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Preface

The change in greenhouse operation and technology in the last 20 years
has been unprecedented. Photoperiodic control, mist propagation, green-
house cooling, clean stock programs, CO, injection, to name a few, have
all been inaugurated as regular greenhouse practices in this time. The
introduction of new markets, new production centers, shifts in public
attitudes, and the realization that greenhouse production is not simply
growing crops, but the management of an enterprise in which people
work, have combined to make this agricultural practice a challenging and
rewarding vocation. The greenhouse grower, manager, and student who
are training for this vocation have not had an up-to-date text book for
many years. It has been our goal to bring both published and unpublished
work together in this book, and to provide a bench mark from which
we can continue to move forward.

It is not until a process of writing a text begins that one fully realizes
how far we have come—and where we need to go. It is with some sadness
that we realize that this book is not likely to remain long as an expression
of the state-of-the-art. We do not expect it to be easy reading; for new
terms, new technology, and new ways of doing things are not always easy.
We have tried to develop technical subjects in such a way as to provide a
basis to show the reason that we do some things in certain ways in green-
house practice. Weaccept the blame if we have not been able to accomplish
this objective to the satisfaction of the majority of our readers. We will
undoubtedly be accused of being too shallow in some places, and too deep
in others, and that is a cross one must bear with resignation.

American readers will find that we have attempted to use metric units
as much as possible. In some instances, limitations have forced us to use
English units so that the book may appear to be a hodge-podge of units,
none making much sense. Perhaps this problem will help speed the
adoption of the metric system in the United States greenhouse industry.
To reduce the pain to an acceptable degree, we have tried to include a
reasonably comprehensive set of conversion tables in the appendices.

When it comes to acknowledgments, we think the first to be thanked
is an industry that has supported the three of us at Colorado State
University in such a fashion that we were asked to write this book. In
particular, the Colorado Flower Growers’ Association has had a
supportive relationship with the University that is probably unmatched
in the world. Our jobs would not be here without their constant interest
and help. With their innovative leadership to set the pattern, they have
been joined in recent years by the Colorado Rose Committee and the



VI Preface

Colorado Bedding and Pot Plant Association. If nothing else, their often
cogent, and sometimes embarrassing, questions serve to keep erudite
professors’ feet on the ground.

We would also like to acknowledge the following: the assistance and
extensive use of unpublished work by Dr. John L. McKeever, Professor
of Management, Colorado State University. We have also drawn freely
from both published and unpublished work and thoughts of Dr. George
Kress, Professor of Marketing at Colorado State University. We have
long enjoyed an association with these two fine professors in mutual
projects carried on with the assistance of the Colorado Flower Growers’
Association. The latest Dutch marketing information was obtained with
the help of Jan Hilverda, Jr., Aalsmeer, Holland. Dr. David E. Hartley,
Departement of Horticulture, Colorado State University, provided most
of the photographs in Chapter 10. Dr. A. M. Kofranek, University of
California, Davis, also provided illustrative material for Chapter 10.
Dr. Marlin N. Rogers, University of Missouri, Columbia, Dr. O. C.Tay-
lor, University of California, Riverside, and Dr. H. E. Heggestad,
US.D.A., Beltsville, Maryland, provided a number of pictures for
Chapter 8.

Dr. J.J. Hesling, GCRI, England, and Dr. R. Baker, Department of
Botany and Plant Pathology, Colorado State University, provided ma-
terial for Chapter 9. Dr. Baker has contributed much—although he did
not always realize it. It was with some trepidation that we included
for the first time in a greenhouse management text a rather extensive
chapter on disease and pest control. Arne Beisland, Agricultural College,
Alnarp, Sweden, contributed with translations used in Chapter 2. Alvi
O. Voigt, Pennsylvania State University, University Park, contributed
both material and thoughts on Chapter 1.

Recognition is also given to the many individuals in the greenhouse
manufacturing and construction business including: William Gunesch,
Park Floral Company; Ray Doherty, Winandy Greenhouse Construction
Company; Douglas McDougall and Harold Gray of Lord and
Burnham Division; Donald E.McCrimmon, Nexus Corporation; CIliff
Rough, Rough Brothers Greenhouses and Secretary for the National
Greenhouse Manufacturers Association; Gary Schultz, Ikes-Braun
Glasshouses; Robert Akins, Research Assistant and Dr. Jack Cermack
of the Colorado State University Wind Engineering Program; and
Acme Engineering Company, all of whom assisted in Chapters 3 and 4.

In the process of writing, we have gone through a number of typists.
However, Judy Croissant, Department of Horticulture, Colorado State
University, started it all with her help on the first two chapters, and
Nancy Ballast and Becky Comfort, Department of Horticulture, got most
of it dumped on their desks in the last-minute struggle to finish the text.
We appreciate their competent typing, as well as the willingness of
Dr. K.M.Brink, chairman, Department of Horticulture, to allow us to
usurp secretarial time in a tight budget year. We also appreciated his
support and encouragement, and salute him as one of the best investments
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this University ever made in terms of an administrative leader.
Julia W.Hanan also contributed by undertaking the laborious process of
assisting her husband in proofreading the galleys and final page proofs.

Finally, we dedicate this effort to those people, our friends in the
industry and in the research institutions, with the help of whose efforts
we have come this far—and upon whose efforts we will continue to
move forward.

Fort Collins, January 1978 The Authors
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Chapter 1  Introduction

1.1 The Industry

Diversity characterizes the greenhouse industry. It is diverse in size, in structures,
in crops grown, in methods utilized, and in opportunities. This diversity is a
strength, but perhaps its greatest weakness. Greenhouses are a means to over-
come climatic adversity. They are, nevertheless, directly influenced by climate, by
topography, by the technological status of the civilization about them, and by
their history. As humans manage them, their appearance and operation reflect
human attributes—for better or for worse. As with any human endeavor, a green-
house cannot be considered separately from the social and political melieu in
which it is operated and managed. Historically, our training schools and profes-
sional education methods have tended to emphasize greenhouse management, the
growth and production of crops, to the exclusion of human factors and their
interrelationships. Regardless of how it may appear in this book, there are several
roads one may choose. The choices will depend upon the individual, his wants, his
desires, the opportunities available to him. Certainly a greenhouse industry, as
might conceivably be found in regions still using bullocks as prime movers
(Fig. 1-1), will not have recognizable similarities to the same industry in a civiliza-
tion capable of technology represented by Figure 1-2.

Fig.1-1. Undeveloped tech-
nologies are not likely to
support a viable greenhouse
industry. Low income level,
and lack of trained personnel
with developed technology,
prevents demand for green-
house products and ability to
fulfill any demand (Sebell,
1967)
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Fig.1-2. Modern greenhouses require
high technology as typified by this ex-
ample of a modern metropolis

1.1.1 Some General Characterizations

In spite of the diversity, there are some general conclusions that one can draw:

1. Greenhouses, as they are dealt with in this book, will usually be found in
so-called “developed” countries. Advanced technology provides a demand
through higher standards of living, and the means for satisfying a demand for
ornamentals and foods.

2. As most industrialized countries are to be found in regions where climate
prevents, or reduces, the choices of year-around production, these regions are
likely to have the largest greenhouse concentrations.

3. Historically, greenhouse development has been aided when transportation
to distant markets is prohibitive; when there is a requirement to cross jurisdic-
tional boundaries; when political considerations restrict free commodity flow;
and when the freshness and short life of the products in demand cannot be
extended to maintain desirability when shipped.

4. Greenhouse production represents the most intensive of agricultural pro-
duction methods. Structures used are costly, the required labor is high. On the
other hand, with suitable management, the return is correspondingly high. Under
certain conditions, greenhouse cultivation may be equal to highly developed,
industrial manufacturing operations.

5. Energy requirements of greenhouses are high. They are gross consumers of
energy derived from fossil fuels. Construction and operation (e.g. crops grown,
etc.) are remarkably sensitive to raw material availability.
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6. The majority of individual greenhouse operations can be considered as
small businesses.

7. The industry as a whole represents a miniscule part of total worldwide
agricultural operations—either when figured as a total of land under cultivation
or total gross return. However, on a country-by-country basis, the industry can be
a significant factor in a particular country’s internal economy.

1.1.2 Size of the Industry

Table 1-1 is an estimate of the total world area in greenhouse production. These
figures are very rough approximations as they do not include all countries such as
Australia, China, etc. The industry is in a state of flux, and it is sometimes difficult
to determine the dividing line between greenhouses and what are merely protec-

Table 1-1. Greenhouse area (ha) in the world

Country Vegetables Ornamentals Total Ref.

and fruit
Holland 4680 2850 7530 Jacobs and Meyaard (1975)
Belgium 1700 400 2100 Jacobs and Meyaard (1975)
West Germany 1200 2300 3496 Jacobs and Meyaard (1975)
United Kingdom 1620 500 2120 Jacobs and Meyaard (1975)
Channel Islands 450 50 500 Jacobs and Meyaard (1975)
Ireland 180 20 200 Jacobs and Meyaard (1975)
Scandinavia 600 900 1500 Jacobs and Meyaard (1975)
France (mostly north) 400 400 800 Jacobs and Meyaard (1975)
Bulgaria 950 50 1000 Jacobs and Meyaard (1975)
Romania ? ? +1200 Jacobs and Meyaard (1975)
Hungary 300 ? 300 Jacobs and Meyaard (1975)
Poland 600 100 700 Jacobs and Meyaard (1975)
East Germany ? ? 1200 Jacobs and Meyaard (1975)
Czechoslovakia ? ? 750 Jacobs and Meyaard (1975)
Russia ? ? 4200 Jacobs and Meyaard (1975)
France (mostly south) 500 - 500 Jacobs and Meyaard (1975)
Spain 1800 (?) — 1800 (?) Jacobs and Meyaard (1975)
Canary Islands 400 25 425 Jacobs and Meyaard (1975)
Italy 5000 700 5700 Jacobs and Meyaard (1975)
Greece and Crete 1500 — 1500 Jacobs and Meyaard (1975)
Yugoslavia 120 — 120 Jacobs and Meyaard (1975)
Algeria 300 — 300 Jacobs and Meyaard (1975)
Morocco 60 — 60 Jacobs and Meyaard (1975)
Israel 50 120 170 Jacobs and Meyaard (1975)
United States 230 1851 2081 Dalrymple (1973)
United States —— 1964 1964 Fossum (1973)
Canada ? ? 299 Dalrymple (1973)
Turkey ? ? 2000 Dalrymple (1973)
Japan 349 243 592 Dalrymple (1973)

(glass only)  (glass only)

Total 22689 10509 43143
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Fig. 1-3. Inexpensive greenhouse construction in warm climate, largely for protection from
rain

tive shelters. For example, if Japanese vegetable production in plastic tunnels
were included, at least another 10000 ha would be added. It is likely that a large
part of the acreage listed for Italy includes minimum structures, mostly for protec-
tion from rain. Similar types of minimum structures (Fig.1-3) may be found in
Israel, South and Central America, and parts of the United States. With good
transportation, crops can be exported from suitable climatic regions to what
would normally be considered a greenhouse production area. Examples are ex-
ports from Columbia, Costa Rica, Kenya, and Israel to Great Britain, West
Germany, Scandinavian countries, and the United States. The viability of north-
ern greenhouses, and the crops produced, can be directly influenced by import
restrictions, available shipping space and transportation costs.

Note in Table 1-1, that total estimated land area in greenhouse production is
less than 44000 ha. According to Krause (1976), field vegetables in Holland oc-
cupy nearly 41200 ha, compared to a total of 7530 ha for greenhouse production
of all types. This comparison is not fair as the capital investment and return per
unit area for greenhouses far exceeds that for field-grown crops. Still, greenhouses
in Holland represent a much greater factor in that country’s economy than in the
United States where the total estimated land area in greenhouses is
2081 compared with 1.4 million ha in vegetables planted for processing and fresh
market in 1970 (USDA, 1972a, b).

The preponderance of glasshouse production in vegetables in Europe reflects
the climatic disadvantages of the region for fresh vegetable production; and, at
least until after World War II, the numerous restrictions and jurisdictional
boundaries across which products had to flow. The wide climatic variations in the
United States, on the other hand, permit any vegetable to be produced outdoors
the entire year. This, with an efficient and cheap transportation system, has re-
sulted in a borderline economic situation for greenhouse vegetable production.
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Table 1-2. Per capita flower and house plant consumption
(Hylkema, 1976)

Switzerland $32.20
Germany 28.15
Holland 23.15
Sweden 19.25
United States 9.77 (from Fossum, 1973)
France 9.75
Italy 8.75
United Kingdom 4.65

Dalrymple (1973) quoted Bailey as stating in 1891 that winter tomatoes could
always find ready sale at prices of 40 to-80 cents per pound. Bailey’s price range is
generally higher than present prices for fresh tomatoes in U.S. supermarkets.
There is an indication, with the more open trade policies of the European Com-
mon Market, of a decided shift from vegetable to ornamental production. A
recent Grower magazine article (Anonymous, 1976) predicted 300 more Dutch
flower growers in 1976.

An exception to competition from better climatic areas is production of crops
where weight restrictions prevent long-distance shipping. This is the situation for
pot plant and bedding crops, and particularly in the last two years, for foliage
plants. As a rule, 800 km is about the maximum distance finished plants in soil
can be shipped, although there are exceptions. The U.S. has rigid restrictions on
plant imports with soil, so that foreign competition with potted crops is not likely
to be important.

Within the last two years in the United States, there has been an unprece-
dented boom in foliage plant production. Alvi Voigt, in March, 1976, presented
information showing a 676% increase in foliage wholesale value between 1970
and 1975. The increase between 1974 and 1975 was more than $ 73 million, with
the possibility in 1976 of foliage plants exceeding the wholesale value of all other
major ornamental crops combined—or about 53% of the market. Two reasons
for this change may be the fact that the United States is approaching Europe in
regard to conditions of urbanization and housing, and that the present generation
has become more interested in the value of plants for recreational and aesthetic
purposes. As Chapter 12 emphasizes, the opportunities for people in the industry
are outstanding.

The effect of living standard and climate on flower consumption can be noted
in Table 1-2. The countries with the highest per capita expenditure (Switzerland,
Germany, Holland, and Sweden) are noted for their reasonably stable and ex-
panding economies, as well as other attributes discussed in Chapter 12. The
United States’ ranking is relatively high, but still a very small part of personal
expenditures as indicated by Voigt (1974; see Table 1-3). Personal expenditure in
1973 for greenhouse and related products was less than one-fourth of one percent
of the total personal expenditure. The potential for an expanding market, paced
by a vigorous industry, is outstanding. It contrasts favorably with greenhouse
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Table 1-3. Personal consumption ex penditures for the United States, 1973. (From Voigt, 1974)

[tem Billions % Item Billions %
3 $

Food and tobacco 178.676 22.2 Books and maps 3.790 7.2
Clothing, acessories, jewelry ~ 81.274 10.1 Magazines, newspapers 5.028 9.6
Personal care 12315 1.5 Nondurable toys-sports 7677 147
Housing 116.367 144 Wheel goods, durable 7.019 134
Household operation 117.509 14.6 Radio-TV, records, etc 12920 247
Medical care 62.726 7.8 Radio-TV repairs 1.666 32
Personal business 45.183 5.6 Flowers, seeds, etc 1.964 38
Transportation 109.228 13.6 Admissions to amusements  2.898 55
Recreation 52280 6.5 Clubs and fraternal 1.349 2.6
Privateeducation and research 13.225 1.6 Commercial participant 2.228 43
Religious and welfare 10.843 1.3 Pari-mutual net receipts 1.325 25
Foreign travel 5.595 0.7 Other 4416 84
Total 805.221 99.9 52280 999

vegetable production, where, once food needs are satisfied, there is little likeli-
hood that significantly increased sales can be generated except with those individ-
uals having a surplus discretionary income.

1.1.3 Structures and Capital

Chapter 3 deals with greenhouse construction. It is sufficient to emphasize the
diversity that can be encountered as to size (Figs.1-4 and 1-5) and construction
materials (Figs. 1-6 through 1-9). Greenhouses have been constructed vertically,
placed on top of buildings, buried in the ground, heated with solar radiation,
propane, oil, gas, coal, etc., built of almost every material ready to the hand of
man, and used for a variety of purposes ranging from cattle production to cover-
ing swimming pools. The average size business ranges between 4000-5000 m?; or,
assuming a total capital investment, exclusive of land, for a first-class, fiberglass-
covered structure with fan-and-pad cooling and steam heat, of 5060 dollars per
m?; a total capital investment of about $ 500000-600000 per ha. There are econ-
omies of size which is one reason accounting for the steady size increase of the
individual businesses. Small hobby houses (Fig.1-4) may have a per m? cost
exceeding § 250.00.

Initial investment will vary tremendously, depending upon crops grown, avail-
ability of materials and climatic conditions. The minimum structure in Figure 1-3,
for example, will obviously cost much less than the one in Figure 1-6. Costs may
range from less than $20.00 per m? for a single polyethylene film, wooden struc-
ture in the United States to nearly $100.00 per m? for a “first-class” production
range. Economies can be achieved by using simple and cheap materials in the
superstructure, eliminating raised benches and growing directly in the ground, or
locating in a climatic area where costs for heating and cooling equipment are
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Fig. 1-4. Greenhouse production range exceeding 150000 m?, fiberglass covered in a climatic
region requiring complete heating and cooling systems

Fig. 1-5. Small, fiberglass-covered hobby greenhouse

minimum. Chapter 3 provides some percentage figures that can be used to esti-
mate costs. According to Krause (1976), 33% of the initial cost for Dutch green-
houses lies in the basic structure which, for a Venlo block, varies between $ 10 and
$ 12 per m?. Another 22% is usually required for heating, 17% for the building,
14% for equipment, 8% for land and 5% for tools and machinery. Land invest-
ment can vary, depending upon local conditions, and it is obvious that some land
values will be high enough to preclude any investment for a greenhouse structure.
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Fig.1-6. End view of a double polyethylene, air inflated, ridge-and-furrow, quonset range

Fig.1-7. Example of concrete superstructure with thin layer polyethylene for roof, sandwiched
between layers of wire mesh, in a geographical location where wood is scarce and steel costly.
Flat roof indicates that snow loads are nonexistent, and rainfall slight

To reiterate, any time a structure is raised to cover the land, investment per unit
area far outweighs investment usually found for common agricultural activities.

Once an area is enclosed so that cultivation may proceed all year, costs of
operation rise markedly. The structure reduces opportunities for large-scale
mechanization, and the variability found in the greenhouse industry has so far
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Fig.1-8. Example of galvanized steel superstructure to be covered with fiberglass. Wooden
gutters are supported on galvanized pipe posts

Fig.1-9. An esoteric greenhouse design, probably covering a swimming pool. Note that
cooling uses an evaporative cooler, forcing the air into the structure. This system is seldom
feasible on a large scale. Greenhouses may assume many shapes and styles

precluded any special mechanization designs. As a result, labor input is the high-
est production cost. Again, information on production costs is hard to obtain
since most individuals in the industry consider this proprietary information, and
because uniform accounting procedures are seldom seen (see Chap. 11). For exam-
ple, Krause (1976) provided some growing and production costs for Dutch green-
houses for various crops (Table 1-4). It is apparent that the dollar figures do not
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Table 1-4. Costs of production in the Dutch greenhouse industry. (From Krause, 1976)

Growing costs Total production
(per m?) costs (per m?)
Tomatoes (Jan to Aug) 5.64-6.02% 13.16
Cucumbers (mid Aug to Nov)
Tomatoes (mid Feb to mid Aug) 4.14-4.51 11.28
Two lettuce crops
Cucumbers (Jan to mid Jul) 6.02 13.54
Tomatoes (mid Jul to mid Nov) -
Roses 5.64 15.04
Year-around chrysanthemums 9.78 18.80
Freezias 7.82 12.03
Carnations 3.55 13.16
Anthuriums 6.58 15.84

 Figures converted from Dutch guilders to U.S. dollars; 1 guilder= 37.6 cents U.S.

include costs of depreciation, interest on borrowed money, administrative expen-
ses, etc. When some of these items are included, costs per square meter will
usually exceed $ 50.00, and, depending upon management, may approach $ 100.00
per m?. It is not unusual to find labor costs varying between individual enterprises
as much as 20-30%. Dalrymple (1973) showed estimated man-years of labor to
vary between 3.5-9.6 per ha depending upon whether double cropping was prac-
ticed and the vegetable crop produced. Krause (1976) stated that five men per ha
were required for rose production, 6.7 men for carnations, and four men per ha for
year-around chrysanthemums.

Rising fuel cost in recent years has resulted in energy requirements becoming
the second largest factor in greenhouse operation. Fuel and labor combined now
often exceed 50% of the total production costs. A typical southwestern United
States operation may have fuel costs ranging from $ 2.50 to $ 3.50 per m?, depend-
ing upon the heating season’s severity, and whether they are on natural gas. In the
northeastern U.S., a grower may expect $ 10.00 per m? on oil.

None of the tables (Tables 1-5 and 1-6) in this chapter provide estimates for
packaging, transportation, advertisement, and other selling costs. Table 1-6 does
include a figure for grading and packaging carnations, but other selling costs for
carnation producers may vary from 16 to 25%. Newcomers to the business often
fail to consider the fact that a product must be sold, and this factor often deter-
mines profitability. An anonymous survey on greenhouse vegetable production in
Colorado pointed out that small producers, selling locally, could usually maintain
a small profit. If they were forced to package and transport their product any
significant distance, however, competition of field-grown vegetables from other
areas often made the operation unprofitable. When estimating costs for a new
business, about 25% of the total estimated cost should be marketing costs, as well
as sufficient operating capital of about $1.00-1.50 per m? per week to allow for
the period between planting and when the product can be sold.
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Table 1-5. Costs of production for a mixed crop operation, 22500 m?, approximately 68%
in production. (From Bachman, 1975)

Cost per m?? Percentage
(producing area)

Labor 20.70 32.8
Supplies 792 12.5
Depreciation (building and equipment) 4.15 6.6
Utilities (fuel, water, power) 10.62 16.8
Taxes 1.47 23
Miscellaneous operating expenses 1.11 1.8

(includes rental, trash removal, travel,
telephone, etc.)

Insurance 0.31 0.5
Labor contract (75-76) 1.45 2.3
Interest on investment (9%) 6.60 104
Administrative cost 0.94 1.5
Down time (disease loss, etc.) 4.89 7.8
5% profit 301 48
Total 63.17 100.1

2 Per m? of producing area per year.

Table 1-6. Estimated costs of production for a carnation producer of about 13000 m?2, 60% in
production

Cost per m? Percentage
Labor 25.04 335
Supplies (includes fertilizers, pesticides, plants, etc.) 7.84 10.5
Depreciation (includes building and equipment) 9.74 13.0
Utilities (includes fuel, power, and water) 946 12.6
Miscellaneous operating expense (includes rental, 1.16 1.6
travel, telephone, etc.)
Insurance 1.34 1.8
Interest 7.71 10.3
Administrative costs 0.66 0.9
Grading 7.44 9.9
5% profit 3.56 48
Total 7395 98.9

It is apparent that greenhouse production is a fuel intensive, labor intensive,
and capital intensive enterprise. This does not prevent young people from eventu-
ally operating their own business growing plants. It does mean that good judge-
ment and hard work will be required—together with some realistic, pragmatic
decisions based upon the best information obtainable.
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1.1.4 Questions to be Answered
in Starting a Greenhouse Business

The upsurge in interest in starting, operating, or working in a greenhouse has
been phenomenal. As with any goal, an individual must be able to formulate the
questions to be answered in fulfilling a goal, and then obtain the answers. As with
computers, a poor question only receives a poor answer, and could provide a
worse solution than no question at all. As a summary to the text, and to provide a
general review of the factors affecting greenhouse management, we list a few
questions that one may ask before investing:

1. What is the marketing area in relationship to the crops grown? To whom is
the product to be sold and what is the general standard of living of the consum-
ers? What marketing systems are available? What will be the transportation
costs? Who will be your competitors? What are possible costs for packaging and
advertisement? How is the market likely to fluctuate with changing conditions?
Chapter 12 provides information and an indication of the opportunities that may
be available.

2. What are the climatic conditions—temperatures, available solar radiation,
rainfall, humidity, wind velocities, and prevailing wind directions? Are there
problems from local meteorological effects? From pollution? Chapters 2 and 4
provide additional information, and the answers to these questions will directly
influence the type of structure and its initial costs (Chap. 3). The answers will also
provide you with an indication of cultural procedures you may have to employ
and limits to production.

3. What is the fuel and power availability? Can you use gas? Will you have to
use oil? If coal is available, what restrictions on its use may increase initial
investment and operating costs? Will you have to pay additional fees to bring
energy supply to the greenhouse? Again, Chapter 4 provides some answers to
these questions.

4. What is the water availability, and what is its quality? A good water source
of high quality is cheap (Chap.5). A poor water supply will limit growth, and may
require additional investment for purification. Are there restrictions on well drill-
ing, or on the size of the tap for domestic water?

5. What kind of soil is available? What are its drainage characteristics? Does
it have a high water table (Chap.4)? Is it shallow? Can you grow directly in the
ground? Can you use it for your potting mixture? Does it have high fertility?

6. How much land do you need? How is its value likely to fluctuate? Is it in
an area likely to urbanize? Is it likely to be surrounded by polluting industries?

7. Where are you going to obtain capital? What are your sources and how
much will it cost you?

8. What are your managerial capabilities? Do you like people, and can you
get them to work for you? Have you realistically assessed yourself? Chapter 11
discusses management and economics.

It may be that other questions have to be faced, or that some listed here will
not be important. However, we feel that they cover the most important aspects of
running a greenhouse, and every greenhouse operator will eventually be faced
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with a demand for information to answer the majority of them. It is not the
purpose of this text to answer any of them completely, for the answers change
with each condition and each individual. Our purpose is to provide a starting
point.

1.2 Challenges to the Industry

The greenhouse industry is undergoing a rapid change. It is in a time of flux where
problems of inflation, competition from new producing areas, fuel scarcities, and
changes in social mores make it difficult to determine one’s best alternative. We
are at a period of time where the challenges have never been greater, and the
opportunities for those willing to risk answering those challenges have never been
more rewarding,

Barring unforeseen disaster, we can expect that the industry will be as vigor-
ous as those who are its practitioners. The fact that costs will probably continue
to increase, places higher demand on requirements for excellent management,
with perhaps a touch of witchery for improving good choices. For the first time in
recorded history, the world is seeing the limits of its resources. The shift in values
and thought patterns could be shattering as we seek new energy sources to heat
our greenhouses, or shift to more favorable regions for production. The impor-
tance of ornamental production to fulfill human cultural and aesthetic needs in an
increasingly urbanized world, both to supply products and to provide a desirable
working environment, will be the basis for its permanence. It is not prophetic to
state that greenhouses 10 years from now will be considerably different from those
we describe in this text.

It is probable that greenhouses will always be more diverse than other indus-
tries, and will, therefore, provide a greater range of opportunities for people to
satisfy their personal needs. However, if we assume that labor costs continue to
increase, then pressures for mechanization will continue to increase. Diversity in
this instance becomes a curse, as engineering costs for design cannot be recovered
when every establishment requires a different machine. There will be increased
pressure to standardize greenhouse construction, and greater emphasis on crops
capable of being mechanized. The machine and the crop must be developed
simultaneously, making use of all controls and regulators (see Chap.9) that will
enhance mechanization. As with mechanization of other industries, capital costs
will increase and labor will decrease. Whether the industry will be able to meet
these two demands (lowered energy consumption and labor requirements) will
depend upon its willingness to support activities toward these ends, to innovate,
and to apply the innovations.

Another important challenge to the industry is innovation in marketing. We
are seeing radical changes (Chap. 12) in methods. Unfortunately, there is no coor-
dinated effort to promote new methods of marketing, but rather, the individuality
of industry’s practitioners, has permitted it to respond to changes that are occur-
ring willy-nilly and not as the result of a concerted effort. If the industry desires to
see prices increase, and, therefore, restrict itself to a highly limited market selling
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to those with a large discretionary income, then there is little hope that ornamen-
tals will obtain a significant part of what discretionary income there may be.
Flowers and plants must be made available to everybody, they must be priced in a
range which the majority—in a possible time of income restriction—can afford,
and they must be of a quality that competes favorably with other products. The
pressure for greater production from an equal area at the same cost will not be
less than it has been in the past. If the industry does not do this, then someone else
will supply it to the detriment of an outstanding product, and to the misfortune of
those of us who like to grow plants for their appearance as contrasted to plant
production for meeting human physiological needs. To paraphrase Dickens: “It is
the worst of times. It is the best of times. ...”
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Chapter 2  Light

Greenhouses are converters of solar radiation. Their ability to do this efficiently
depends upon location, structure, and arrangement. Greenhouses overcome cli-
matic disadvantages so that solar energy can be put to economic use. A knowl-
edge of basic principles is helpful in manipulating greenhouses and plant growth.

2.1 Principles

2.1.1 The Spectrum

The solar energy used by plants comprises a small part of the total spectrum
shown in Figure 2-1. Regardless of whether radiation happens to be cosmic rays
or a long radio wave, one may describe it and determine its behavior according to
well-known principles. Radiation may be thought of as a series of waves, each
wave containing a given amount of energy, depending upon its location in the
spectrum. The radiation “quality”, or its location in the spectrum may be de-
scribed by measuring the number of waves passing through a point in one second
(frequency), by counting the number of waves in a given distance (wave number),
or by determining the length of the wave between two identical points (wave-
length) (Fig.2-2)—wavelength being the term applied in horticulture. A length of
500 nm denotes radiation that is seen by the human eye as green light (Fig.2-1).

2.1.2 Energy

If wavelength is known, the amount of energy in a wavelength—or “packet”—can
be calculated. A packet (quantum) of radiation with a length of 500 nm contains
4.0 x 10~ 12 ergs, or 57 kcal per mole. As wavelength decreases, energy per quan-
tum increases, accounting for the penetration of X-rays, or the damage from
nuclear radiation. It is this “quantum” energy that operates photosynthesis in
green plants to produce food.

However, the energy absorbed by a plant may include several wavelengths,
including visible energy (light), all streaming in on the plant at rates too high to
measure individually. It is easier to use devices that measure all wavelengths at
the same time. In practice, we often use the term “light”, and describe the amount
in “lux”, “foot-candles” or “lumens”. Technically, these terms refer to radiation as
seen by the human eye. Plants do not respond to “light”, they respond to “radia-
tion” which may be at wavelengths that humans cannot “see” (Fig.2-3). Most light
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Fig.2-1. Electromagnetic spectrum, showing position of visible radiation in respect to other
parts of spectrum. (Adapted from Withrow and Withrow, 1956)

measuring instruments are adjusted to respond to radiation as we “see” it—not as
plants “see” it. Radiation units will be “calories”, “watts”, “ergs”, “Joules” or
“Langleys”. There is nothing wrong with using “light” terms as long as there is the
realization of the difference. Watts and lux cannot be converted from one to the
other unless conditions are carefully defined. Conversion factors and units are
provided in the appendices, together with some definitions of important terminol-
ogy.

2.2 Solar Energy

Sunlight is the primary radiation source. The amount received at sea level, on a
flat surface is shown in Figure 2-4. The sensitivity of the average human eye is
superimposed on the same graph. More than half of all solar radiation is at
wavelengths longer than 700 nm, with a peak around 1000 nm. Much solar energy
cannot be seen, but has an important effect on plant behavior. Wavelengths
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Fig. 2-3. Comparison of spectral response of plant processes with sensitivity of the human
eye. (From Campbell et al., 1969)

shorter than 230 nm are filtered out by the atmosphere, and the peaks and valleys
are caused by absorption of solar radiation by water vapor and CO, in the air.
The amount of energy actually reaching the earth’s surface may be drastically
modified by absorption, reflection, movement of the earth, topography, or clouds
or dust. The earth’s rotation alone accounts for much variation (Fig.2-5), and
local climate will further modify what is actually received. Quality and quantity of
radiation is further modified by the greenhouse cover and superstructure.
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2.2.1 Variation

As the result of the earth’s spin and movement, solar radiation varies in a constant
manner over the earth’s surface (Fig.2-5). This may be modified further by local
climatic conditions. At latitudes much greater than 40° solar energy becomes the
limiting factor in plant growth during winter. Other environmental factors must
be adjusted accordingly for maximum growth.

While radiation generally decreases toward the earth’s poles, there are varia-
tions due to prevailing winds, altitude, mountain ranges, or the presence of large
water bodies. As an example, areas such as the Southwestern United States,
regions of South America, Australia, and portions of Africa may be described as
arid or semiarid with many days of clear sky. Provided there is sufficient water,
adequate soil and temperature, these regions are highly productive. Hanan (1968)
suggested that the number of clear days, or the total hours of sunshine, is a major
factor when a location is evaluated for greenhouse use. For example, Figure 2-6
shows the average number of hours of sunshine for winter and summer in the
United States.

Supplemental radiation from high intensity lights probably shows most bene-
fit when the region has less than about 4.5 h of daily winter sunshine.

2.2.2 Daylength

A second important variation is the length of the light and dark periods. Depend-
ing upon latitude, daylength varies in a more uniform manner with season than
does solar intensity (Fig.2-7). Near the equator, the seasonal variation may be
slight enough to neglect. At higher latitudes, however, the grower must adjust his
cultural procedures if he happens to be flowering certain species outside their
normal period.

2.2.3 Other Factors Affecting Solar Energy

A grower must take into account the local variations that can result from air
pollution, man-made structures, and local topographic features. Figure 2-8 shows
what might happen during winter around generating plants. Smog formation may
reduce total radiation by as much as 30% (Schuck et al., 1970) in densely popu-
lated regions. Local climate may have cloud formation at certain periods of the
day, or nearby structures or local land formations may shade the greenhouse in
early morning or late evening hours. In low-lying regions, early morning periods
can have frequent fog. Greenhouse location requires careful thought and close
application to local meteorological records whenever possible. There may be a
trade-off between disadvantages of low solar energy and the fact that the site has
good soil, is close to the market, or simply is all that can be afforded.
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Fig.2-6. Average number of hours of sunshine per day during winter and summer for U.S.
(Adapted from USDA Yearbook, Climate and Man, 1941)
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Fig.2-8. Cloud formation during cold periods from an electrical generating plant. Plant
growth in greenhouses under shadow will be directly affected
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2.3 Supplemental Irradiation

Common usage refers to “lighting” plants in greenhouses with high intensity
fixtures as “supplementary illumination”. In this chapter, we have converted en-
ergy units to watts throughout so that comparisons between sunlight and artifi-
cial light can be more easily compared.

2.3.1 Requirements

Solar radiation costs the grower nothing. Depending upon geographic location,
however, there can be periods when natural radiant energy is deficient. The lower
the radiant energy external to the greenhouse, the less efficient the greenhouse
may be in transmitting usable energy. While a single leaf is light saturated at
relatively low intensities (86—-108 Wm ™~ 2), full saturation of the entire crop may
not be reached before approximately 500 Wm ™2

In Colorado, the average daily solar radiation during December is about
2300 W-h m~2 (Hanan, 1967), for an average of 161-333 W-h m~2 per hour.
Canham et al. (1969), however, state that total daily radiation for Lea Valley,
England, for three months of the year, to be below 350 W-h m~2, and can fall as
low as 87, or 11-44 W-h m~2 per hour. This is less than a third of the radiation
expected for Colorado. Below 174 W-h m~2 per day, Canham et al. (1969) ob-
served chrysanthemum flower initiation to be delayed. But, uniform flower initia-
tion could be obtained if the light level during the first two weeks of short days
was raised to 348 W-h m~2 per day. This could be obtained by supplementing
natural daylight with artificial, equivalent to 75600 lux-h (7026 ft-c-h) or 6300 lux
(21.1 W m~? h™ ) at plant height for 12 h each day. This required 400 W mercury
fluorescent lamps 1.1 m above a 0.9 m wide bed, spaced on 1.0 m centers.

At Lansing, Michigan, average daily radiant levels are about 872 W-hm ™2 in
December (Crabb, 1950), or approximately 109 W-h m~? average per hour for
8 h. Carpenter (1974a, b) was able to achieve 162 W m~™2 on sunny days by
lighting with 136 W m~2. At supplemental intensities of 67.8 W m~2, he was able
to reach levels of 133 W m™~ 2. The highest intensities did not achieve a commen-
surate gain in rose growth.

According to the calculations of Good et al. (1974), supplemental lighting of
about 43.2 W-hm™2 for 18 h daily will provide a positive benefit, but 28.8 W-h
m ™2 for 24 h daily will provide a higher return (Table 2-5). The amount of electri-
cal energy that will be converted to useful work will vary with the source. For
example, at a constant illumination of 10760 lux, absolute energy delivered can
vary between 45.7 and 30.6 W m ™2 (Table 2-1).

Norton (1972) showed that lamps such as the high intensity sodium types
provide significant savings although they are more expensive to install (Tables 2-2
and 2-4). However, Tables 2-1-2-4 show that the usable energy from various
sources varies for an equal illumination level. We suggest that when the total daily
radiation drops below 100 W-h m ™2, supplemental illumination may be useful. At
500 ppm CO,, Aikin (1974) showed that individual leaf photosynthesis reached a
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Table 2-1. Factors for converting foot-candle readings into absolute units (W m~2) for
common light sources (1 ft-c=10.76 lux)

Light source Wm™?ftc!
300-800 nm 400-700 nm wm™?
(after Berneir, (after Gaastra, 1000 ft-c
1962) 1959) (10760 lux)
Incandescent — 0.0457 45.7
Incandescent (500 W) 0.0754 — 754
Fluorescent lamps
White 0.0306 — 30.6
Warm white 0.0290 0.0303 30.3
De-Lux warm white — 0.0342 342
Cool white 0.0328 0.0338 338
De-Lux cool white — 0.0368 36.8
Daylight — 0.0371 37.1
Gro-Lux 0.0966 — 96.6
Mercury (JH1-color imp) 0.0360 — 36.0
Sunlight —_— 0.0432 432

Table 2-2. Comparison of lamps for supplementary irra-
diation (Norton, 1972)

Efficiency Average
(lumens per W) life (h)

Incandescent 12-26 1000-3000
800 ma fluorescent 52-84 12000

1500 ma fluorescent 51-74 9000
Mercury (clear) 50-60 24000 +
Phosphor mercury 50-60 24000 +
Self-ballasted mercury 30 12000-14000
Metal halide 80-90 8000-10 500
High pressure sodium 117 15000

Table 2-3. Energy output of selected lamps (Campbell et al., 1969)

Lamp Input Output

Lamp Total 400-500nm 500-600 nm  600-700 nm Total
(w) (w) (w) (w) (w) (w)

Incandescent 100 100 0.8 2.2 39 6.9

Fluorescent CW 40 50 2.7 4.5 1.9 9.2
(40 w)

Fluorescent CW 215 235 13.5 22.5 9.5 46.0
(1500 ma)

Fluorescent CW 315 335 14.3 24.7 13.4 52.9
(1500+ 100 w)

Mercury phosphor 400 425 11.6 28.4 18.3 58.4

Metal halide 400 425 26.2 50.3 12.1 88.7

High pressure sodium 400 425 103 55.3 39.6 105
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Table 2-4. Norton's (1972) comparison of potential plant growth lighting equipment.
[llumination of 10 m? (100 ft?) at 500 ft-c (5380 lux) from November through March. Data
assume a 6-year depreciation. Costs based on new material, purchased in quantity and
installed professionally in 1972

High Metal Deluxe VHO
pressure  halide  white fluorescent
sodium mercury 2 lamps
$ S $ h)
Annual energy cost | cent per lumen 8.53 8.37 8.01 8.37
Efficiency, maintained lumens 25024 14271 10015 9344
Cost of one fixture 149.93 92.28 66.98 33.00
Relative cost per 1 m?, 12 h per day 9.10 11.90 12.80 13.00
Relative cost per 1 m?, 24 h per day 11.20 14.60 17.00 18.10
Fixtures required per 10 m? per 500 ft-c 2 35 4.9 54
Total initial cost 224.18 149.07 11595 82.22
Total annual cost, fixtures 16.25 23.78 25.90 34.24

maximum near 34000 lux—or about 138 W m~ 2. The economics must be judged
for each geographic area. One can assume that the higher the natural radiation
level, the higher must be the supplement in order to achieve significant results.

2.3.2 Illumination Sources

Incandescent sources are seldom utilized for supplemental illumination. They are
much too inefficient (Table 2-2). As noted in Figure 2-9, the output for incandes-
cent sources steadily increase from about 350 nm, with most of the energy in the
thermal wavelengths. Conversion of electricity to visible radiation is generally less
than 5-7%.

Among the commonly used lamps are fluorescents and high intensity, mercury
arc-discharge lamps which include the newer metal-halide and high pressure
sodium lamps. Visible output varies with the particular type, with highest effi-
ciency and wattage for the high pressure sodium. The latter has most of its energy
concentrated in the red, whereas the metal halide types have a more evenly
balanced spectral distribution between blue and red wavelengths (Table 2-3).
Figures 2-10 and 2-11 show various spectral distributions for different fluores-
cents and the high pressure xenon. There is confusion due to the various trade
names for each manufacturer’s lamp, and the fact that manufacturers will publi-
cize the most outstanding features of their particular product. To compare var-
ious lamps, they should be rated in lumens per watt (efficacy) and absolute energy
between 400 and 700 nm. It may be desirable to use a source with lower output if
installation expense is less, the complexity reduced and reliability improved.

Installations may cost the equivalent of new greenhouses. However, the ad-
vantage could result from better timing for the market. The grower is able to
finish the crop at the proper time, whereas more production area may mean
greater surplus production at the wrong time.
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with various illunination sources (General Electric)

Table 2-5. Estimated benefits, costs and profitability for four alternative high intensity
discharge lamp irradiation systems in production of 10000 rose plants (Good et al., 1974)

12912 lux 12912 lux 8608 lux 8608 lux
1200 ft-c 1200 ft-c 800 ft-c 800 ft-c
18h 9h 18h 24 h
$ $ A $
Increased revenue
25 cents per bloom 37500 15000 20000 30000
30 cents per bloom 45000 18000 24000 36000
Decreased costs due
to fuel savings 2550 1275 1683 2244
Total benefits
25 cents per bloom 40050 16275 21683 32244
30 cents per bloom 47550 19275 25683 38244
Increased costs
Fixed
Depreciation 15292 13579 10522 10522
Interest 7263 7263 5107 5107
Variable
Water 250 100 140 200
Fertilizer 1500 600 840 1200
Electricity 11400 5400 7800 9000
Labor ($ 2.00/h) 4000 1600 2240 3200
Total costs 39705 28542 26649 29229
Net change
25 cents per bloom + 345 —12267 —4966 +3015
30 cents per bloom +7845 — 9267 — 966 +9015
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Fig.2-10A-D. Spectral energy distribution curves for various fluorescent lamps. (A) Green
fluorescent lamp; (B) blue fluorescent lamp; (C) daylight fluorescent lamp; (D) red fluorescent
lamp. (After Kleschnin, 1960)

2.3.3 Installation

Installations are as varied as lamp types. Fluorescents can be provided in various
lengths as standard 40 W, high output, and very high output. These are often
located in banks of two or more directly above the bench. The lamp fixture is
likely to increase shading. An example of a metal halide installation is shown in
Figure 2-12, and supplements radiation above several benches. A few commercial
installations have tried a traveling lamp, moving at a constant speed from one end
of the bench to the other (Smith et al., 1974).

The grower may be constrained by electrical availability. With aircondition-
ing, maximum generating loads have shifted to the summer months, so that
electrical companies can have a surplus capacity which they will sell at reduced
rates. These problems can be important in deciding type of lamp and installation.

2.4 Effect of Radiation on Growth

The effect of radiation can be conveniently divided into three parts: (1) effect on
flowering; (2) effect on photosynthesis; and (3) effect on plant temperature and
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Fig.2-13. Energy exchange
by a whole green plant with
its surroundings. (From
Gates, 1962)

water loss. Photosynthesis and water loss are usually considered as being influ-
enced by high light intensity. Flowering, however, can be determined by illumina-
tion levels less than 10.8 lux (1 ft-c or about 0.5-1 W m™2).

2.4.1 Relationship to the Environment

Plants are closely coupled to their environment. Despite the many and useful
tools that are available for us to use, the plant itself remains the best environmen-
tal indicator for the observant grower. Figure 2-13 shows how energy may be
gained or lost by a single plant. If the greenhouse roof is cold, thermal energy will
leave the plant with the effect of lowering the plant’s temperature. If the evapora-
tive pad is off in a dry climate, and the exhaust fans bring in dry air, water loss can
increase with more solar energy being used to evaporate water. The plant temper-
ature will be a summation of all incoming and outgoing energy exchanges. With
these many options, we can appreciate why a particular plant reaction might be
different from expected.

Greenhouse crops can be examined on different levels of sophistication. A
microbiologist examines single cells, the physiologist observes certain reactions of
a leaf, an anatomist may examine a particular organ, or a housewife may water a
single plant. Much practical research has resulted from these studies, but they



Photosynthesis and Growth 29

I0F single leaf

relative rate

O I L L I L i 1 L 1

3 g6 EE x10% lux

2 6 10 14 ft—
i llumination

Fig.2-14. Relative rate of gross photosynthesis as a function of illumination for a single leaf
and for whole plants with Leaf Area Indices (LAI) of 1, 5 and 9. LAI is the ratio between total
leaf area and the ground surface area. Values in ft-c are thousands. (After Davidson and
Philip, 1958) (1000 ft-c = 43.2 W m~ 2, approximately, using conversion factor obtained for
sunlight by Gaastra, 1959; see Table 2-1)

often fail to explain the reactions of thousands of plants. The grower deals with
populations, and his level of complexity is much higher. An acre of plants growing
close together requires more light, more water, more CO,, etc., and the crop
response is often different than that of a single, isolated specimen. An example of
the difference between single leaves and one or more plants growing closely
together is to measure the change in photosynthesis with light as leaf area in-
creases (Fig.2-14). For a single leaf, photosynthesis increases rapidly with increas-
ing light and reaches a maximum at a relatively low light intensity. As the thick-
ness of the foliage increases, however, higher light intensities are required to
achieve equal photosynthesis.

The most important item a grower must always keep in mind is that a single
process like photosynthesis is influenced by several environmental factors. Use of
all available solar energy may not be obtained because some other factor such as
CO, level, water stress or nutrient deficiency may impose limits. It is the objective
of a good grower to provide all factors in proper proportions so that his objec-
tives (quality, yield, adaptation) are reached. In some cases, supply or “arrange-
ment” of various environmental factors may be limited as a matter of economics.
A common example is the use of salty irrigation water, which, while it reduces
growth, is feasible, as better water would be prohibitively expensive.

2.4.2 Effect of High Intensity Radiation

24.2.1 Photosynthesis and Growth

Single leaves are light saturated at fairly low energy levels (Fig.2-14). As intensity
decreases, the conversion of light in photosynthesis becomes more efficient. Gaas-
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tra (1959) (Fig.2-15) found that efficiencies approaching 20% can be achieved at
levels ranging from one-tenth to two-tenths of full sunlight. In full sunlight, with
enriched CO,, efficiencies of 4% are common (Bonner, 1962). In the field, 2.0—
3.5% has been achieved with rice and wheat. An average value for efficiency is
about 2%.

Not all plants are equally efficient. Conversion of water and CO, follows
different pathways, depending upon the species. Plants such as corn, sugarcane,
chrysanthemum are called “C,” plants as contrasted to “C,;” species such as
Kalanchoe, Sedum and most succulents. C, plants are able to utilize light energy
more efficiently. C; plants usually have higher respiration, and may actually
release CO, in the light. The ability of C, plants to outproduce C, plants has led
to efforts to breed the C, pathway into C; species (Loomis et al., 1971).
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If food manufacture by plants becomes less efficient as light intensity increas-
es, then why is yield usually higher with maximum sunlight (Fig.2-16)? Higher
light, as mentioned earlier, is required in order to bring all leaves in a bench to
their maximum rate. There is competition between leaves in a dense canopy
(Loomis et al., 1971). Upper leaves may be light saturated, but lower leaves will be
shaded to different degrees. Quality of the radiation may be different inside the
canopy. As the sun moves across the sky, different parts of the greenhouse bench
will be irradiated at different times of the day, and the time when this occurs is
often important. If it is assumed that no other factors are limiting, growth rates of
the crop will usually be highest with maximum sunlight. Sunlight is the single
most important factor limiting greenhouse production.

Not all species tolerate full sunlight. African violet, orchids, and many foliage
plants will be damaged by full sunlight. It is sometimes desirable to reduce energy
for purposes of improving quality or adaptation to conditions experienced in the
consumer’s hands. Figure 2-17 shows a typical example for photosynthesis in
tolerant and intolerant species. Very many ornamental greenhouse plants show
similar variations in response to radiant energy.

Light requirements vary with species, stage of growth and previous history. If
two identical plants are placed in different environments for a period, and then
both returned to the same condition for each, they will not respond the same. The
problem of adaptation to the previous environments is indicated by Figure 2-18,
which compares photosynthetic rates of different plants when their leaves have
been preconditioned to different light levels. Plants preconditioned to high light
will perform better under the same conditions. The same applies to plants condi-
tioned to low energy levels. These responses may be expected if the environmental
factor is a different watering treatment, fertilizer treatment or CO, concentration.
Previous history, then, becomes very important when a problem is being diag-
nosed, and is very important with foliage plants that will be subjected to adverse
conditions of dry atmosphere and low light in a home (Vlohos and Boodley,
1974).
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2.4.2.2 Plant Temperature and Water Loss

Since less than 5% of the total sunlight is employed in producing growth, the
remaining energy must somehow be eliminated. There are several ways:
(1) reflection; (2) transmission; (3) convection; (4) thermal reradiation as plant
temperature rises; and (5) evaporation. The principal method is to change water
in the plant to a gas which passes out through the stomates. Depending upon the
circumstances, 70-90% of available sunlight is utilized by evaporating water. The
importance is emphasized when, for some reason, the stomates close, preventing
evaporation, and plant temperature rises (Fig.2-19). As water is usually freely
available in greenhouse culture, the rate of water loss will commonly have a direct
relationship to the amount of sunlight. Water loss will follow a curve closely
related to a curve for solar energy (Fig.2-20). If the soil dries out, or if the root
system is damaged, or if demand for water exceeds supply, the plant wilts. In any
case, plant temperature rises. Mecklenberg et al. (1972) found temperatures on
artificial turf could exceed surface temperatures on living grass by more than
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60° F (33° C) under bright sunshine on football fields. The extremes could be
reduced by heavy watering. Greenhouses with few plants, or an incomplete crop
cover, are likely to be several degrees hotter even with maximum ventilation.

Most plants absorb radiation between wavelengths of 300-700 nm (Fig.2-3),
and again at wavelengths longer than 2000 nm. In the region where sunlight is
most intense (Fig.2-4), reflectance and transmission by green plants increases. By
this adaptation, the problem of too much energy can be avoided. A good example
of color’s effect on temperature was shown by Hanan (1965) for red and white
carnation flowers (Fig.2-21). Under the same conditions, the greater energy ab-
sorption of red flowers will result in higher flower than air temperatures in full
sunlight. White flowers will reflect more of the sunlight, and their temperatures
will often be lower than the surrounding air temperature.
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Fig.2-21. Surface temperature of red and white carnation flowers in glass-covered greenhouse
in December at Fort Collins, Colorado. No air movement. (After Hanan, 1965)

2.4.3 Low Intensity Radiation

2.4.3.1 Effect on Flowering

Growth control by changing the length of the dark and light periods is an impor-
tant aspect of greenhouse culture. Beginning with the original research by Garner
and Allard (1920), the opportunities for “photoperiodic” control have continu-
ously expanded. Several examples of the effect of day and night length on flower-
ing are shown in Figure 2-22. Photoperiodic response, however, is not restricted
to flowering, but can include bulbing, tuber formation, elongation, leaf abscission,
dormancy, bud break, seed germination and sex expression.

A condensed listing of plants sensitive to daylength is provided in Table 2-6.
The response can be affected by temperature, and by other factors such as nutri-
tion and sunlight. There are distinct varietal differences. That is, some varieties of
a genus listed as normally sensitive to short days, may respond to different day-
lengths, change classification, or fail to react. Chemical growth regulators are

Fig.2-22 A-H. Several examples of photoperiodic effects on plants. (A) Aster, left: short days; »
right: elongation and eventual flowering under long days. (B) Petunia, lefi: long days; right:
compact growth under short days. (C)Snapdragon, left: short days; right: long days.
(D) Chrysanthemum, left: short days; right: long days. (E) Kalanchoe, left: long days; right:
flowering under short days. (F) Ageratum, left: long days; right: short days. (G) Poinsettia,
left: short days; right: long days. (H) Park oats, left: long days; right : short days
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Fig. 2-22A-H
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Table 2-6. Photoperiodic classification of plants. Condensed from Bickford and Dunn (1972)

Day-neutral

Short-day

Long-day

Cucumis sativus — cucumber

Fragaria chiloensis —
Everbearing strawberry®

Gardenia jasminoides —
Cape jasmine

Gomphrena globosa —
Globe-amaranth

Llex aquifolium —
English holly

Phaseolus vulgaris —
Stringbean®

Zea mays — corn®

Allium cepa — onion

Lathyrus odoratus —
sweet pea®

Pisum sativum — garden pea®

Pelargonium hortorum —
fish geranium?®

Viola tricolor — pansy*

Fuchsia hybrida — fuchsia®

Capsicum fructescens —
pepper®

Lycopersicum esculentum —
tomato®

Apium graveolens — celery®

Erysimum sp. — wallflower®

Hydrangea macrophylla —
hydrangea®

a,b

Allium cepa — onion®

Chrysanthemum morifolium —

chrysanthemum?®
Glycine soja — soybean?®
Chrysanthemum hortorum —
chrysanthemum®
Cannabis sativa — hemp
Cosmos bipinnatus — cosmos
Curcurbita sp. — squash
Senecio cruentus — cineraria

Solanum tuberosum — potato®

Zinnia sp.

Lactuca sativa — lettuce®

Chenopodium rubrum —
pigweed®

Ipomoea batatas — sweet potato

Kalanchoe blossfeldiana —
kalanchoe

Fragaria chiloensis —
strawberry®

Xanthium pennsylvanicum —
cocklebur

Callistephus chinensis —
China aster?
Brassica rapa — turnip
Antirrhinum majus —
snapdragon®
Petunia hybrida — petunia®
Poa pratensis — bluegrass®
Cichorium endivia—endive®
Dianthus barbatus —
sweet william?®
Dianthus caryophyllus —
carnation®
Iberis intermedia —
candy tuft®
Camellia japonica —
camellia®
Avena sativa — oat
Hibiscus syriacus — althea
Anethum graveolens — dill
Phlox paniculata — phlox?®
Oenothera parviflora
biennis — evening
primrose®
Delphinium cultorum —
larkspur®
Rudbeckia bicolor —
coneflower®
Beta vulgaris —
garden beet®
Matthiola incana — stock
Digitalis purpurea —
foxglove?

2 May be affected by temperature.

® May fit other categories, depending upon species or variety.

sometimes used to modify a plant response that usually requires a specific photo-
period. Some species have a “quantitative” response. That is, a given daylength is
not an absolute requirement. Examples are carnation, cosmos, snapdragon and
petunia. Other species are “qualitative” in that short or long days are an absolute
requirement, such as kalanchoe, cocklebur, chrysanthemum and poinsettia. Still
others require alternating periods of different light and dark. Bellflower ( Campan-
ula) flowers only when short days are followed by long days. Chrysanthemum
and poinsettia will initiate flowers on short days, but if development is to contin-
ue, the days must be still shorter. Asters require long days for elongation; there-
after, the photoperiod is immaterial, but flowering will not occur before elonga-
tion.

Some care is required to distinguish between a true photoperiodic response,
and a response due to the fact that a short day also reduces total photosynthesis.
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Reduced growth may result simply from the fact that there is less time to manu-
facture food. Another problem, particularly in early research, was a high tempera-
ture effect from incandescent lighting under black cloth which gives an apparent
response to lighting.

Species may have a temperature requirement that must be met before or after
the photoperiodic requirement is fulfilled. Or, photoperiodism may be bypassed
by subjecting the plant to a particular temperature regime. Sweet William, eve-
ning primrose, foxglove and beet require low temperature (vernalization) followed
by daylength control in order to flower. According to Salisbury (1963), poinsettia
is a short-day plant at high temperature, but a long-day responder at low temper-
atures. With some species of chrysanthemum and strawberry, the requirement
changes with temperature.

2.4.3.2 Basic Process

The connection between plant environment that triggers the photoperiodic re-
sponse is a pigment-containing system in the green tissue of plants. Figure 2-23
shows a simplified scheme of the reaction of the pigment, phytochrome, which
responds to environment in one of three ways: (1) the wavelength of light irradiat-
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ing the green tissue; (2) the length of the dark period; and (3), the temperature at
which the dark conversion takes place.

Phytochrome can be in one of two configurations, P,;, or P,, the numbers
referring to the wavelengths for which the configurations are most sensitive (Fig.
2-24). If green tissue is irradiated with light having a wavelength of 660 nm (near
red), the phytochrome molecule will be shifted to P,;,. P;5, can be shifted to
P40 by using a source with its greatest intensity at 730 nm (far red). With P,,,,
flowering in short-day plants will be prevented, or promoted in long-day plants.
The reverse occurs with Pg.,. In darkness, P,;, changes to P.¢,. The variation
that can be expected with sensitive species is suggested in Figure 2-25.

In practice, the grower lengthens the dark period to induce flowering in chry-
santhemums and kalanchoes under natural long days, and shortens the dark
period in the winter to prevent flowering. It is the length of the dark period that
determines response.

2.5 Daylength Control

Under natural conditions, the length of day and night varies over the earth’s
surface, according to season and latitude (Fig.2-7). The change is fairly precise,
although sometimes modified by local conditions of fog or persistant cloudiness.
The latitude and species will determine whether shortening or lengthening of the
dark period is required. If chrysanthemums are grown at latitudes less than 38°,
artificial darkness will not be required as they will initiate and develop flowers
regardless of season. To prevent flowering, nighttime is shortened by lighting with
incandescent. Daylight duration can be obtained from Table 2-7, and with the
requirements of the species in mind (Table 2-8), the decision can be made whether
to lengthen or shorten the dark period.
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2.5.1 Lengthening the Dark Period

The most common method is to cover the crop with an opaque material that
reduces light intensity below 22 lux (2 ft-c). The methods are numerous, depend-
ing upon area to be covered, bench arrangement and greenhouse construction
(Fig.2-26). The most common material, a black, sateen cloth, is pulled over the
plants between 1600 and 1830, and removed between 0700 and 0900. The times
may vary, depending upon the local conditions. Black cloth is expensive; for
example, if two raised benches, 120 ft (40 m) long, are to be shaded, a cloth about
20 x 135 ft (7 x 45 m) would be required. At 1970 prices, the cost for cloth would
amount to over $200.00. A cheaper substitute is 4-6 mil black plastic. The cost
would be less than $ 50.00.

Black cloth is permeable to water vapor, however, reducing the possibility
that moisture may condense on the vegetation. Whatever the shading material,
there is danger of excessive heat under the shade if pulled on clear summer days.
Late pulling can be practiced, fans can be used to pull air under the cloth, and
special provisions are sometimes necessary to dry out the plants to prevent con-
densation. Labor requirements for pulling shade cloth over large areas can be
expensive, and mechanical methods are usually preferred.

Fig. 2-26. Example of black cloth shading across a greenhouse. Fans pull air under the cloth
to prevent excessive temperatures
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The amount of light allowed under the cloth depends upon the species. Poin-
settias are sensitive to intensities less than 10lux (1 ft-c), and turning on the
greenhouse lights at night to check temperatures, or outside street lights, have
been known to delay flowering. Tears, leaks between cloth junctions, and worn
spots on the cloth should be avoided. Occasional 24-h skips in shading are not
disastrous, but the crop can be delayed. It is not good to skip over the weekends.

2.5.2 Shortening the Dark Period

Incandescent lights to break the dark period into short cycles are most common
(Figs.2-27 and 2-28). Lights are installed above the benches. According to Ball
(1974), one 60-W bulb every 4 ft (1.2 m), 60 ins (1.5 m) above the soil is sufficient
for a single 4 ft (1.2 m) bed. For two beds, a single row of 100-W bulbs every 6 ft
(1.9 m); or for three beds, a 150-W bulb every 1.9 m, is adequate. For a 20 ft house
(6 m), a single row of 300-W reflector bulbs (Fig.2-28) every 10ft (3 m) will be
sufficient. Low intensity lighting of this type requires about 16 watts per m?
(1.5'W per ft?). A minimum of 22 lux (2 ft-c) is required, although 54 lux (5 ft-c) at
plant height is preferred.

Commonly, the night is broken into two short periods by lighting for 4 h
between 2200 and 0200 h. The length of the darkness should be shorter than 7 h.
Assuming 2 h per night for two benches, having above them 21 100-W light bulbs,
the power consumption would be 4.2 kW-h. At 3 cents per kW-h, the cost would
be about 13 cents per day to light the benches. The cost can be reduced by two-
thirds by breaking the night into a series of shorter periods, or “cyclic” lighting.
As noted in Figure 2-25, a series of short lighting periods will affect photoperiodic

Fig.2-27. Lighting installation in Florida to prevent flowering
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Fig.2-28. 200-W bulb with internal reflector commercially employed for photoperiodic con-
trol

Fig.2-29. Traveling fluorescent lamps to provide photoperiodic control on chrysanthemums.
System operates similarly to cyclic lighting, as each plant is irradiated for a short period as
contrasted to continuous irradiation in middle of night. System must ensure sufficiently high
intensity, and lights must travel from one end of house to the other to provide proper
frequency
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Table 2-9. Carrying capacity of wire and distance from supply to load. (See Appendix for
conversion to metric). (Abridged from USA and USAF, Electricians Manual, 1957)

Load Minimum wire ~ Wire size (AWG)?

(A) size Distance one way from supply to load (ft)
(AWG)?
50 100 150 200 250 300 350 400
120 V, single phase
15 14 14 10 8 6 6 4 4 4
25 12 10 8 6 4 4 2 2 2
35 12 8 6 4 2 2 1 1 0
45 10 8 4 2 2 1 0 0 2/0
55 8 6 4 2 1 0 2/0 2/0 3/0
65 8 6 4 2 0 2/0 2/0 3/0 4/0
75 6 6 2 1 0 2/0 3/0 4/0 4/0
85 6 4 2 1 2/0 3/0 3/0 4/0
95 6 4 2 0 2/0 3/0 4/0
220V, three phase
15 14 14 14 12 10 8 8 8 6
25 12 12 10 8 8 6 6 6 4
35 12 12 10 8 6 6 4 4 4
45 10 10 8 6 6 4 4 2 2
55 8 8 8 6 4 4 2 2 2
65 8 8 6 4 4 2 2 2 1
75 6 6 6 4 2 2 2 1 0
85 6 6 6 4 2 2 1 0 0
95 6 6 6 4 2 1 1 0 2/0
125 4 4 4 2 1 0 2/0 2/0 3/0

* AWG=American wire gage, B&S. A gage of 1=289 mils=0.289 inches=7.3 mm.
1 mil=0.001 inch=0.025 mm. As gage increases, wire diameter decreases.

response similarly to one long lighting cycle. The result is to reduce the total time
power will be required. However, the system complicates controls. As worked out
by Cathey et al. (19614, b), the area to be lit is divided into five sections so that
each receives 6 min of light every 30 min (20% of the time). There is an intensity
versus time relationship so that if the time of actual lighting is reduced, the
intensity of that light must be increased. At the level suggested, 110 lux (10 ft-c) is
necessary. The lighting can be reduced to 3s every minute for 4h on some
chrysanthemums species, but intensity should be increased to 220 lux (20 ft-c).
Response often varies between varieties, so that the grower should always test
response to cyclic lighting on a small scale before full conversion.

There are other systems that have been employed as shown in Figure 2-29.
While the cost in bulbs and wiring is reduced, there is an increased investment in
the mechanical system to move the fluorescent lamps down the greenhouse aisles.

High voltage bulbs are usually cheaper for wiring installations as wire size
decreases with increasing voltage (Table 2-9). Operating an incandescent above or
below its rated voltage will change its lifetime as well as its light output. A 120-V
lamp operated at 125V will produce 16% more light, but its life span will be
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180 400 Fig.2-30. Diagrammatic
relationship between vol-
tage, amperage, and wat-
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Fig. 2-31. Two types of photometric sensors. Left: “Lambda meter”, evaluates in lux and is
cosine corrected. Sensors are interchangeable to measure photosynthetically active radiation
in “Einsteins” or total radiation in gm-cal cm~2. Right: “Illuminometer”, with output in
foot-candles, noncosine corrected, but color-corrected for human eye sensitivity. Latter
usable only for direct radiation, perpendicular to receiving surface, and is most common
.type employed in the U.S.

reduced by 38%. The same lamp at 115V will produce 13% less light, consume
6% less power, and last 62% longer (Fig.2-30). To avoid duplicating heavy wir-
ing, or increasing the load factor (which may determine base electrical cost),
growers sometimes utilize exhaust fan capacity for the lighting system.
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Fig.2-32. Two types of radiometric
sensors for measuring radiation be-
tween 3 and 3000 nm, together with
an inexpensive recording device for
measuring output from the silicon
cell (left). The glass-covered sensor
(right) is an Eppley pyranometer,
standard U.S. Weather Bureau radi-
ometer for measuring short-wave so-
lar radiation

2.6 Measurement of Radiation

Light measurement may be difficult or easy, depending upon accuracy required
and how the measurement is made. Very few sensors respond equally well to all
wavelengths. Costs for measuring devices may range from a few dollars to several
thousand. But, some simple device pays dividends to the grower in terms of safety
and information: A photometric device will ensure that the lighting system is
adequate to prevent delayed and nonuniform flowering. Other devices will permit
the grower to monitor radiation through the greenhouse cover, allowing timely
practices to be started before sunlight is drastically reduced due to dirt or weath-
ering. Continuous measurements will allow him to program watering frequency,
improve crop timing, and set temperatures in accordance with available sunlight.

2.6.1 Photometric Sensors

Photometric sensors are devices that measure energy in the visible spectrum. They
may be fitted with filters so the sensor responds similarly to the human eye. Two
examples are provided in Figure 2-31. Even camera light meters can be used if
their limitations are understood. Simple homemade systems can be put together
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with little cost. Units are in foot-candles, lux or lumens. Much of the radiation in
sunlight or artificial source may be excluded by photometric devices and so
considerable caution needs to be used in converting units.

2.6.2 Radiometric Sensors

These devices are employed to measure radiant energy over the entire spectrum in
some absolute unit as watts, ergs, calories or langleys. Figure 2-32 shows two
types, the Eppley being rather expensive and is the U.S. Weather Bureau’s stan-
dard apparatus for measuring solar radiation between wavelengths of 300-3000 nm.
The silicon cell, if suitably calibrated for sunlight, can give reasonable information
for an approximate cost of about $ 250.00.
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Chapter 3  Greenhouse Construction

3.1 Historical

Historians do not document the exact inception of growing plants under cover,
but Lemmon (1962) recorded the writings of Plato, who, in the 4th Century BC,
indicated in his Phaedon that plants were grown under protection.

Lemmon also noted that Sir Joseph Banks mentioned the forcing of dessert
fruit in Roman times under thin sheets of mica called “Muscovy glass” (lapis
specularis ). No elaborate structures were used; in most instances plant materials
were grown in pits and covered with sheets of mica. Heat was obtained from
decomposing manures and hot air flues.

One of the first references of glass use was in 1385 in the Bois de Duc in
France, where they grew flowers in glass pavilions facing south (Lemmon, 1962).
Taft (1926) included information on the glass house constructed in Apothecaries
Garden, Chelsea, England, which had tall side walls of glass, but an opaque roof.
It was not until approximately 1700 that glass roofs were constructed and for the
next 100 years, few improvements were made. Greenhouse construction started in
the United States following the Civil War. Census reports show that there was
only one commercial greenhouse prior to 1800; three before 1820, 178 in 1860, in
1890, 4659 facilities covering 38823247 ft?, and in 1910 there were 105 million ft?
(Wright, 1917). Fossum (1973) extracted data from the 1970 census and recorded
6487 establishments representing 213939000 ft? in floriculture production in the
United States.

One of the first greenhouse builders in the United States was Frederic A. Lord,
who constructed his houses, in Buffalo, New York, in 1855. In 1870, Mr. Lord
moved to Irvington, New York, and in 1872 entered into partnership with
W.A.Burnham under the name of Lord and Burnham. The Lord and Burnham
company was incorporated in 1883 (Taft, 1926).

In 1888 the firms of Hutchings and T.W.Weathered and Sons, both of New
York City,added construction departments to their greenhouse heating businesses.
A great deal of competition was displayed among all of the greenhouse companies
until the 1900s. Around that era Lord and Burnham Company merged with some
of the competitors and also expanded into Canada. Greenhouse construction
flourished until the prosperity level diminished during the late 1920s.

Many greenhouse manufacturers contributed to the industry in the early
1900s. The Foley Greenhouse Manufacturing Company constructed several in-
stitutional facilities and supplied parts for commercial houses across the nation.
The A.Dietsch Company was instrumental in helping to develop the greenhouse
vegetable programs in the eastern United States with their greenhouses and con-
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struction crews. Both the Foley and Dietsch companies closed their doors in the
mid 1950s. The John C. Moninger Company (Moninger, 1913) supplied complete
greenhouses throughout North America. Their catalog, a hardback book, con-
tained more than 350 pages of parts, prices and designs. The American Green-
house Manufacturing Company was very active in the east and was identified by
the use of a scissor-type truss in their houses. After standing for more than
50 years, some of these structures collapsed in the snow storm of 1975. There was
some type of merger with American and Moninger, but American started failing
around 1929. Two men, Mike Winandy, construction superintendent, and
P.L.McKee, sales manager, both with the John C. Moninger Company decided to
build their own businesses. Mr. McKee transformed the staggering American
Greenhouse Company into the now active National Greenhouse Manufacturing
Company and Mike Winandy started the Winandy Greenhouse Construction
Company, which is still active.

In 1914 the Ickes-Braun Mill Company was actively engaged in making sash
for cold frames. Within four to five years they were manufacturing pipe green-
house structures and attaching their sash products as part of the covering. In the
early thirties the Schultz family became involved with the greenhouse portion of
the business. Since that time the name has changed to Ickes-Braun Greenhouses
and more recently Ickes-Braun Glasshouses.

The Metropolitan Greenhouse Manufacturing Company was very active until
shortly after World War II when it closed its doors. During WW II several green-
house companies turned their interests to manufacturing items for our national
endeavors. The Burnham Corporation turned to constructing floating bridges,
hand grenades, aircraft carrier decks and other supplies (Our 100 Years, 1956).
Since WW II few greenhouse manufacturing companies have emerged. In 1946
Rough Brothers started supplying parts and constructing facilities in the east. The
Nexus Corporation began operations in 1967 and has been constructing in the
Central and Northwest United States. Double A Truss Manufacturing Company
has been active on the West Coast.

The main commercial greenhouse manufacturers in the United States are:

Lord and Burnham Div. Ickes-Braun Glasshouses Div.
Burnham Corporation Roper Corporation
Irvington, New York 10533 P. O. Box 147
Deerfield, Illinois 60015
National Greenhouse Company Rough Brothers, Inc.
P. O. Box 100 P. O. Box 16010
Pana, Illinois 62557 Cincinnati, Ohio 45217
Nexus Corporation Double A Truss Manufacturing Company
2250 19th Street 320 Wetmore

Denver, Colorado 80202 Manteca, California 95336
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3.2 Planning a Greenhouse

It is assumed the greenhouse operator has already evaluated the market potential
that would be related to a new greenhouse business or expansion of present
facilities. In either case, it is important that plans for all phases of greenhouse
construction be developed and a tentative budget formulated. Such a procedure is
part of good management. The plans will be required by the local building au-
thority and complete plans, budget and projected income solicited by all potential
financial lending agencies.

3.2.1 Basic Considerations

3.2.1.1 Location

“The location of a range of glass for commercial purposes, where the elements of
expense and profit are to have first consideration, is of great importance.” These
words by Liberty Hyde Bailey (1900) are just as important today as they were
then. Bailey went on to point out that the desirability of a location is also based
on the adaptability and value of the land, cost of fuel delivered, ample and
inexpensive water and the proximity to market.

3.2.1.2 Utilities

One of the major considerations for a greenhouse complex is utilities. Comprom-
ises in marketing potential and geographical location may have to be considered
when utilities, especially fuel, are sought. The energy crisis of the 1970s curtailed
greenhouse construction and prudent planning will be required to meet the utility
needs of the operator in the future.

3.2.1.3 Climate

Another factor involved in location planning is weather conditions. What is the
yearly available solar energy? How much moisture falls, summer and winter?
What are the maximum and minimum temperatures and their duration? What
are the hail and wind belts? Is air pollution a potential problem? Information on
all of the foregoing questions allows the greenhouse operator to determine the
degree to which he can maintain near optimum environmental conditions for
plant growth. In some areas of the world, the availability of light is paramount
(Lawrence, 1963; Smith, 1967), but where solar energy is abundant, other climato-
logical factors take precedence. Information on climatic conditions can be ob-
tained from government Climatological Reports, local weather stations and, if
one has enough interest, much can be learned through communications with
some of the “old-timers” in a community.



54 Greenhouse Construction

GROWING
A GROWING AREA (HOUSE) B AREA
«—FUTURE
) O O Y EXPANSION
SUPPORT
O e BUILDING
=) support LOCATION
BUILDING

‘\_/ l \\,/

VEHICLE ACCESS VEHICLE ACCESS

Fig.3-1A and B. Concepts for designing a greenhouse complex (Ross and Aldrich, 1976).
(A) Individual houses and direct house shipping. (B) Large enclosed area and central shipping

3.2.1.4 Topography

Another important consideration is the topography and soil type of the proposed
building site. A building site of uniform grade, with a slight slope is most desir-
able. If ground beds are to be considered using the existing soil, little or no
grading should be accomplished unless there is assurance the remaining soil will
be reasonably consistent in texture, structure and depth. Water drainage in the
subsoil horizons is also very important. Many greenhouses have been built on
land where poor drainage exists and there are continuous nutrient, disease, and
water problems.

3.2.1.5 Basic Layout

One of the merits of being able to build a new greenhouse facility is the opportu-
nity to provide adequate growing, work, shipping, and storage space. Not all
greenhouse complexes need the same type of facilities, but all need to be planned
and laid out so expansion can occur easily and material handling systems em-
ployed.

The impact of the bedding plant business in the United States has contributed
more to the planning of industry related facilities, than all the recommendations
from extension personnel or professors for the past 50 years. Growers switching
from other floricultural crops to bedding plants have found they need to modify
their present facilities to meet the needs of handling a different crop.

A diagram, Figure 3-1, developed by Ross and Aldrich (1976) presents a gen-
eral concept that is adaptable to any type of greenhouse operation.
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