during the day and dropped 9C from 23C to 14C during the night
• The black plate temperature outside on the day after the freeze reached a high of 37C which
was 15C higher than the maximum air temperature of 22C.
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The impact of the RRPSTM control strategy on humidity levels and more
importantly the transpiration rate
Unfortunately there is no easy way to measure transpiration. In spite of that, we do know that
transpiration and plant development is optimal outside when air temperatures are between 17C and 27C
(62F-85F). This is evidenced by the fact that plants outside perform the best when air temperatures
are in this range.
While we cannot measure transpiration, we can monitor the environment around the plant to determine
whether the environment is causing the plants to experience a low or high transpiration rate.
The transpiration rate is affected by:
• Infrared radiation: warms up exposed leaves faster than air temperatures.
• Relative humidity: the lower the humidity, the higher the transpiration rate.
• Wind speed: the higher the wind speed, the greater the transpiration since the
wind draws drier air over the leaf surfaces.
When transpiration is:
• Insufficient: plant growth is sluggish, nutrient deficiencies can result and
plants experience low levels of water stress.
• Optimal: nutrients are absorbed by the roots and distributed to the plant cells in the leaves,
flowers and fruit. The removal of water from the soil media also helps draw oxygen to the roots.
• Excessive: water is wasted since it is being used by the plant for cooling instead of
photosynthesis. If the transpiration is excessive for an extended period of time,
then plants will experience excessive levels of water stress.
The following graph shows the impact of the retractable roof on the growing environment and
we can interpret the impact of the environment on the transpiration rate.
Data take in Culiacan Mexico April 2 and 3, 2010.
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By observing the change in humidity, we can see that the roof :
• Was retracted 100% when the black plate temperature exceeded 16C at approximately
8:00am till 10:00am because the humidity dropped from 25% to 10%
• Closed 95% when the black plate temperature exceeded 33C from 10:00am till 19:00pm
because the humidity increased from 10% to 55%
• Retracted fully from 19:00pm till 21:00pm. because the humidity decreased from 55% to 10%
When the roof retracted at 8:00am, black plate temperature began to exceed the air temperature,
the humidity level dropped and the wind exposure increased together causing a dramatic increase
in the transpiration rate.
When the roof closed 95% at 10:00am, the humidity level inside began to increase and the plants
were no longer exposed to direct sunlight and wind causing transpiration rate to drop.
When the roof retracted 100% from 19:00pm to 21:00pm, transpiration rates increased due to the
drop in humidity levels.
92

The following chart is a representation of the transpiration rate of a plant
outside, in a conventional greenhouse and in a retractable roof.
Outside, transpiration increases rapidly in the morning reaching
a peak level midday and then drops down later in the afternoon.
In a conventional greenhouse, the transpiration rate is lower throughout
the entire day since the roof covering is intercepting the infrared radiation,
blocking the wind, and trapping humidity being lost by the plants.
In the retractable roof, the transpiration rate increases in the morning
like a plant grown outdoors since the roof is retracted when outdoor
temperatures are optimal. When the outdoor temperatures become
excessive, the roof closed 85%-90% to intercept the direct sunlight, block
the wind and trap the humidity lost by the plants to reduce the transpiration
similar to the conventional greenhouse. As soon as outdoor black plate
temperature is no longer excessive, the roof retracts in the late afternoon
to expose plants to outdoor conditions causing an increase in transpiration
similar to the outdoor grown plant.
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Temperature Alarms and History
The inside black plate is an excellent sensor to provide both a history of temperatures and to activate an
alarm if temperatures are either excessive or insufficient.
		
		

The following chart shows one day in Culiacan Mexico where we intentionally retracted the roof around
13:21pm. You will notice that the indoor black plate temperature increased from 38C (110F) to around
46C (115F) in 15 minutes due to the sun shining directly on the indoor black plate. The indoor black plate
temperature soon exceeded the outside black plate sensor since the inside black plate was not exposed
to the cooling effect of the 10 -15kph wind. Another indication that the roof was retracted during the
afternoon was that the humidity level inside dropped from 55% to 35%.
A temperature alarm should be programmed to be activated if the inside black plate temperature exceeds
38C for more than 20 minutes or drops below 5C (41F) which would indicate that the roof has not closed
to protect the plants from excessive cold or heat.
The history of temperature and humidity levels can help growers look back the growing environment to
help explain either why the plants performed well, or why they experienced a certain problem.
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The following chart shows normal operation of roof where by the roof was closed 90% from 10:10 am till
19:11pm to protect plants from excessive heat and transpiration. Notice how the humidity was relatively
constant midday at around 60% and the black plate temperate inside was relatively constant.
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The following chart shows what happens if the roof were to be retracted midday exposing plants to
excessive heat and transpiration. By looking at the black plate temperature inside we can see that the
temperature increased dramatically around 13:15 pm with it exceeding the outside black plate
temperature between 13:15 pm and 15:42 pm. Notice how the humidity dropped during that time causing
excessive transpiration stress on the plants.
The inside black plate temperature should be setup to trigger an alarm to indicate that plants are being
exposed to either excessive heat or cold.
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Chapter 8

The Beginning of a Conclusion
To my knowledge, this is the first book in the world that has been written about the design
and operation of retractable roof production systems. This book is a compilation of experiences and learnings from working for over 30 years with leading professional growers, academics, researchers and industry suppliers in the fruit, vegetable and flower industry. While
my formal training is in business and economics, those in the industry who I have worked
with have freely shared their expertise and experience. Together we tried to gain a complete
understanding of the linkage between the environment, plant physiology and the resulting plant
development. I can now say that there are very clear conclusions on the science which helps
us explain why plants grow better in a retractable roof than with no roof or a
stationary roof.
Over the last 30 years, I have also had the privilege of working with an extraordinary
team at Cravo where we have had the goal of being the world leaders in retractable roof
production systems. In this quest, we had to create structural designs, develop drive
systems and roof coverings that would excel even when exposed to the wild extremes in
weather that the world is experiencing. While our customers have told us that we have
succeeded in creating dependable and long lasting designs, we are continuing to search
for ways to improve them.
In spite of the above, retractable roofs are still at the early stages of adoption since many
growers have never been exposed to this production system or technology, particularly those
in warm or hot climates. In fact, most agricultural schools only teach open field agriculture or
conventional greenhouse production and ignore the retractable roof production system.
We are now working on creating economic models to allow for a complete financial analysis
between the various production systems. The goal is to show us and producers how
“Farms of the future” can be created using retractable roofs to produce crops more profitably
by choosing where to grow and when to plant to achieve longer production seasons growing
better quality in a more sustainable way.
A final conclusion can be written once we have a financial analysis by crop and
location from these “Farms of the future.”

I would welcome any comments or suggestions.
You can email me directly at richardv@cravo.com
Richard Vollebregt
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