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FORWARD 

The 1996 Conference and thus these proceedings reflect our desire to address the continuing 
expansion of hydroponic growing activity worldwide. Greater numbers of people are employing 
home and garden units and research and commercial growing are expanding. There has been a 
proliferation of new hydroponic units and a corresponding growth in the number of hydroponic 
stores. We have worked hard to provide you with a proceedings of high quality in content as well 
as appearance. 

In it's search for subjects for the Conference, the Program Committee decided the time had 
arrived to present two subjects not previously considered for an annual conference. Since many of 
the members are on-line on the Internet, the Committee decided that an explanation of the Society's 
web page and a discussion on the workings of the Internet were in order. The subject of 
hydroponic growing using only organic nutrients has been debated for years. The time to extend 
that discussion is at hand and it will be presented by growers using this method. 

Presentations on hydroponic growing and equipment in Europe and the Middle East in the 
program will fmther expand our knowledge. Similarly, papers on growing plants with fish water 
and a new sulphur light with potential horticultural applications will provide more information. 

The task of planning, organizing and managing a conference and trade show is a 
monumental one. This conference was especially difficult since it is our first one extending through 
two full days. In addition, there were fewer volunteers available to help with the preparation than in 
past years. It is appropriate here to acknowledge the effort and dedication of the people who spent 
15 months performing all the jobs required to present a conference of exceptional variety and 
quality. Mrs. Patty Bates, not only did most of the detail work in preparation for the Conference 
and directed the registration function, but also worked every day to accomplish the day-to-day 
operations that kept the Society functioning. 

Otmar Silberstein, Chairman of the Education Committee, is responsible for the Teacher's 
Workshop and the Student Exhibits. Functioning as the Executive Director, he is also responsible 
for much of the direction of the Society. Maynard Bates has published The Soilless Grower and 
these Proceedings and is active in the management of the Society. 

The program is primarily the work of K. (Wiggy) Wignarajah, based on his knowledge of 
scientists and research workers around the world. Several other people contributed to the 
Conference by giving selflessly of their time and energy: Dorothy Morgan arranged the Tours, 
Carol Spoelstra conducts the Educators Workshop, and Richard Hall leads the Hobby Growers 
Workshop. Bob Edberg moderates the Suppliers Workshop and worked at the Society office. 
Larry Raynak is the Exhibits Coordinator and Karen McDougall is in charge of Registration. 

The energy and excitement which our conference always generates is directly due to the 
effort of our volunteers and the interaction between the speakers and members who attend. We 
hope you will enjoy and benefit from our conference. 

Joseph F. O'Brien 
President 
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USE OF HYDROPONICS IN TEACHING COLLEGE LEVEL 
SCIENCES 

ABSTRACT 

Dan Burns 
Northwest Indian College, 
Bellingham, Washington 

Over the past 3 years Northwest Indian College has been involved in a joint research project 

with NASA through their JOVE research program. This project has become an important part of the 

students educational experience. Investigating nitrate uptake using lettuce in a recirculating 

hydroponic system has involved students in experimental design, system design and construction, 

problem solving, chemistry, biology and math as well as research skills such as data collection and 

analysis. Suggested system designs and implementation will be di&cussed. 

INTRODUCTION 
Northwest Indian College (NWIC) has been involved in a joint research project with 

researchers in the Controlled Ecological Life Support Systems (CELSS) Division at NASA Ames 

Research Center in California for the past three years. This project, funded by the NASA JOVE 

(Joint Venture with Education) program, has provided NWIC students with valuable research 

experience. Northwest Indian College is one of 31 Tribal Colleges in the United States and Canada. 

Our students are predominately Native Americans from the Northwest Tribes, however many have 

come to Bellingham, Washington from locations throughout the Continental United States, Alaska 

and Canada. NWIC is an accredited two-year college offering an AAS transfer degree and AS 

degrees in Biology, Environmental Technology, Fisheries Enhancement, and Natural Resources 

Management. 

THE RESEARCH PROJECT 
Water quality management and water treatment continue to be of paramount importance in 

Indian Country. Recent trends towards tribal self-government and changes in jurisdiction over both 

adjacent and on-reservation waters have created a strong need for Native American biologists and 

hydrologists. A recent survey of the Northwest Tribes indicated that most of these professional 

positions are filled by non-Indians. 

Northwest Indian College, having grown out of the Lummi School of Aquaculture, has 

always offered courses in marine and freshwater biology and management. Since these issues 

concerning water quality have become more important in recent years, a research project was 

initiated which would emphasize the skills and knowledge related to water quality analysis and 

treatment. The CELSS Division of NASA has been involved in the development of controlled 

microcosms (primarily plants) that could support space flight crews on future space missions. 
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Plants are thought to hold great promise in the areas of oxygen production, carbon dioxide uptake, 

food production as well as waste water treatment. 

The NWIC/NASA project has centered on the role of plants in the treatment of waste water, 

specifically, the nitrate removal from such waste streams. Lettuce was chosen as the test species 

because of its rapid growth and the amount of baseline data available. The project looked at the 

effect of three nutrient solutions with various nitrogen concentrations (56 mg/L, 98 mg/L and 140 

mg!L) on plant biomass production and nitrogen reduction in waste water. 

THE HYDROPONIC SYSTEM 

Plants were grown simultaneously in three separate recirculating hydroponic systems under 

a common lighting system (fig. 1). The seedlings were carefully folded into wicking strips (25 em 

x 2.5 em) made from cotton batten material which had been previously boiled to remove any 

contaminants. These wicking strips were then placed into slit form plugs (3 em x 2 em) which had 

also been previously boiled, and inserted into six equally spaced holes on PVC sheeting (39 em x 

52 em). The PVC plant platforms were then placed OJ} modified restaurant bus tubs containing the 

circulating nutrient solutions. Weather-stripping was glued to the rim of the tubs, and the platforms 

clamped to the tubs to minimize algal growth, leakage and evaporation. minimal Each tub contained 

an intake manifold, which sat on the bottom of the tub, and an outflow stand pipe. The intake 

manifold was constructed of 112" PVC pipe, formed into a rectangle (21 em x 35 em), and had 

small holes drilled into the pipe to allow for an even distribution of nutrient solution to all plant roots 

(fig. 2). The stand pipe was 8 em tall and allowed for the tub to fill to a level that would not contact 

the form plugs. A tubular plastic screen was placed around the outflow to prevent plugging by 

roots. Both the manifold and stand pipe were removable to facilitate cleaning of the tubs. 

The three circulating hydroponic systems consisted of two tubs. The six tubs were placed in 

a 2 x 3 matrix under a common light source. The nutrient solution from both tubs in a system 

drained through flexible 2" PVC pipes with threaded fittings into a common 75 liter (18.2 gallon) 

reservoir tank, painted black to reduce algal growth. The nutrient solution returning to the reservoir 

tank entered above the water level, cascaded into the tank and thereby increased the dissolved 

oxygen concentrations. Nutrient solution was pumped out of the reservoir tank using a "Little 

Giant" 0.1 hp pump. Solution passed through a mesh filter to remove any plant fragments before 

entering the pump. All inflow pipes were constructed of flexible 112" PVC pipe, also with threaded 

fittings. The flexible piping and threaded fittings allowed the researchers to connect any tub to each 

of the three nutrient reservoir tanks. 

Ball valves placed on inflow and drain pipes below each tub allowed for the flow to be 

stopped, so the tub could be left unused, or removed for maintenance and cleaning. Additional ball 

valves and by-pass lines were installed on the inflow line so all or part of the flow to the tubs could 

be directed back to the reservoir tank. One or both of these valves were used to adjust flow rates 

since the pump speed was not variable. Flow rates were maintained at approximately 23 liters I 

minute. Ball valves and union fittings were also installed near each reservoir tank, filter and pump 
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so each could be easily removed for maintenance and cleaning, without completely draining the 

system. 

During plant growth, the pH of the nutrient solution would increase if not controlled. Each 

reservoir tank contained a pH probe attached to a pH monitor/controller. These operated metering 

pumps which would inject acid into the reservoir tank, maintaining a pH between 5.5 and 5.8. 

Initially a system was installed to automatically top-up the reservoir, compensating for evaporation, 

however it was discovered that the water loss was during the 19 day grow-out period. 

Consequently, that system was dismantled. 

Two 430 watt "Sun-Agro" high pressure sodium lights were used for a light source. These 

lights were rotated using a "Sun-Circle" rotating mechanism to reduce the variability in total light 

input for each plant. Photoperiods were controlled using timers. Silver mylar sheets (64 em x 125 

em) were placed on two sides of the plant growth area to increase light levels. In order to reduce the 

heat within the growth area, a water shield was suspended between the lights and the plants. This 

shield consisted of a very shallow each Plexiglas tank (106 em x 135 em x 8 em) provided with an 

inflow manifold on one end and drain tube at the other end. Water flowed through the shield and 

was not reused. During the summer months, it was also necessary to operate an air conditioner in 

the research lab to insure platform temperatures would not exceed 23 °C. 

The seed germination system was made from a 90 em length of PVC roof gutter, with the 

ends sealed. A PVC platfmm (95 em x 12 em) had a slit sawed through the middle. The trough 

was filled with diluted nutrient solution and the platform placed on top. A length of cotton I 

polyester fabric was taped to the platform, looped down through the slit into the nutrient solution 

and back through the slit, where it was taped to the platform on the other side. The seeds were 

placed in the fold of the fabric approximately 1 em apart and allowed to germinate in the moist 

environment (fig. 3). 

The cost for equipment and materials for one system (2 tubs, 1 reservoir tank, 1 pump, pH 

probe, monitor and controller, and 1 light) is between $900- $1,500 depending on type of pH 

control system installed. The cost for three systems under a common light source ( 6 tubs, 3 

reservoir tanks, 3 pumps, 2 lights, 1 sun-circle) is between $2,300 - $4,000. Other equipment 

which may be required include a deionized water system, pH meter, light meter, dissolved oxygen 

meter, conductivity meter, analytical balance and assorted volumetric glassware. 

EXPERIMENTAL PROCEDURES 
Seedlings were placed into the grow-out system 7 days after planting (DAP). The plants 

were grown on a photoperiod of 16 hours of light and 8 hours of dark for 19 days. Light levels 

were between 100 and 250 micromols/second/square meter and platform temperatures were 

maintained between 18-23 °C. One hundred liters of nutrient solution, with adjusted nitrogen 

levels, was used. At 26 DAP, the plants were removed from the system. The roots and shoots of 

each plant were dried separately at 65° C for 5 days and then weighed to determine biomass 

production. Water samples were taken from each system at 7,15 and 19 DAP. Nitrate analysis of 

3 
Proceedings of 17th Conference 

Hydroponics Society of America, 



each solution was by cadmium reduction using an autoanalyzer. Between each experimental trial the 

system was flushed with a bleach solution followed by a deionized water rinse, a hydrochloric acid 

solution flush and a final deionized water rinse. 

ORGANIZATION OF THE PROJECT TEAM 
The research project was designed in order to give the participating students experience in a 

multitude of areas, including: experimental design, system design, construction, testing, problem 

solving, data collection/organization, data analysis, as well as developing skills in plant care and 

literature research. Students were paid through the NASA JOVE grant to work up to five hours per 

week. 

The faculty and students initially worked closely with NASA Ames researchers on the 

system and experimental design, communicating via the internet. The student research team was 

made up of four students, each concentrating on a certain aspect of the project. Individual students 

specialized in either nutrient solution preparation/water quality analysis, plant germination and care, 

system construction/maintenance, or computer monitoring/control. Each student was also involved 

in the daily monitoring of water quality and environmental parameters. Bi-weekly, the research 

team rnet to share information, problem solve and discuss plans for the coming weeks. Each 

month, all of the students were involved in harvesting of the plants which took approximately three 

hours to complete. The students were also involved in nitrate analysis of the nutrient solutions, 

which were carried out using an autoanalyzer at Huxley College of Environmental Studies (Western 

Washington University). 

CONCLUSIONS 
Students who participated were given valuable research experience. Being involved in a 

research project gave them the opportunity to apply some of the knowledge gained in their basic 

biology chemistry, computer and mathematics courses to solve real research problems. Students 

learned to be meticulous in their record keeping and documentation and have acquired an 

appreciation of the time and effort required to conduct research. Skills gained in water quality 

analysis, nutrient solution preparation, instrument calibration, statistical analysis, creative problem 

solving and internet communication will be valuable to them whether they continue their studies at a 

four-year institution or begin working in a technical position for the tribes, government or private 

industry. 
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HYDROPONICS -A CRITICAL TECHNOLOGY IN CONTROLLED 
ECOLOGICAL LIFE SUPPORT SYSTEMS (CELSS) 

Dr. Maynard Bates, Greg Schlick, Dr. David L Bubenheim, 
Mike Flynn, Dr. K. Wignarajah, Dr. Mark Patterson, Catherine 

Greene and Dave Wilson 

NASA -Ames Research Center, Moffett Field, CA 

Ol'igin and Concept of CELSS 

In 1978, NASA's division of Life Sciences initiated the Controlled Ecological Life Suppmt 

System (CELSS) program with the objective of developing the technology for extended long

duration space flights with no resupply. Plants were assigned a central role in this program and 

were assigned three major functions (A verner and MacElroy, R.D, 1981). 

• Revitalization of air human habitation by using consuming the C02 produced by astronauts and 

producing 02 

• 
• 

Producing potable water in the form of transpired water 

Producing a regular supply of food for human consumption 

An additional function that has not received significant consideration is the potential for removal 

and bio-remediation of atmospheric pollutants, soil and aqueous toxicants (detoxifiers). 

Table I - Aqueous wastes generated in a lunar/mars colony. 

Process/ Activity Volume Of Water Available Resources 
Liters/person/day 

Carbon!Microbiai!Inorganic/water 

Shower/Hand wash 5.5 low/moderate/low/high 
Laundty water 12.5 moderate/low/low/high 
Dish washer 5.4 moderate/low/moderate/high 
Urine 1.6 moderate/low/high/moderate 
Urinal flush water 0.5 low/low/low/high 
Humidity condensate 0.5 low/low/low/high 
Perspiration/respiration 2.0 low/low/moderate/high 

The production of plants necessitated the use of resources that were already available on 

board the space-crafts and these were the solid and aqueous wastes produced by the astronauts. 
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Table 1 shows the potential sources of water available from wastes produced in a future lunar or 

mars habitat. Water constitutes 80-85% of the mass of the total wastes on a lunar colony. 

Why Hydroponics ? 

The critical need for development and refinement of hydroponic technology is self

explanatory. 

• Water is the largest resource likely to be consumed by astronauts in space ecosystems (Space 

Station, Lunar/Mars colony) 

• It is a resource that is not available in these ecosystems and must be imported from Earth. 

• As a large resource used by astronauts, it also becomes the largest waste product and the water 

needs to be recycled. Plants and their associated microorganisms are excellent candidates for this 

task. 

Assuming a 4 man crew, 112 liters of contaminated water per day is generated crop 

production using hydroponic systems is of high priority and an important technology. Admittedly, 

the quality of the source of water would not be high grade being a waste product of human 

activities, but it is likely to contain many of the inorganic nutrients important for crop production. 

Thus, development of hydroponic systems to use these waste water streams for producing food 

crops is a critical technology for NASA's regenerative life support system. 

As far back as 1699, Woodward demonstrated that crops cannot be grown with water alone, 

that a number of nutrients are required and we are all aware of the requirements of inorganic 

elements in the preparation of hydroponic solutions, whether it be from "hydrosol" or some other 

commercial supply. Unfortunately, there are no commercial fertilizer suppliers on the moon or at the 

International Space Station and it would cost close to $ 22,000/ Kg payload (Moses, 1989), thus 

there is also a need to discover these resources from within the wastes. 

HYDROPONIC TECHNOLOGY R & D AT ARC 

The hydroponic technology R & D at Ames Research Center can be broken up into a number 

of sub-disciplines and sub-tasks. 

Chemical Aspects 

• Assessment of chemical aspects of the waste streams - solids and liquids 

• Processing of the wastes to make element available as plant nutrients. 

• Processing of wastes to supplement C02 (food source) of the plant 

•· Assessment of human C02 wastes and making it available for plants 

Plant nutritional research 

• Feed-on-demand of plant nutrient and water supply 

Engineering Aspects 

• Development of sensors/analysers e.g. on-line ion analyzers, 

• Control systems and automation 
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Plant bioprocessor research 

• Use of plants in bioremediation processes 

CHEMICAL ASPECTS 

Plant growth is a well defined process where the input resources are inorganic elements 

which are converted by complex processes within the plant to yield organic molecules of value to 

humans, using a biochemical machinery of enzymes. In this respect, plants can be viewed as 

chemical processors or more appropriately as biochemical processors. The inorganic chemicals 

are transformed to carbohydrates, oils (fats and lipids), proteins, vitamins etc. These organic 

molecules contain the bulk of the carbon, hydrogen, oxygen, nitrogen and sulphur, acquired by the 

crops. 

Despite the fact that plant growth involves well defined chemical/ biochemical processors, 

plant do show a high degree of adaptability (and phenotypic plasticity) to changing 

environments. 

Secondly, they also rapid genetic evolution of biochemical processes to changing 

environments, be it soil or atmosphere ( Bradshaw, 1965). This feature, I reckon, is a 

compensatory mechanism to the lack of mobility of plants - The ability for rapid evolution in the 

biochemical processing ability can be exploited to develop plants capable of processing wastes 

Thirdly, when one compares relative concentrations of plant nutrients in soil as opposed to 

levels in plants, one often finds a "concentration" phenomena where the levels in plants are in higher 

levels. This is particularly true of the inorganic elements and hence they become a concentrated 

source of inorganic elemental requirements of man. 

Table 2 shows the wastes and the inorganic elemental resources present in the wastes 

generated by humans in a lunar/mars colony. These can be used in developing the hydroponic 

solutions for crop production. 
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Table 2. Elemental composition and % DM of wastes generated in a Lunar/Mars 

(Elemental concentration are expressed on a mg/liter basis - for easy comparison a standard 

I I . .. I plant nutrient so utwn 1s me uded) 

Waste %DM K Ca 

Stream 

Feces 26% 9812 8760 

Urine 4% 1750 188 

Sweat 12% 196 100 

Shower - 12.8 0.6 

water 

Dish - 3.36 0.26 

wash 

water 

Inedible 30-60% 61000 10000 

food 

Plant 235 160 

Nutrient 

solution 

Micronutrients 

Waste Zn Cu Mn 

Stream 

Feces 14 60 151 

Urine 0.54 0.79 -
Sweat - - -

Shower 

water - 0.09 -

Dish 

wash 

water - 0.01 -

Inedible 50 10 400 

food 

Plant 0.131 0.032 O.ll 

Nutrient 

solution 

Mg Na p 

2312 6308 4906 

88 2832 583 

60 1908 -

0.2 19.8 -

0.29 5.1 -

1300 - 5000 

24 62 

Fe B v 

2.1 140 5.3 

0.29 0.58 0.17 

- - -

- - -

- - -
100 100 

l.l2 0.27 

10 

N s 

28945 -

9035 749 

53.6 -

53.6 -

8.3 -

15000 3500 

224 32 

Si Mo 

6.24 -

- -

- -

- -

0.7 

(?) 0.05 

Cl 

5607 

875 

3049 

-

-

-

1.77 

Co 

-

-

-

-

0.3 

Needed 

for 

fixers 

N2 
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Table 3-

Element K 

LHS 5 

(in mM) 

100 liter 19500 

needs 

I (in mg) 

25 g as 19800 

in 10 

liter 

supplies 

jin mg) 

%age 101 

supplied 

% contribution of inorganic elements from wheat straw ash for the 

production of a hydroponic solution for lettuce 

Mg Ca B Cu Fe Mn Mo Zn p 

1.5 2.5 0.0466 0.00015 0.096 0.0045 0.0005 0.0038 I 

1826 5003 51 0.5 178 12.5 0.08 1.24 II67 

433 3333 22.4 O.GI5 I 1.67 13.3 3.33 0.1 700 

24 67 44 3 7 108 416 8 60 

A modified Johnson (1957) solution as recommended is provided for comparison of the 

potential for provision of elemental sources from wastes as plant nutrients. As is evident, most of 

the macroelements are available at concentrations higher than that required for crop production in 

feces, urine and sweat. Urine and feces also have the micro-nutrients required for crop production. 

No reliable data is available on the micronutrients available from sweat. The shower and dish water 

streams are however rather low in plant nutrients, but have the water content required for dissolving 

the nutrient elements recoverable from urine and feces. Inedible food (biomass) can also be a source 

of inorganic nutrients, but requires processing prior to use (this is dealt with subsequently). 

Clearly, two major problems that are very evident are the high levels of sodium and chloride 

ions particularly in sweat, feces and urine - the three resources that have the greatest potential to 

supply the required nutrients for crop production. A number of technologies are being investigated 

which would enable the separation specifically of the sodium and chloride ions from the rest of the 

useful nutrients. Some hope exists in current Reverse Osmosis (RO) type protocols, if parameters 

such as the differential fluxes and differential solubilities of the ions can be incorporated. However, 

more promising are the potential to develop such ion specific separator systems using biological 

membranes having sodium pumps. 

Bioremediation of sodium and chloride can potentially be achieved through use of crops of 

halophytic origin such as sugar-beet. It is also important to explore a number of strategies may need 

to be utilized to ensure optimal cycling of the elements. At NASA we are engaged in such activities. 
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• Crops have different nutrient requirements - hence, it may be feasible to develop a strategy 

whereby crops with the most closely fitting type to the composite waste is fed with the waste 

feed followed by others which will better suit the effluent. 

• Utilize pre-processing steps involving biological or physico-chemical processing to remove 

unwanted chemicals and release them at other points. For example, the halophilic bacterium, is 

known to selectively remove sodium ions from saline solutions, while amongst higher plants, 

the chenopods, in particular beet and spinach are known to accumulate sodium ions. 

Inedible biomass 
In producing the recommended food for astronauts, as much as 50% of the biomass 

produced is inedible and contains valuable inorganic elements as well as Carbon, Hydrogen and 

Oxygen. A number of technologies are currently under investigations - The ideal technology should 

ensure optimal recovery of resources in a form that plants can utilize and be operated under 

conditions which are safe for use by humans. 

We have used an incineration system to produce an ash which constitutes between 8-10% of 

the initial weight of the biomass and gaseous C02. The ash retained a number of useful inorganic 

elements which were dissolved to produce a hydroponic solution. A drawback of using ash is that 

it is very alkaline when dissolved in water (pH 12.-13.0) due to the high K content. Further, water 

solubilization resulted in an overall recovery of only 65% elements. Recovery in a 10% nitric acid 

solution extracts 92% of the inorganic .elements - two other advantages are that the pH is lowered 

and can be brought to between 5.5-6.5 (normal pH range for hydroponic solutions) and increasing 

the nitrate levels of the nutrient solution. Table 3 shows the potential for preparing a hydroponic 

solution for growing lettuce using the ash from wheat straw. 

The ash from the wheat straw produces a hydroponic solution which is deficient in Ca, Mg 

and P (macroelements) and B, Cu, Fe, and Zn (microelements). All these elements are in excessive 

amounts in feces, so that by mixing the appropriate proportions of feces with ash from wheat straw 

the potential for producing a complete nutrient solution exists. However, we do recognize that the 

fecal matter requires processing and that there are a number of technologies including incineration 

that may be used in processing. In the case of the biomass incineration, the very low recovety of 

some of the elements may have been due to either volatilization such as in the case of Zinc or being 

strongly bound as a residue as is likely to be the case in Ca or Mg. We have no experimental data on 

recovery efficiency of inorganic elements from the incineration of feces, but based on the relative 

proportions of the elements, which showed a low recovery efficiency from inedible biomass, I 

would hypothesize that despite losses due to physical processes, recovery would enable the 

production of a complete nutrient solution. 
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We have run a series of experiments growing lettuce in a nutrient solution reconstituted from 

ash ( with and without supplementation ) . A control was run using hydroponics solution. Results 

are presented in Figure 1. Three major conclusions can be drawn from these results. 

• 

• 

• 

Ash can be used as a source of inorganic elements 

production though is reduced by about 30-40% which appears to be related to deficiencies in 

some of the nutrient supply. Supplementing these deficiencies result in growth as well as the 

controls. In this case, we supplemented using authentic chemicals, but in future we hope to 

supplement these chemicals using elements recovered from other wastes/resources such feces 

and urine. 

There were no phytotoxic effects due to growing lettuce in nutrients constituted from ash . 

GROWTH OF LETTUCE IN 
HYDROPONIC SOLUTION 

RECONSTITUTED FROM WHEAT 
ASH 

'C'C; 
:lJ E 80001----------------------------------

:x: - 6000 ---------------------------------·· 
~ :E 4000 ----------------------~-------- • 
.E! Cl 2000 ----------,.----e.Q~ • ----
'Q)G> 0 : * ~ 
..J == 1.0 (X) C\1 "'d" <0 0 C\1 

0 0 ~ C\1 C\1 
0 0 0 0 0 

Surfactants & Soaps (Cleansing agents) - a major contaminant of waste streams 

Soaps and surfactants are the major contaminants in water usage on earth - Approximately 

83 liters are consumed by an average person in USA for bathing, clothes washing and dish 

washing. These processes result in fairly dilute effluent streams with cleansing agent as the major 

contaminant. The very nature of the process requiring re-use results in extensive rinsing thus 

making the effluents dilute in nature. A second advantage lies ·in the fact that there is currently a 

rather forceful drive to make cleansing agents which are readily biodegradable. 

In our investigations at NASA we have grown lettuce in simulated wash water streams. The 

cleansing agent (soap) used was an anionic surfactant used to simulate the "space station" gray 

water streams. Not surprisingly we did have some reduction in the yields of lettuce and the roots 

browned but after 3 days new roots were seen and after the next 3-5 days, rates of growth of the 

lettuce in hydroponic solution prepared from waste streams were the same as plants which were 

grown in hydroponic solution prepared from deionized water. What was most interesting was that 
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the surfactant in the waste water was completely removed in the first 3 days of exposure to 17 day 

old lettuce plants. We attJ.ibute the ability of the lettuce in nutrient in waste water to grow similar to 

that of nutrients in deionized water to the purification of the waste water. (Bubenheim et al, 1996). 

Further investigations revealed that the surfactants were detoxified by lettuce rhizosphere bacteria 

(Greene, 1996). Considering that the surfactant has a good carbon and N content, it is presumed that 

the carbon and nitrogen served as a nutrient source for the bacteria. 

Table 4 shows comparative yields and water purification as a result of using waste water as opposed 

to the use of deionized water. This experiment which was carried out in the greenhouse with natural 

photoperiod and we estimated that plants received an average of 4 moles photon per day and 

ambient C02 concentrations. 

Treatment Biomass Estimate Estimated Estimated 
production H20 transpired C02 consumed 02produced 

(gDW/m2/day) (mls/m2/day) mmoles/m2/d mmoles/m2/d 

Control 17.72 3544 590 429 

0.125 g/1 Igepon 15.41 3082 513 373 

COz supplementation 

It is fairly well known that increases in plant growth and food production can be achieved 

through elevating C02 levels beyond the atmospheric levels (330 ppm) in greenhouses and closed 

environments. Carbon is a major resource found in all the wastes and can be converted to gaseous 

C02. 

In closed systems, there are two (2) main sources for C02 that can be utilized for crop 

production in CELSS - The human respiratory component which accounts for 1.00 Kg per person 

per day and C02 generated from the combustion of wastes containing organic carbon. This is 

clearly an area where we have been doing considerable research at ARC - much of the work has 

been carried out by elevating the C02 using pure C02 and significant increases in production have 

been shown - both lettuce and wheat show increased productivity when supplemented with C02 

gas. 

A problem that one must be aware of in producing wastes from is that there is often 

incomplete combustion and other contaminated gases - typically one observes carbon monoxide, 

oxides of nitrogen, oxides of sulphur, unburnt aromatics, hydrocarbons etc. Some of these may be 

phytotoxic. Interestingly literature to-date shows that carbon monoxide is not toxic to plants and that 

plants can enzymatically capture CO making it an useful source of carbon. On the other hand, 

oxides of sulphur and nitrogen oxidizing properties and are acidic in nature, which makes them 

harmful to plants. 
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Plant nutritional research 

Development of technologies for resource recovery must be very closely integrated to 

effective use and management of resources. Within the CELSS program, the concept of "Feed-on

Demand of Nutrient and Water supply" has been developed and active research is now in progress 

to bring this concept top practical reality. Basically the concept of uses the simple logic of "supply 

and demand" and the philosophies and goals of this approach are : 

(a) to understand in real-time the nutrient and water requirements of the crop plants 

(b) to get optimal returns by way of production as it relates to input, and 

(c) addresses environmental regulations of the 21st century which are likely to be stringent that 

unused nutrient supplies will not be pemlitted to dump. Laws are already in place in Europe, which 

limit nitrate and phosphate levels in waste water streams imd the detergent industry in Europe has 

virtually zero phosphate levels in their products. The imposition of such regulations for the 

hydroponic indus!!y is likely to be in place before the end of this decade. 

At NASA we have developed a "Feed-on-demand" for nutrient and water supply whose 

goals and objectives are to understand real-time water and nutrient requirements 

• in this respect it is impmtant to recognize that nutrient uptake and water uptake are not constant 

throughout the life of a plant - the rates are affected by stage of development, growth rate 

and action of dynamic regulatory processes - both environment and specific crop 

types will result in differences in these respects 

What are some of the hurdles and knowledge we require to produce a functional feed-on-demand 

system. 

• Basic plant nutrition! physiology knowledge is still lacking 

a) Basic kinetics of nutrient uptake and transport to leaves are still far from known ? 

i) Rates of uptake do vary with developmental stages, growth rates and can be influenced by 

other environmental factors 

ii) Rates of uptake are also controlled to a large degree by genetic factors - identification of 

plants with efficient nutrient uptake/utilization characteristics 

b) There are still some inadequacies in knowledge of water requirements and use by different 

plants under different conditions, and despite much research on drought stress and drought 

tolerance on crop plants, we do not have the knowledge to get optimal crop production for water 

supplied. 

Model 1 shows a broad overview of relationship between nutrient uptake and crop 

production, while Model 2 represents a dynamic simulation of the control of crop production by 

nutrient supply and uptake by plants. Understanding of, and use of these controls will enable 

improvements in the control of nutrient supply to the problems. 

15 
Proceedings of 17th Conference 

Hydroponics Society of America, 



Plant Bioprocessor Research 

We have grown lettuce in surfactant contaminated water (simulated gray water) even though 

with reduced yield- But the input water was now free of surfactants after 3 days in contact with the 

lettuce roots - what does this mean - our plant roots and it's associated microorganisms acted as 

purifier of water or a BID PROCESSOR. Are there other evidence of bioprocessors - we did grow 

lettuce in a closed system providing gas collected from an incinerator (the gas mixture had 10% 

C02 and other aromatic hydrocarbons)- admittedly there was toxicity to the plant but interestingly 

the concentration of the aromatic hydrocarbons in the chamber had been reduced - there was a sink 

for these "nasty" aromatics - they were absorbed by the plant. Others have fed the toxic gas carbon 

monoxide to plants and shown that plants can not merely absorb the plant but incorporate into 

amino acids. These are examples of bioprocessing both at the level of the hydroponic solution level 

and the atmosphere level where we are working at NASA. 

Development of bioreactors containing microbial populations as a part of the hydroponic 

development system to regulate quality and quantity of nutrient solution to the plant is a major area 

of research which shows great promise for both hydroponic technology and CELSS research 

Table 5 shows the carbon and oxygen content in the inedible biomass and provides a 

measure of potential C02 generable based on the assumption that reaction of the carbon with 

exogenous and endogenous oxygen results in C02 and contribution to biomass production. 

C + Oz -------------- C02 

14 + 32 44 

Table 5. Values of waste per person per day 

Waste c con ten 0 conten Total C (g) Total 0 (g) Exogenous Total *Potential 
(%DW) (%DW) 0 reqd. C02(g) Biomass 

prod.(g) 
Feces 41.92% 31.84 13.52 10.27 20.63 42.49 24.64 

Urine 17.58% 39.32% 10.96 24.52 0.6 34.45 19.98 

Inedible 42% 42% 87.19 87.19 112.10 274.03 158.93 
biomass 

*Based on calculation by Lawlor (1987) 

Clearly wastes generate a large potential for biomass production 

What are the potential for developing a self-sustaining ecosystem in space ? There is 

considerable potential if plants can be incorporated into the ecosystem. 

How does one test the system ? 
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ANTARCTICA & ALASKA - TEST BED 

Mars/ Moon are both unusual extreme environments - the closest analog we have on Earth is 

the Antarctica. Antarctica is a protected territory and there are special International and National 

provisions which prevent disposal of, and dumping of wastes and pollutants. The US Antarctic 

Conservation Act of 1978 (Public Law 95-141) was enacted in June 1989. Similar enactments will 

clearly be enacted for any Lunar/Mars colonies and already applies to short duration space flights 

and the International Space Station venture. There is water, inorganic elements and a potential 

source of C02 which are the essentials to developing hydroponics. Any more reasons - it is a direct 

source of nutrients, enables better control of the root pH medium to optimize nutrient uptake and is 

likely to partition more of the energy trapped by plants for growth of shoots than roots. 
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Crop Production 

Pn = Net photosynthesis 

Gross photosynthesis (Pg) minus 
Respiration 

Uptake rates 
Root uptake + transpo,.......,._---------' 

Depletion from hydroponic 
solution 

Control of crop production by nutrient and water supply 
- A broad schematic representation of showing essential parameters 
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Key to schematics: __ solid lines (material flow) ; _ _ broken line (information flow) 
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DYNAMIC SIMULATION OF CONTROL OF BIOMASS PRODUCTION AND NUTRIENT UPTAKE 

AND WATER RELATIONS OF PLANT· THIS SCHEMATIC EMPHASISES THE CONTROLS AT A 

MACRO LEVEL, AND BRIEFLY INDICATES SOME OF THE MICRO-LEVEL CONTROL 
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USDA-ARS LETTUCE BREEDING TECHNOLOGY IN SUPPORT OF 
PRODUCTION FOR THE COMMERCIAL MARKET 

Edward J. Ryder 

USDA-ARS, U.S, Agricultural Research Station, 1636 E. Alisal St., Salinas, CA 93905 

Probably the first use of lettuce for human consumption was not for its leaves at all, but for 

its seeds. There is a group of primitive lettuces that have very large seeds. These seeds contain an 

oil that can be used for cooking. It is likely that the plant was not actually cultivated, but that the 

seeds were harvested from plants growing in a partly wild, partly domesticated state. The practice 

probably originated in very early days in Ancient Egypt and continues to this day in modem Egypt. 

The use of lettuce for its foliar parts began sometime during the Middle Kingdom period of 

Ancient Egypt, around 2500 BC. We know this from tomb paintings of a rather stylized depiction 

of stem lettuce. This type of lettuce is also still being grown in Egypt. It is grown as well in China. 

How did it get there? - Probably it was carried overland through the Middle East and Central Asia 

some years, or centuries, later. Both the Egyptians and the Chinese strip off most of the leaves and 

eat the stalk, raw in Egypt, cooked in China. 

From those early beginnings, lettuce has evolved into the multiple forms that we use today. 

The first modification of the stem type was probably romaine lettuce (also called cos lettuce after the 

island of that name in the Eastern Mediterranean Sea). Romaine lettuce became very popular and 

remains so today around the Mediterranean basin, in countries including Spain, Italy, Greece, 

Turkey, Israel, and Egypt. Romaines come in many forms, sizes, and colors. We know romaine as 

an elongated head with crisp coarse leaves, used in caesar salads. There are varieties that develop as 

a flat open rosette of leaves. I believe that the green and red leaf lettuces were derived from some of 

the early non-heading romaine forms. 

Lettuce continued to migrate northwards into western Europe. Two more types appeared, 

possibly in the Middle Ages. A romaine like type but with shorter leaves and less coarse texture is 

called Latin or Grasse lettuce. A Latin lettuce called Little Gem is sold in some supermarkets. Latin 

lettuce is more common in Europe than in other areas. The second type that appeared, butterhead 

lettuce, looks a little like Latin lettuce except that the former has a smooth oily leaf and forms a small 

spherical head. Butterhead lettuces were for many years the principal type grown in western 

Europe, particularly north of the Mediterranean countries, in France, England, Holland, Germany 

and so forth. 
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Certain leaf lettuces, like the common red leaf found in the stores, have a tendency to form a 

rudimentary head during cool weather, that is, the leaves have a tendency to fold inward. This may 

have occurred in some of the earlier leaf forms and led to the Batavians, the first crisphead subtype. 

Lettuce came to the New World very late in the 15th Century, probably on the second 

voyage of Christopher Columbus, in 1494. The various forms were brought over and the early 

production of lettuce was divided among leaf, cos, butterhead, and crisphead types. It was not until 

the early part of the 20th Century that the crisphead types began to predominate. 

In this country, we are most familiar with a subtype of crisphead lettuce usually referred to 

as iceberg - a large firm head of crisp leaves used in salads and sandwiches. This is the latest form 

to be evolved and was actually developed 50 or 60 years ago by plant breeders from the earlier 

Batavia subtype, which forms a smaller, looser, crisp leaved head. The enormous lettuce industry 

of the western states, which relies mostly on the iceberg subtype now, got its strut from a number of 

Batavia varieties like New York, which in turn was developed from Batavias brought over from 

Europe. In France in particular the Batavias predominate runong the crisp types. 

An interesting phenomenon has been taking place in the last twenty years. The iceberg 

subtype of crisphead lettuce has been introduced to Europe and is now the lettuce of choice in the 

United Kingdom and the Scandinavian countries and is becoming more popular in Germany, Spain, 

and France. It has been popular in Australia and is becoming so in Japan and other countries. At the 

same time, the other kinds have become popular in the United States. Up to 25% of the lettuce 

grown in the various production areas around the US are of the mixed type i.e. romaine, butterhead, 

and leaf. 

Although lettuce is grown all over the world, the United States is by far the biggest 

producer, harvesting from over 200,000 acres per year. Over 70% of the production is in 

California, while Arizona produces about 20%. The rest is produced in New Mexico, Washington, 

Colorado, Texas, New York, New Jersey, Florida, and Ohio. California produces more lettuce than 

any lettuce producing country. Production is year round. In the late spring, summer, and early fall 

lettuce is produced in the Salinas and Santa Maria Valleys. In wintertime, it is grown in the Imperial 

Valley in California, and in Yuma, Arizona. During the transitional periods in spring and fall, lettuce 

is produced on the west side of the San Joaquin Valley and a few locations in Arizona. 

The Lettuce Breeding Project of the US Agricultural Research Station in Salinas, California 

has been in existence since 1956. The goals of the project and the technologies used have evolved 

over the years. In the early years, the emphasis was on the development of iceberg varieties resistant 

to two virus diseases, lettuce mosaic and big vein, on the one hand and the study of lettuce genetics 

on the other. Now the goals can be stated as follows: 

I. The development of new lettuce varieties and breeding populations with these characteristics: 
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a. Resistance to various diseases, insect pests, and environmental stresses. 

b. Horticultural improvement, such as improved color, taste, head shape and size, and earliness. 

c. Increased developmental uniformity, so that all or most heads in agiven field can be harvested 

at the same time. 

d. Adaptation to specific areas, such as the Salinas Valley or the Imperial Valley. 

2. Study of fundamental characteristics such as the inheritance of various traits and their usefulness 

for the breeding program. 

3. Conservation of lettuce germplasm and related species for genetics studies and for use in the 

breeding program, as well as for long term preservation. 

I won't attempt to review the entire program but will focus my attention on one project out 

of each of the three categories. 

One of our most successful breeding projects has been the search for, identification of, and 

breeding for resistance to lettuce mosaic. This is a virus disease of lettuce found world wide 

wherever lettuce is grown. The virus is transmitted from plant to plant and from field to field by a 

very common insect, the green peach aphid. In places like the Salinas Valley, where lettuce follows 

lettuce in a succession of crops over a long season, the disease can reach proportions close to 100% 

in some fields and lead to loss of the crop. 

In 1959, we began a program to breed lettuce mosaic resistance into western varieties. The 

first step was to find a source of resistance, a plant carrying a resistance gene which could be 

transferred into iceberg lettuce. We screened many varieties, breeding lines, related wild species, 

and land races from all over the world, by inoculating plants with the virus and observing them for 

the appearance of symptoms. After three years we found a primitive lettuce from Egypt (the oilseed 

type mentioned earlier) that had a gene for resistance. We crossed this plant with cultivated lettuce 

and selected for resistance each generation and also for the type and appearance of commercial head 

lettuce. Finally, in 1975, we released a new variety called Vanguard 75, which was resistant to 

lettuce mosaic. This variety is now one of the major varieties grown in the desert lettuce districts. It 

was the first resistant variety in this country and the first resistant head lettuce in the world. Other 

resistant varieties have subsequently been released from our program and from a number of seed 

companies. The gene for resistance is being identified molecularly and cloned by two colleagues. 

Turning to genetics, an interesting discovery that turned out to have some usefulness in 

breeding was found in 1977. In a plastic pot of small seedlings, one plant bolted and produced a 

flower very early. We crossed this plant with some iceberg varieties, and eventually identified two 

genes for early flowering. A plant homozygous for both early alleles flowers in 45 days in the 

greenhouse during the summer. On the other hand, a plant homozygous for both late alleles would 

flower in about 140 days. 
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We found these genes to be interesting for physiology studies of the transition from 

vegetative to reproductive growth stage. We also found them useful to accelerate a breeding 

technique called backcrossing. This is a technique in which the product of each in a series of 

repetitive crosses is crossed back to one of the original parents of the cross, or the recurrent parent. 

By this method, it is possible to insert a single gene into the recurrent parent and end up with the 

original genotype except for the one added gene. If the gene for transfer is put into an early 

flowering plant, the sequence of crosses can be made considerably faster, thus cutting the entire 

time for the breeding by about 1/2. We have successfully transferred the gene for mosaic resistance 

in this way. 

Finally, our program includes the conservation of lettuce germplasm. Germplasm consists 

of seeds of varieties, breeding lines, land races, wild related species, and genetic stocks, collected 

and held in one place under good storage conditions for long term viability. It is important to 

conserve germplasm because the materials may have genes that will some day be useful in breeding 

programs. And it is important to find and collect these materials world wide, because as the world 

becomes more populated and industrialized, the habitats where these materials grow may be lost and 

replaced by buildings and concrete. 

We have the largest germplasm collection of lettuce and related species in the world. The 

seeds are kept in a large walk-in freezer which is held at minus rsoc., an environment in which 

lettuce seed will remain alive for 25 years or longer. This collection is used in several ways aside 

from long term storage. We evaluate the materials for disease resistances and other useful traits by 

growing them in the greenhouse or field. Materials with useful traits are used in our own breeding 

program and are also distributed to other breeders and scientists for their use. For example, we 

screened our germplasm collection for a source of lettuce mosaic resistance and found the primitive 

lettuce from Egypt mentioned earlier. We are now screening the same materials for resistance to big 

vein and for resistance to a fungal disease called sclerotinia drop. 

Although hydroponic production is a relatively minor means of growing lettuce, it is used in 

several regions in the US and in other countries. Australia, for example, has about 370 acres of 

hydroponic lettuce production near its large cities. The most common means of growing lettuce 

hydroponically is with the NFT, or nutrient film technique. Seedlings are placed, in soil blocks or 

other units, in troughs through which a shallow stream of nutrient solution runs, usually at a depth 

of 6 mm. This procedure may be used in a greenhouse under natural light but is usually conducted 

in a growing room under various types of lamps. Most of the lettuce grown this way is of the 

butterhead or leaf type. It is a fairly expensive means of production and unfortunately is also one of 

the best ways to spread the disease called big vein, which is transmitted by a root feeding fungus. 
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I hope this has been edifying and interesting. If you have the opportunity to visit and drive 

through the Salinas Valley, you will be seeing the largest cool season vegetable production area in 

the world and also the setting for many of John Steinbeck's books. 
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PLANT PLANE HYDROPONIC 

A NEW HYDROPONIC SYSTEM IN EUROPE -AN UPDATE 

FRITZ-GERALD SCHRODER, 

DRESDEN, GERMANY 

INTRODUCTION 

The greenhouse area is increasing in Europe, mostly for specialize farms. In the south of 
' United Kingdom we found a lot of farms with a 5 ha greenhouse-block. In the Netherlands exists 

mostly 2 ha farms and in Germany the marginal profit is increased from 0.2 to 0.5 ha. Tendency of 

development are shown in table I. 

Table 1: 

Countty 

Netherlands 

United 

Kingdom 

Germany 

Spain 

Survey about the commercial application of inert Substrates or hydroponic 

systems of selected countries (Steiner, 1992). 

Greenhouse (ha) applic. Hydroponic systems 

1987 1992 

ha % ha % 

8.755 2.500 29 3.700 42 

2.100 80 4 250 12 

3.800 61 0,7 100-150 3-4 

34.900 17 0,1 400 1 

Some inorganic substrates such as perlite, vermiculite or rockwool are used as solid 

substrates, as well as some organic substrates such as peat moss and wood fibers. The most 

common aggregate system uses rockwool and drip irrigation (table 2). But the disposal of spent 

rockwool and waste nutrient solution are of growing concern. 
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Table 2: Statistical survey of hydroponic systems in Gennany and Europe. 

(Information's of von Baeck, 1994; Grodan, 1994; Faesel, 1994, SchrOder, 1994) 

System Development Gennany Gennany Europe 

Vegetable (ha) Ornamental (ha) 

Crops (ha) 

Rockwool 1967 100 10- 15 4000 

exp. Clay - 2 5 -
NFT 1974 I - 160 

PPH 1989 6 - 6 

wood fibres 1990 5 - 50 

Aeroponic - - Test Test 

( - ... Information not available) 

There have been a lot of publication about the Plant Plane Hydroponic-system (PPH) in the 

last few years. Especially in research Institutes in Europe experiments were carried out to find new 

efficiency production systems mostly for ornamental and vegetable crops. 

In 1987 at the Institute of Vegetable Production at GroBbeeren, in what was then East 

Germany, we began investigations into a new type of hydroponic systems, in which fleece with 

different physical characteristics is used as a solid medium. Tests covering 21 ,600 square feet (2000 

m2) of greenhouse space and 6000 square feet open fields were conducted with tomato, cucumber, 

sweet pepper, different varieties of lettuce, beans, and ornamental plants such as chrysanthemums 

and carnations. 

The following update should summarize the results and our experience with this system. 

PPH-SYSTEM 

The system (patent pending in Europe, EP 0 440 033 AI) is called "plant plane" because the 

nutrient solution flows across a flat plane rather than a narrow channel (Fig. 1). It can be used as an 

open or closed hydroponic system. The growing medium is polyester fleece (80 gtm2) or viscose 

fleece. The fleece material is sandwiched between two layers of plastic sheeting. The greenhouse 

floor is sealed off with the lower sheet. The top layer is made from white polyethylene and helps 

reduce evaporation of the nutrient solution, drying roots and the growth of algae. It also acts as a 

reflective surface. 

Due to the absorbency of the fleece, almost all of the solution will remain in the fleece for the 

plant to use, as long as a modest irrigation schedule is followed. Any surplus will drain out of the 

fleece and into the drainage channel. The seedlings are started in small rockwool cubes. The cubes 
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are inserted into cuttings in the top layer of sheeting and set directly on the fleece. Nutrient solution 

is delivered via a pipe with irrigation rates adjusted accommodate plant demand and environmental 

conditions (SchrOder, 1991; Oellerich, 1995). 

The growing medium, polyester fleece which is sandwiched between two layers of plastic 

sheets, demands a flat and plane root extension. The structural characteristics of the polyester fleece 

ensures an equal distribution of nutrient solution. The waste materials are reduced to 0. 8-1 t/ha 

compared with traditional hydroponic systems. The quantity of growing medium is also greatly 

reduced to 80 gfm2 without sacrificing the high yield potential of other hydroponic systems (table 

3). 

Table 3: Volume and Capacity of different substrates. 

Parameter Soil or organic rockwool PPH-

substrate fleece 

Volume of substrate (1fm2) 500 14 1 

Capacity of water (1fm2) 150 10 1 

Capacity of Nitrogen (g!m2) 35,7 1,3 0,7 

WHAT'S NEW? 

Experiments with the system were carried out and the system was introduced by 

commercial growers. The first compared the growth and yield with different systems. In 

GroBbeeren we found no different between the yield of cucumber, tomato or sweet pepper. Tests by 

commercial growers confirmed these results. One grower (near Berlin) changed the growing system 

from traditional soil to the PPH-system, seven years ago (figure 1). The main findings for this 

grower was: 

fi Materials (polyester fleece), may be used more than three years, 

reducing the waste material. 

fi The system was compatible with the existing nutrient supply systems. 

fi The structural characteristics of the polyester fleece ensures an even distribution of nutrient 

solution for pot plant and vegetable. 

fi The system permits crop rotation with varieties requiring different plant spacing, such as 

tomato, lettuce and chrysanthemum 
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Tests by Dutch growers confirm high yields (tomato 35 kgfm2, cucumber 50 kgfm2 and 

sweet pepper 23 kg/m2). The plant plane system seems to have a positive influence on root growth 

and performance (Schroder, 1994). But there was no spread for this system. The most common 

system was and is using the substrate rockwool. With rockwool the growers have the most 

experience and the "GRODAN" company gives the full service plant nutrient, climate control, 

varieties or plant growth, respectively. Nevertheless the bad economic situation in North Europe, 

tough competition from South-Europe, (Italy, France and Spain) or North-Africa (Marocco) has led 

to increased of horticultural production and lower investments by horticulture in the last years. 

Other species of vegetables and ornamentals were grown in PPH. 

Worthy of mention is the test in recirculating systems for cut chrysanthemum in the past 

three years. Holland's "Denar-Kas" demonstration greenhouse and the German Research Institute 

GroBbeeren!Erfurt are dedicated to environmentally friendly production techniques. Later, emphasis 

shifted to demonstrating substrate and closed growing systems for cut flowers. Today the closed 

system trials continue, however, their energy is focused on developing cut flower production 

systems that enable growers to work more environmentally effectively in soil. 

Their goals are three-fold: 

1) Reduce fertilizer and water loss; 

2) reduce pesticide use; and 

3) reduce energy input. 

The major environmental lesson has demonstrated to date is that "good chrysanthemums can 

be grown in closed systems, but not economically." Because of that, the emphasis has changed. 

Today Denar Kas is looking at how to improve growth while growing in soil and at recirculation 

systems for soil growers. 

The msh to a variety of closed systems -some very high tech- for cut flower production 

may have been premature. 

If a closed system saves a lot of money on fertilizers, but involves high input of plastics that 

create a waste disposal problem at the end of their life plus high energy consumption, it may be 

better environmentally to remain growing in soil. 

Seeking this balance between inputs of plastics, fertilizer, pesticides and energy is a political 

question (Kadner et al. 1992, Barletta, 1995). 

CLOSED IRRIGATION SYSTEMS FOR CUT CHRYSANTHEMUMS NOT ECONOMICAL 

While they have proved it is possible to grow good quality chrysanthemums, none of the 

following systems produce yields high enough to justify the system's added expense: 
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Polypropylene/peat-, Ebb/flood - with jute plugs, Expanded clay/peat -, Plant Plane Hydroponic 

(figure 2) -or Aeroponics-system. 

OTHER FIELDS OF INTEREST 

The growth of strawberries in greenhouse in peat or rockwool with drip irrigation is very 

popular in Belgium and Holland. Early yield and best quality compared with open field production 

make the system profitable. 

Starting with a project in Italy (funded by the European Community) a special Plant Plane 

System for strawberries (figure 3) was developed by Brabander plastics bv. (Holland). A special 

tray (plastic or metal) 1.50 to 1.80 m high is using as supp01t and supply equipment. As substrate 

we use the described polyester fleece. For irrigation a common drip system is used. The tray system 

is at the same time a drain channel for surplus nutrient solution. 

While there was some problems with climate control in Italy, a new project in Belgium is 

promising. A commercial strawberry grower started the PPH-system (small scale) comparing with 

the rockwool system in 1995. As a result of this, he changed the whoJe greenhouse (5. 000 m2) to 

PPH in 1996. The high and early yield confirm the test from 1995. Unfortunately the growing 

period is finished now, so I can't give any figures of production. Vegetative growth was excellent 

and the strong root systems of these crops appear to enhance high yield and good quality produce. 

ROOT ENVIRONMENT IN PPH 

One reason for the strong root development might be that the oxygen level in the root 

environment remains high due to surface diffusion (figure 4). The determined dissolved oxygen 

level of the nutrient solution in the root zone or drain water averaged more than 80 %. During the 

following nutrient solution supply and watering the oxygen level decreased to about 60 %, due to 

the low oxygen level of the fresh nutrient solution (50 % ). 

In addition, investigations have shown that high C02-concentration was found in the root 

environment. An average C02-concentration of 2 800 ppm was measured for cucumber and 2 700 

ppm for tomato in the root zone. The time course of the C02-level for tomato is presented in figure 

5. The peaks of 6 900 ppm and 6 000 ppm might be explain by higher biological activity due to 

higher temperature and PAR during this growing period. After the treatment of shoot cutting (week 

18) by the tomato plants, C02-concentration increased due to the biological break of roots and 

organic matter. So, there is measured an higher concentration than the continuously growing plants 

during the period of week 20 to 22. Supposing there wasn't an active root respiration, 

approximately 60% of the total C02-level was produced by a microbial activity after week 22. 
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DISCUSSION OF OXYGEN AND C02 RESULTS 

The results of the shooUroot ratio in the literature differ greatly. After Geissler (1985) the 

rooUshoot ratio in soil culture was 100 : 1 for Cucumber and 35 : I for tomato. In opposition 

existing results of 5 : 1 for cucumber (Van der Post and Van der Koot, 1966) and 2.5 : 1 for tomato 

grown in NFf (Noguera, 1988). On average the shooUroot ratio in PPH was 4.8 : 1 for cucumber 

and 4.5 : 1 for tomato. 

Besides water, oxygen and carbon dioxide may be considered as modifying factors, as there 

are correlated with the water content. Increasing water content in soil or substrates caused increasing 

C02-concentrations and decreasing oxygen content. The amount of oxygen diffusion into the 

solution depends on the surface of water exposed to the air, the partial oxygen pressure, the 

barometric pressure and the temperature (V estergaard, 1984 ). Oxygen is the final oxidant in a series 

of enzymatic oxidations which realized from sugars most of the chemical energy needed for root 

growth. For the roots of most plants, reductions of the dissolved oxygen level below 60% are 

growth inhibiting. The root tips are killed and growth stopped, if the oxygen level in the nutrient 

solution is below 2.5 % (Jackson, 1980). 

One reason for the strong root development might be the determined dissolved oxygen level of 

the solution in the root zone in PPH. So, use of the well known and expensive methods to 

oxygenate the nutrient solution were not necessary. 

Carbon dioxide especially varies greatly, and concentrations normally occurring in the soil 

atmosphere range from 1 000 to 20 000 ppm. (Geisler, 1963, Muller, 1980). Nonnen (1980) split 

up the total C02-production into root -, rhizosphere - and soil - or microbial respiration. 

Experiments have shown a high C02-concentration in the root zone of PPH, about ten times of the 

C02-concentration found in greenhouse air. About 60% of the total C02-concentration in the root 

zone may be produced by microbes. These mainly non-pathogenic microbes as a living community 

successfully mimics the biologically active environment found in organic soils. 

Similar values of C02, produced by microbial activity, differ from 50 to 80 % (Trollendier, 

1972; Martin, 1977). The reaction of root to abnormally large concentrations of C02 are less 

definable than for a low concentration of oxygen. C02-concentration that have been recorded as 

inhibiting root growth differ greatly, and it is difficult to compare the experimental findings with 

field conditions. 10 000 ppm of C02 can partially inhibit while 1 000 ppm alone may stimulate root 

growth (Geisler, 1963; Radin and Loomis, 1969). 

In applying this findings, it must be realized that the methods available for determining C02 

do not allow measurement of concentrations at the immediate root surface but mainly present 

concentrations of the pores or air in root environment. The C02-concentration in the water film 

surrounding the roots can be expected to be higher. Nevertheless, the results show that the C02 

concentration tolerated by roots in hydroponic culture. 
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SUMMARY 

In 1987 we began investigations into a new type of hydroponic systems we call plant plane 

hydroponics, in which fleece with different physical characteristics is used as a solid medium. 

The nutrient solution flows across a flat plane rather than a narrow channel. The fleece 

material is sandwiched between two layer of plastic foil. The greenhouse floor is sealed off with the 

lower sheet. The top layer is made from white polyethylene and helps reduce evaporation of the 

nutrient solution, drying roots and the growth of algae. The system seems to have a positive 

influence on root growth and performance. Patent pending in Europe (EP 0 440 033 A1). 

The quantity of growing medium is greatly reduced of 80 gfm2 without sacrificing the high 

yield potential. The system permits crop rotation with varieties requiring different plant spacing, 

such as tomato, lettuce and chrysanthemum. The determined dissolved oxygen level of the solution 

in the root zone averaged more than 80 %. Therefore system seems to have a positive influence on 

root growth and performance. 

In addition, tests have shown that a mixed colony in the root zone includes saprophytic 

microbes. These mainly non-pathogenic microbes use a large amount of oxygen and produce more 

than 60 % of C02, found in the rhizophere. As a living community, the plant plane hydroponic 

system successfully mimics the biologically active environment found in organic soils. 

More information is needed about plants and their surroundings, especially in the root 

environment. The future use of PPH will be influenced by the advantages to be gained over the use 

of other types of systems. 
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U. Schmidt 

Humboldt-University Berlin 

Institute for horticultural science 

The Plantputer process control for greenhouse automation 

picture I: the climate and growth complex 

Complex regulation of all the various technical systems used in greenhouses is the main feature of the new 

generation of process control. New control variables include data measured on the plant- plant 

temperature, vapour concentration differences, transpiration, stomatal conductivity, and photosynthesis, 

etc. -that get integrated into control. 

New control strategies include innovative microcomputer algorithms for calculating the complex 

relationships between those variables. Due to their highly differential time behaviour it is quite problematic, 

however, to use those variables for control. Physiological measured data (plant temperature, transpiration) 

are more dynamic than climate data (air temperature, humidity). The technical systems, e.g. heating, are 

even slower than the climate variables. Under such conditions, conventional control systems with signal 

feedback cannot be applied as they would produce unsteady states. 

That is why, a system for controlling rapidly changing plant physiological parameters by slower systems is 

being developed. The plantputer process control system is model-based. Two energy balance models have 

been used so far. 
41 
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picture 2: the thermal model of the greenhouse 

The greenhouse model is used for calculating inside air temperatures. Interfering factors, such as global 

radiation, outside temperature, wind velocity and wind direction, and the system's regulating variables 

(heating temperatures, unlocking of ventilation system, position of energy screen) are used as inputs. 

The greenhouse model exist in two different modes.Additional to the quasi-state mode the last term of the 

mean equation bring the model into a dynamic setup. 

picture 3: the plant model 

I inside 
air 
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The "plant energy balance" model is used to calculate from the energy flows at plant leaves the mean plant 

temperature and the vapour concentration difference between the plant and its surrounding air. 

Net radiation, sensible heat flow and latent heat flow make up the plant energy balance. Net radiation is 

recorded by means of a solarimeter, with due consideration of radiation transmission and reflection. The 

sensible heat flow cannot be measured but is calculated with the differential equations of the coupled heat 

and matter transport, using the CliiL TON-COLBURN analogy. Stomatal conductivity can be calculated 

from the ratio of transpiration measurement and the vapour concentration difference between plant and air, 

taking into account the boundary layer conditions. 

The latent energy flow is derived from the measurement of plant transpiration. 

leaf chambers' 

picture 4: measuring setup of the evaporimeter 
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A gas exchange measuring technique for continuous greenhouse use was developed for measuring plant 

transpiration. Thanks to the specificity of the measuring system, mean values oftranspiration in larger 

canopies are recorded at Is intervals. Photosynthesis can be measured every 60s. 

The models are used to determine the complex of control variables. 

picture 5: the control variables in the Mollier-h,x-diagram 

Plant temperature is the main controlling variable. Inside air temperature is used as a floating control 

variable. It gets changed by the system within defined limits to keep the target set for plant temperature. 

Vapour concentration difference is the third controlling variable used. 

If it increases, the difference between plant temperature and inside air temperature gets lowered to prevent 

stress on the plants (stomatal closure). In case the vapour concentration difference is too small, plant 

temperature gets raised or humidity lowered to prevent dew to full onto the plants. The vapour 

concentration difference replaces the traditional way of relative humidity control and gives substantial 

improvement. 

Compared with air temperature, vapour concentration difference and plant temperature are highly dynamic 

variables. Their time constants are between J5s and 30s, while that of inside air temperature is up to 30 

min for larger greenhouses. 

However, such variables can be used in a control system thanks to a new developed self-adapting model 

control. 

With quasi-static model approaches all the control variables are transferred to an image area with 

homogeneous dynamics. On-line system control starts out from that image area. 
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The target values can be kept only if the models are in confonnity with the real system. As many 

greenhouse parameters may change (like untight cover, dirty glass, change of heating capacity), the model 

parameters need continuous checking and adaptation. This is why the slow greenhouse model gets turned 

into a dynamic model. 

CONTROL 
VALUE 

SIMULATION 

model supported control with offline model adaptation 
picture 6: the plantputer control system 

During this tum the computer system calculate the correction value of the overall greenhouse system's 

!henna! capacity. 

A numerical search routine is used for adapting model parameters in the off-line level: 

• overall heat transfer coefficient, 

• wind effect parameters, 

• coefficient of global radiation influence 

• heating capacities and 

• air-change coefficient. 

TI1e newly calculated parameters are checked for plausibility. They are compared one by one with the 

parameters of the previous adaptation series. The adaptation series is rejected if d>e newly calculated 

parameters are not within the confidence interval. 

Finally, the greenhouse model with its new parameters is brought back again to the quasi-static image area 

witch is the basis for on-line control. 
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The plantputer process control system was examined in a 500 m2 greenhouse with double glazing, two 

separately controlled heating systems and ridge ventilation. 

Cucumber (Cucumis sativus L.) was used as a test crop, it was grown on Grodan(R), an expanded clay 

substrate, with drop irrigation system. 

Regulating the heating systems with the described model control shows clearly a very steady course of the 

greenhouse climate. 

There were none of the control oscillations typical of control with signal feedback. 

Short-tenn changes oftarget temperatures like for the cool morning strategy, however, cause some time 

lag. 

Using the quasi-static greenhouse model, a predictive character turns up when regulating interfering 

factors. 

Contrary to conventional controls with feedback, the heating temperature gets throttled right with the onset 

of global radiation, as the model inside air temperature increases with radiation. 

Examination ofth.e ventilation routine has revealed that the plants get stressed from early unlocking. of the 

ventilation system. Transpiration and photosynthetic rate decline in spite of intensive global radiation. 

That is why the plantputer system uses both plant temperature and, again, the vapour concentration 

difference as parameters for ventilation control. 

If the vapour pressure difference goes beyond a critical threshold, ventilation remains locked. 

Ventilation has to get unlocked because of high plant temperatures. 

Higher transpiration and increased photosynthetic rates were measured against the background of similar 

radiation. 

For the moment, it did not appear suitable to use model-based control to regulate ventilation. This is due to 

the fact that ventilation lends itselfto a rapid response to plant physiological changes. Therefore ventilation 

now has control with feedback. 

For optimal model adaptation, the 24h cycle was found to be the time span best suited to compare model 

parameters and measured values. Using such cycle length, good agreement was fow1d between model 

temperatures and measured inside air temperatures. 

The correlation coefficient can also be used to assess the plausibility of the series of measurements and 

simulations. 
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From the described experiments we can summarized the following facts: 

Model-based heating control gives a very steady run of the climate curve. 
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As there are no control oscillations, phytosanitary problems - above all close to dewpoint temperatures -

can be largely prevented. 

The continuous supply of heating energy without offset and oscillations helps to minimise the input of 

energy. 

Thanks to the combination of greenhouse model and plant model in the quasi-static state, control variables 

with different time behaviour can be integrated in a consistent control system, leading to a predictive 

behaviour. 

Rapid changes of target values, however, have a 30 min time lag. A more suitable dynamics might be 

achieved by phase shifting of the target value function in dependence on the greenhouse time constant. 

Model-based systems should not be seed as a dogma when it comes to greenhouse climate control. If the 

plants' physiological parameters are rapidly influenced by the technical systems applied and if there are 

clear relationships between physiological parameters and climate control equipment, control with feedback 

would be more advisable. 

Model-controlled ventilation may give benefit if a matter transport model was used beside the greenhouse 

thermal model. This allows to estimate both the change of temperature by unlocking the ventilation system 

and the extent of vapour concentration difference. ·continuous evaporimetric recording of plant 

transpiration with the help of the Evaporimeter is an essential prerequisite to the matter transport model. 

The models need adaptation for high precision of model-based control. In the case of very slow systems, the 

quasi-static approach.es have to be turned into dynamic models. 

The dynamic correction parameter can also be used to assess the plausibility of the series of measurements 

and simulations. 

It would be useful for determination of the initial parameter values on system installation to develop an 

automatic starting routine that limits the parameter ranges by means of oscillation studies. 

These results show very clearly the nessesarity of the development of sensor for the on-line measurement of 

plant values like transpiration and photosynthesis. 
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picture 8: view on the evaporimeter setup 

picture 10: the evaporimeter inside a plant stand 

49 



I 

I 



THE HYDROPONIC GROWER ON-LINE 

Scott-Jones 

Hydro/Aquatic Technologies, Princess Anne, MD 

Have a problem that you can't find the solution for? 

Want advice on what's bugging your plants? 

Need to find a buyer for that bumper crop of lettuce? 

Find the answers to all of these questions without ever leaving your home, answers from 

experts (and would-be experts) from around the world. Just ask it- on the Net! 

The Net (the Internet- today's answer to the information superhighway), is the easiest way to 

communicate ideas with like-minded people from around the world. Twenty-four hours a day, 

literally millions of people are sharing ideas, plans, and thoughts with other cyber-friends that live 

thousands of miles away, yet are as close as the nearest computer hooked to a phone line. And the it 

costs far less than a simple long distance phone-call! 

What is the Internet ? 

The Internet is simply the world's largest collection of computers (and computer users) all 

networked together (connected together) so that they can all share communications - And that 

communication can be mail, pictures, movies, books, weather charts, even voice communication. If 

it is any type of data that can be squeezed, stuffed, or coerced into a computer, it can be sent 

through the Net to anyone else connected to the Net, anywhere! 

What can you do with the Internet ? 

Today you can use your computer to send a letter to a colleague in Singapore (email), and 

have it arrive in moments. Since he (she?) is probably still sleeping, (or should be, since it's 

probably 3 AM in Singapore right now), he won't be ready to read your letter yet. But your email 

will sit quietly waiting for him to read it when he wakes up. And once he is mulled over your letter 

(and chugged his morning coffee) he can bounce a message back to you at near the speed of light 

-well, maybe the speed of light on a cloudy day. Sometimes the written word just can't convey 

everything that you need to show a picture to capture the true image of the idea. It's no problem to 

send a picture across the Net, since both a letter, and a picture can be broken down into O's and I 's 

(the language of a computer). Just scan in a picture (similar to scanning in a fax in a fax machine) 

and send the picture on its merry way, jnst like the email letter. That way your friend in Singapore 

can wake to see a nice, full-color picture of that prize rose that you just grew! Even a still picture 

can't always carry the idea. Sometimes it takes full-motion video images to carry the idea across. 

The net can instantly bring the terrifying sight of thundering hordes of thrips charging across your 
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leaves towards the camcorder lens, across the wires, and right onto the computer-screen of a startled 

morning riser in Singapore (warn him first, there is nothing like turning on the computer to find 

zillions of slathering, slashing, chewing insects charging right out of your screen, in full, blazing 

color!). The sound of a voice can carry a lot of information also, and it is easily carried on the Net. 

The sound file that your friend in Singapore sends you in his next message should carry a lot of 

information. Imagine his voice as he describes his appreciation for your thundering herd video, 

which caused him to hurl his morning coffee over his shoulder as a thrip rushed the camera lens 

and waved his pincers at him. 

Once your friend has calmed down (and cleaned up the coffee), he can download a file 

(bring into his computer) from a librmy in England that tells him exactly which subspecies of thrip 

poked his beady little head at the camera, and forward that information to you by email. Then you 

can leave a message on a Usergroup (also called Newsgroup) bulletin board (the Net's worldwide 

equivalent of a community bulletin bom·d), asking for help in ways of dealing with the little beasty 

(the thrip, not your friend in Singapore). Within a few hours, you can access (visit) that bulletin 

board, and find a message from a researcher from Ontario Canada, who says that cooler 

temperatures will slow the hordes down enough to prevent complete deforestation of your crop for a 

few days. 

With a couple of clicks on your computer, you can view up-to-the-hour weather conditions 

(complete with the same fancy graphics that your happy weatherman streams across the TV later 

tonight), and see that you are in luck, a cold front is advancing in from the North! Another visit 

back to the Usergroup finds that a commercial grower from Ohio has suggested an Integrated Pest 

Management (IPM) regime to roll back the hordes, and given you the e-mail address of a beneficial 

insect grower in Oregon that can help you out. Type out an order for the beni-bugs, email it out to 

Oregon, and within hours you will have beni-bug cavalry on its way to your aid. Let's see -in just a 

few hours you've spilled a cup of coffee in Singapore, had a researcher leafing through the books in 

Britain, set a man in Canada tapping madly away at his keyboard, viewed the weather around the 

world, pulled a grower's help in from Ohio, and sent a few thousand bugs winging their way to 

your from Oregon, all without leaving your desk. Not bad for a little typing on the Net, heh? 

History of the Net 

The Net got it's start way back in the late 60's to early 70's (sorry, that data is classified, 

jump up and down three times and say Hail to the Chief for clearance). And it was started by (of all 

people!), the U.S. militmy. They wanted a secure way of transferring data from different points via 

computer network, and also wanted a system that could survive nuclear attack and still function (in 

those areas that didn't glow in the dark.).The Defense Department created ARPAnet to test their 

theories on how to handle such small problems as big bombs going off in the dark, and still be able 

to allow the surviving Generals to cause other big bombs to go off in the dark over someone else's 

52 
Proceedings of 17th Conference 

Hydroponics Society of America, 



country. In the ARPAnet model, communication always occurs between a source and a destination 

computer. The network itself is assumed to be unreliable. The ARP Anet design stated that any part 

of the network could disappear at any moment, so every computer on the Net could talk to every 

other computer as a peer, there were no central switching offices that could be blown up and take 

down the entire net. To send a message on the Net, a computer only had to put its data into an 

envelope, called an IP (or Internet Protocol packet), and address the packet for its destination. The 

IP was sent out onto the ARPAnet through a modem (device that converts the 1 's and O's of 

computer language into specific tones for transmission over a plain old telephone line, or POTS 

line). Merrily the IP went bouncing from computer to computer to computer, heading for its 

destination. If it found it's way blocked by a broken line (bombed city, or some careless backhoe 

operator), it simply bounced to another computer till it found its way around the blockage and made 

it's way home. It didn't have to bounce in a straight line, it was just as likely that a message from 

New York to San Francisco would find the easiest route was to go through London and Tokyo than 

bounce through Chicago and Denver. The ARPAnet was like certain Generals, it didn't care how 

the job got done, as long as the job got done successfully. Since ARPAnet couldn't assume that all 

of the computers that the message passed through spoke the same language (computer language, not 

English and Russian, this was the Cold War, they hoped none of the computers spoke Russian), IP 

protocol was set up that information would be read the same by all computers, no matter what the 

language. That little added benefit is why now you can peck away on an Apple and someone can 

read it on a PC. 

Universities did much of the military's research. Since their machines ran Berkeley UNIX (a 

standard operating language used by PC's and mainframe computers), and since UNIX uses IP 

addressing for routing messages, it was a natural extension that soon the universities wanted to 

exchange data from school to school using ARPAnet. Soon there were as many leather 

elbows(professors) as brass hats (generals) on the ARP Anet. In the mid 80's, the N a tiona! Science 

Foundation (NSF) set up five supercomputer centers around the U.S. Since the supercomputers 

were too expensive for every school to have (and still have that grand football team), they tried to 

use ARPAnet to share time on the five computers. But the brass hats had a hard time handling 

leather elbows, having their net open to grad student and (shudder) anarchist undergrads was more 

than they could take. They forced the NSF to create their own Net, and closed the General's 

ARPAnet's doors to outsiders. The NSF set up their net similar to ARPAnet, but changed designs 

slightly, and created the network we now know as the Internet (the Net). It created a system similar 

to a series of bicycle wheels, in that any user on the net connected first to an Internet Provider (like 

all of the spokes of the wheel connecting to the hub), and the Internet Provider passed the data on to 

the actual net, similar to a central axle connecting all of the hubs together. There are now actually 

several axles (called backbones) crossing the U.S., and most other countries of the world. As in the 
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ARPAnet design, if one axle breaks (a General had a screw come loose?), the messages are 

automatically routed through other backbones. Two years ago, the net outgrew the NSF (and the 

funding of the NSF by Congress), so now the U.S. government has technically given up control 

over the Net. Now the Net is governed (very loosely) by the ISOC (the Internet Society). It is a 

voluntary membership organization, and sets the standards on how the Net communicates and 

grows as new technology flashes upon the realm. Since the NSF isn't footing the bill for the 

Internet anymore, who is? -If you connect to the Internet, you are. Since you have to connect 

through a Internet Provider (and pay a small sum to do it), the Internet Provider must take a little of 

that money he collected and pay for his share of the full bill for the Internet backbones. Luckily, 

there are about (at last unofficial count) about 39,999,999 other people on the Net helping to pay 

that phone bill also, it helps to keep the phone bill down. And since all 40 million of us are helping 

pay the bill, all 40 million of us can chat, send email, post comments on the Usergroups, and 

exchange ideas and thoughts, all for a fee that we can live with. How much is that little fee that we 

can all live with? Depending on where you live, and how much time you want to access the Net, it 

can be as little as $10.00 a month, or can be thousands of dollars a month if you connect through a 

service that charges by the minute, and you forget to hang up the phone when you take your little 

trip to Hawaii. On the average, most people can connect to the Net for about $35 a month, and have 

about a hundred hours of cruising time to chat and view with their neighbors around the world. 

What do you need to connect to the Net ? 

The most basic items are a computer, a modem, and a phone line. You'll also need to 

subscribe (buy access time from) an Internet Provider, who will most likely provide you with 

software to allow your computer to speak to, and to connect to, their gateway to the Net. What type 

of computer do you need? Just about any type of computer will connect you onto the Net with the 

proper software. If you only want to exchange email, a 10 year old XT (a IBM PC based computer) 

or a Apple II (the original Apple) will do fine. But to get adequate speed to view all of those 

thundering hordes of thrips on the World Wide Web (WWW, where beautiful graphics share the 

screen with text, the Net's Latest and Greatest incarnation) you want to have at least a moderately 

fast computer, such as (in the PC world), a 486 or Pentium class computer running the Windows 

operating system (or OS/2 Warp), or an late model Macintosh running at least the System 7 

operating system As in the classic world of cars, faster is better. 

Just as in computers, there are many types of modems. Nearly all modems can connect to your 

Internet Provider (provided they work with your computer), but once again, faster is better. At 

today's prices, don't consider anything slower than a modem rated at 14,400 baud (the speed the 

modem transmits the data). For a few bucks more, you can get a 28,800 baud modem, which 

(theoretically) will allow you to transmit (and receive) data at twice the speed of a 14.4 modem. And 

to get better throughput (the speed of transmission), it is a good idea to check with your Internet 
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Provider as to which modem they are using at their end before you buy your modem, usually two 

identical modems from the same manufacturer will communicate both faster and more reliably. 

Today, a standard POTS phone line will allow you (under good conditions) to connect to the Net at 

28,800 baud. But a new standard for higher speed communications is bursting forth, ISDN. A 

ISDN card relies on Digital communication, it doesn't need to convett the computer's digital data to 

tones to send over the phone lines, then reconvert them back to digital signals at the receiving 

computer. It's digital all the way through from the sending machine to the receiving machine. And 

ISDN uses two data lines (wires) instead of the modem's single line. So instead of getting data 

through the Net at a maximum speed of 28.8K (28,8000 baud), it can handle data transfer at 156K, 

over 5 times as fast. That gnashing, mincing thrip won't just come rushing out of your screen, he is 

going to explode onto your screen, with pincer's slashing and dripping with plant gore! So, how 

much can you reasonably expect to pay for all of this high-speed gore on your screen? Here are 

some estimated figures for someone who has no computer now: 

• Low and slow, but still workable: - 486/100 Computer with a standard 14" monitor, 14.4 

modem- $1,800 

• Middle of the Road, nice and comfortable: - Pentium 75 computer with a 15" monitor and a 

28.8 modem- $2,200 

• Burn the Road and Peel the Pavement: - Pentium 166 computer, 17" monitor, and an ISDN 

card - $3,500, plus about $50 a month for the ISDN line (or more, depending on where you 

live), plus a few hundred for the installation of the special ISDN line. POTS lines can't handle 

ISDN 

Choosing your Net Provider: 

Having the fastest computer won't do anything without the Internet Provider. Without the 

provider, you're not on the Info Superhighway, you are stuck on a side road without an entrance 

ramp. But there are entrance ramps sprouting up all over the place. Perhaps the easiest way to get on 

the Net is to join one of the major groups like CompuServe, Prodigy, or America-On-Line (AOL). 

Nearly everyone with a computer in the U.S. is bombarded with free Join today diskettes or CD

Roms from these providers each week in their mailbox, and nearly every publication you pick up at 

a newsstand has tear-out response cards offering 10 or 15 hours of free time from one of these 

groups to surf the Net. But be advised that the easiest is not always the best way to go. Connect 

speeds (the actual speed you transfer data, no matter how fast your modem is) is usually terribly 

slow with one of these groups unless you live near a major metropolitan area. And with many of 

these groups you are limited to their software to access the Net, which may (and probably won't) be 

the best software to use. But the biggest problem with these groups is the total monthly cost. Sure, 

you get lO or 15 free hours the first time you sign up. But surfing the net can be addictive, 

information at your fingertips tends to drag you by your arms into looking at just a little more 
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data.and a little more.and more.and more! If you read the fine print, you will find that they charge 

anywhere from $1.00 to $2.50 an hour for added connect time (the time you are bouncing around 

on the Net). Many people open their monthly bill for access, and pass out cold when they find that 

they just blew $200.00 last month chatting with Aunt Harriet about her prize winning roses. Use the 

major groups to check out the net for the first time, but watch that clock while you do it! A better 

course may be to check with a local computer store to see if there are any local internet providers 

within your local calling area (not long distance call). They will usually have rates starting as low as 

$10.00 a month to use their service for the first 10 hours, and also have plans that allow you to pay 

$20-$35.00 for nearly unlimited access time. And, as a bonus, they will probably allow you to 

connect at the highest speed possible with your modem. For anyone planning on cruising the Net 

for information or entertainment, it's nearly always the best way to go. Even with the best computer 

and connection, there is one final consideration when getting Netted, and that is the software that 

allows you to enjoy your connection. Most Internet Provider's will provide you with free software 

to connect to the Net, but to really enjoy the Net (and to most easily set up the software) you may 

want to try one of the two following software packages. 

• 

• 
For ease of installation and use, Internet-In-A-Box is a hands-down winner 

for the novice Netaphite. It quickly walks you through the installation process (which can be a 

little tricky), and it is very simple to learn how to use. 

View the Net with an easy to use Web Browser 

For the best viewing pleasure on the Web (the graphical {picture] based section of the Net 

that is the most feature-rich and easiest to use section of the Net), the standard of the industry is 

Netscape. Most Web pages (the sites that you visit on the Web) are designed to be viewed best with 

Netscape, including the HSA Webpage (yes, we have our own Webpage, viewed by over 2000 

people in the last three months). Netscape can be bought a nearly any computer store, or (once you 

have access to the Net, it can be downloaded (retrieved by your computer from another computer) 

for free. 

Now, once you are up on the Net (and the Web), where should you go? Well, you can go to the 

White House (yes, that White House) and from there to any federal office, or to the National 

Agricultural Library to look up a few pertinent questions. Or you can go to nearly any airline to 

check on their flight schedules to and from nearly any airport in the world. Or you can go to sites 

that will give you the latest up-to-the-minute stock and commodity prices. You can go just about 

anywhere you imagine. But perhaps the one spot you definitely want to go visit is the Hydroponic 

Society of America's own Web Homepage, and see info on the next annual conference (and a whole 

lot more!). And here's the road map to the page: 

• open your web browser (Netscape?) 
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• type in the location of the HSA Webpage where it says URL (which stands for Universal 

Resource Locator, the location of the information that you are looking for.) 

• The HSA web page is located at (and type it in exactly as it is here:) 

• http://www .intercom.net/user/aquaedu/hsalindex.html 

We look forward to seeing you there! 

<<<<<<<<<<<<<<<<*>>>>>>>>>>>>>>>>>> 
Scott Jones <aquaedu@ shorel.intercom.net> 
Learn more about hydroponics, aquaculture, and aquaponics 
at our website: http://www.intercom.net/user/aquaedu/ 
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LIGHTING FOR PLANT GROWTH 
an OVERVIEW 

Noel Davis, 
Phytotech, Inc., Minneapolis Minnesota 

For the purposes of this paper Controlled Environment Growing, CEG, will be 
defined as any growing in which the environment is altered from the ambient natural 
conditions. The primary variables that are readily controlled are nutrients, water, 
temperature, relative humidity, carbon dioxide and light. This paper considers only the 
variable light. 

Controlled Environment Growing, CEG, may have been anticipated in the 
writings of Plato, (c.400 BC) when he describes in the PHAEDO, that 'a grain of seed, or 
the branch of a tree, placed in or introduced into these gardens, acquires in eight days a 
development which cannot be obtained in as many months in the open'. Before I 00 AD, 
in Rome, Pliny the Naturalist described the use of a forcing house not unlike those of the 
1700's. The Romans, aware of the importance of light for plant growth, were extending 
the fruit bearing of their plants by placing them on the south facing sides of their 
buildings and protecting them with sheets of transparent talc. Over 1000 years. passed 
with little known about the progress of CEG. By the middle of the 17th century the 
Dutch had recognized and implemented many of the energy management principles in 
today's modem greenhouses. By the middle of the 19th century iron structures had made 
it possible for greenhouse covers to achieve more than 50% transparency. Greenhouse 
transparency reached it's maximum with air inflated structures in the 1960's. 

Even with transparency maximized light is still a limiting factor in greenhouse 
growing. Solar light, while the basis for all plant growth, is enatic. Natural daylight 
varies from day to day as a function of weather and from season to season as a function of 
latitude. 
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Chart I suggests that adequate light is available for photosynthesis throughout the 
year. The following chart shows the peak light intensity and the distribution of light over 
a typical 24 hour period in winter and summer. 
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CHART II 

In addition to the normal variations in light, represented in these charts, the 
subtractive effect of weather must also be considered. It is reasonable in many parts of 
the country to expect I 00 clear days, 150 partly cloudy days and 115 cloudy days in an 
average year. These charts show a degradation in both intensity and duration in the 
winter months. Since photosynthesis is an energy transfer process it is dependent on a 
combination of intensity and duration. Photosynthetic activity in field plants varies from 
dawn to dusk, from day to day and from season to season. Some light level and some day 
length are optimum for the chemical process in each plant. Nature alone cannot provide 
optimum growth over any extended period. 

Photosynthesis 
Chlorophyll Synthesis 
Phytochrome Pred Absorption 
Photoperiodic Induction 
High Irradiance Reaction 
Carotinoid Absorption 
Germination Promotion 

TABLE! 

Photosynthesis Enhancement 
Chlorophyll Absorption 
Phytochrome P far red Absorption 
Other red/far red Morphology 
Phototropism 
Flavin Absorption 
Germination Inhibition 

Light itself is a continuous band of radiation that affects plants in many different 
ways. Photosynthesis is the dominant process. The Greek philosopher ARISTOTLE, 
( c3 50 BC) may have been the first to attempt to explain the processes of photosynthesis 
and food production. More than 2000 years elapsed before Jan Ingen-Housz in 1779 and 
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Jean Senebier in 1796 observed that plants could restore the "fixed air", oxygen, only in the presence of 

light; that plants made the air noxious, carbon dioxide, if kept in darkness. The role of light in 

photosynthesis thus was firmly established. It was established, but not truly understood. Since that time 

the role played by light in plant life has been vigorously studied and expanded. Table I lists some of the 

reactions plants have to different parts of the radiation band called light. 
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CHART III 

Light is a small portion of the electromagnetic spectrum falling between ultraviolet and infrared 

radiation. It is unique in that it is the radiation that enables sight and photosynthesis. All light is 

considered to fall into one of two classes, natural and artificial. Natural light is that from the sun, the moon 

and the stars. All other light is considered artificial. Artificial light comes from three principle types of 

sources, Thermal, or Blackbody Radiation, Energized Plasma and Laser. In all cases, light is a transport of 

energy. An input of energy is required to produce it and that energy will eventually become fixed in a 

chemical reaction or become heat. Photosynthesis uses only a few percent of the light that a plant receives. 

Light is a form of energy whose characteristics vary with its frequency and wavelength. As 

perceived by the human eye the color of light changes from violet to red as its wavelength increases. This 

sequence of increasing wavelengths produces a series of colors defining the spectrum of visible light. As 

the wavelength of light increases the energy content of each photon decreases. Where light is used for 

vision this energy change is associated with color perception. Where light is used for driving a chemical 

reaction such as photosynthesis a photon of blue light provides more energy than a photon of red light. 

This relationship is shown in the following Chart IV. 
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CHARTIV 

Light from a flame was used by prehistoric peoples. Until the mid seventeen hundreds all 

artificial came from a flame. Primarily from candles or a wick lying in a pool of oil or grease. It wasn't 

until the mid eighteen hundreds that kerosene and a glass chimney increased the efficiency and 

convenience of artificial lighting. The potential of coal gas for a fuel for lighting was recognized in the late 

seventeen hundreds and by 1815 there were 26 miles of gas lines for street lighting in London. The 

addition of a mantle to flame based light in the late 1800's greatly improved the light output by initiating 

incandescence. 

The electric arc lamp was invented in 1801, but was not commercially used until installed in an 

English lighthouse in 1858. The electrodes only lasted a few hours. From the 1840's until 1879 many 

people worked on developing a practical electric incandescent lamp. In 1879 Thomas Alva Edison 

produced the first useful electric lamps and the generators efficient enough to power them. This was the 

beginning of the modem era of lighting. These lamps had a life expectancy of 40 hours. 

The first fluorescent lamps were displayed at the Chicago Centennial Exposition in 1933. By 

1939 they were in popular use and by 1950 had replaced many applications for incandescent lamps. They 

were considerably more efficient. The fluorescent lamp belongs to a group of light sources called 

discharge tubes. These lamps produce light from an ionized plasma contained within the lamp and 

stimulated by a flow of electric current. Other lamps of this group include, neon, xenon and the High 

Intensity Discharge lamps, Mercury, Sodium and Metal Halide. A newcomer to this group is the 

microwave stimulated Sulfur lamp. 

The standard of light sources is the sun. It is the source and spectrum under which all life has 

evolved. Artificial light began with fire and the visible radiation that emanates from heated media. Even 

today the color of light can be described in terms of the temperature of a heated black body. The cooler the 

temperature the more red the light while the hotter the temperature the more white the light 

Light interacts with plants in three ways. Plant reactions are responsive to intensity, duration and 

wavelength, (color). Light intensity historically has been measured in foot candles. A foot candle is the 

amount of light from a standard candle that falls on a one square foot surface one foot from the candle. 

This amount of light is referred to as one lumen. Many lamps are rated by the number of lumens they 
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produce. The standard candle provides light with a consistent spectrum (sequence of wavelengths). Until 

recently interest in light was driven by the needs of vision. In the 1920's a goal of 5 to 10 footcandles was 

considered adequate. Today, office lighting varies between 50 and I 00 foot candles and for color 

television, 200 foot candles are required. Photosynthesis, in many plants, can use more than 3000 foot 

candles. Foot candles are measured with instruments that are adjusted to respond to the wavelengths in 

light with the same sensitivities as a human eye. The approximate relative spectral sensitivity of a foot 

candle meter and the human eye is shown in Chart V. 
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CHARTV 

For many years plant scientists measured the light intensity for their experiments in foot candles. 
In the 1960's it became apparent that plants respond to light with different needs and sensitivities than does 

the human eye. A new standard for measuring light for plant growth was established. It measures 
Photosynthetically Active Radiation (PAR) in Micro Moles of Photons per square meter per second 

(J.lM/m2/sec). A mole of light is that number of Photons that are equal to Avogadro's number, 6.0221367 x 

10 to the 23rd power. A comparison of visual sensitivity and plant sensitivity is provided in Chart VI. 
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Not only do different meters read light with different units they do it with different sensitivities. 

To further complicate the issue different light sources produce different relations between foot candles and 

~M/m2/sec. Chart VII illustrates the different relations between foot candles and ~M/m2/sec. for several 

commonly used light sources. 
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CHART VII 

These relationships have been established a number of times. Knowing the type of light source a 

conversion from foot candles to ~M/m2/sec or the opposite can be obtained by multiplying or dividing 

either reading by the appropriate number for that particular source. If reading a source of more than one 

type the conversion must be made with each source separately and the converted results added together. 

The following table provides conversion factors for a number of common sources. 

AMP TYPE CONVERSION FACTOR (CF) 
(ft cdls to IJM/m'/sec) (IJM/m'/sec toft cdls) 

ercury Vapor 
etal Halide (Multivapor) 
ool White Fluorescent 
odium Vapor (Lucalox) 

ncandescent 
unlight 

0.152 6.58 
0.158 6.33 
0.162 6.17 
0.176 5.68 
0.269 3.72 
0.203 4.93 

Conventional Wisdom 

TABLE II 

A look at the spectral output of several different sources of light will illustrate why footcandles 

and ~M/m'/sec differ from one source to another. Only the wavelengths between 400 and 700 nanometers, 

visible light and PAR, are compared. 
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CHART VIII 

700 

Sunlight has a nearly continuous spectrum increasing from the blue, 400nm, toward the red, 

700nm, with a single discontinuity just before 700 nanometers. The discontinuities in sealevel solar 

radiation, occur mostly above 700nm and are caused by terrestrial atmospheric filtering. This is the 

spectrum that all life has evolved and thrived under and which most other light sources would choose to 

deliver. 
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GRAPH IX 

Tungsten filament, incandescent, lamps provide a continuous spectral distribution similar to 

sunlight. However their efficiency at converting electricity to light and their operating life are too low to 

justifY their use in plant lighting for anything but regulatory functions, e.g. photoperiod control. For most 

supplemental lighting for photosynthesis one or more of the gas discharge lamps is the preferred choice. 

Their efficiencies and operating life are several times greater than those of incandescent sources. 
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CHART X 

Chart X illustrates the discontinuous nature of the spectral output of most gas discharge lamps. 

The metal halide lamp is rich in blue and low in red light. It is the lamp of preference of a portion of the 

research community as the plants grown under it appear more 'normal'. There is less tendency to stretch 

on the part of the plant under this irradiation. Metal Halides lamps are second only to Sodium lamps in 

conversion efficiency and third in life expectancy. 
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CHART XI 
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The Sodium lamp has the highest efficiency of converting electricity to light of any of the 

available standard lamps. It also offers the longest operating life. Plants grown under sodium lamps alone 

produce well, but may have a tendency to stretch. This can be reduced by the addition of some additional 

blue light, metal halide or mercury, if the stretch should be a problem. For general crop production this 

light source provides the lowest operating cost, the longest operating life and the least maintenance. 
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The three most common High Intensity Discharge Lamps, Mercury, Sodium and Metal Halide 

produce radiation in three bands, Ultra Violet (UV), Visible and Infra Red (IR). This radiation and the 

conducted and convected heat account for all of the energy delivered to the lamp from the ballast. Table 

Ill describes this distribution of energy. It should be noted that except for the little radiation fixed in the 

chemical processes of the plant all of the energy delivered to the lamps must be accounted for in any heat 

balance considerations. 

DISTRIBUTION OF POWER INPUT TO 400 WATT HID LAMPS 

RADIATED WATTS HEAT WATTS 

LAMP TYPE uv VISIBLE IR Conducted/Convected 

Mercury 8.3 64.3 207.4 12 

Metal Halide 12.5 95.4 148.1 144 

Sodium 0.8 120. 175.2 104 
Data from lllD Lamps, General Electric Co. 

TABLE III 

These relationships hold, regardless of intensity and location, for each source when operated as 

specified by their manufacturer. It is important to know how much light you have on your plants. You 

can determine this with either type of measuring instrument. However, some recommendations refer to 

watts per square foot of illumination as a guide to installing lighting for plant growth. This generally refers 

to lamp watts and assumes predicted light output from those installed watts. This can be subject to extreme 

variations depending on the choice of the lamp and delivery system selected. The Chart XII illustrates the 

differences in watts/square foot of several different types of lamps to produce a light intensity of 

1000~JM/m2/sec in a well designed and controlled plant growth chamber. 

Chart XII shows the Watts required for two different delivery efficiencies. 100% delivery is ideal 

and not attainable. It represents all of the light coming from the lamp according to the manufacturer's 

specifications. In any light fixture a minimum of 60% of the emitted light must be reflected at least once to 

reach the desired working surface. Predicting a delivered light intensity to a defined surface is a complex 

computation with many variables. If attempted, the results should be confirmed by careful measurement. 

In the best of commercial plant growth chambers the useful light is generally less than 40% of the source 

light. In most other applications it is considerably less. Light output can be increased or decreased by 

corresponding changes in line voltage or ballast characteristics 

When considering the cost of artificial light four factors must be evaluated. The cost to acquire 

the equipment, the cost to install the equipment, the cost to operate the equipment and the cost to maintain 

the equipment all impact on the return on investtnent. 

The initial investtnent can be made from a number of options. However, it must start with the 

determination of how much light is needed over what area is to be lighted. Once this is established the 

number of lamps required can be selected. It should be considered that the lumen output of HID lamps 

increases with the size of the lamp. For example, a 1000 watt High Pressure Sodium lamp is 

approximately 10% more efficient that a 400 watt lamp. The most effective way to maximize the utility of 

the light purchased is to obtain the best possible delivery system from lamp to lighted surface. Most 

commercial reflectors lose more light than they deliver. 

67 Proceedings of 17th Conference 
Hydroponic Society of America 



WATTS FOR 10001JM/m2/sec 

300 

':1-- 250 
lL -(J) 200 

I= 
~ 

150 

a. 100 ::;; 
<{ 

50 ...J 

0 
c c ~ 

ro~ E Q) :::J 
0 

0 .2 - :::J ---CJ) 2 0:: ID(ij - "0 en Q) :;:I I o c ::;;: ~ If) 

~ 
LAMP TYPE 

• 100% Delivery 00 40% Delivery 

Data from Principles of Light Energy Management, Phytotech, Inc. 

CHART XII 

Installation cost can become a significant factor, especially where stringent electrical codes 

require conduit, ground fault protection and weather proof fittings. It should be recognized that the cost of 

installation of a lighting fixture is very nearly the same for 400 watt and l 000 watt fixtures. The difference 

comes in that it takes more than 2 and a half 400 watt fixtures to provide the same amount of light as one 

!000 watt fixture. 

Operating cost are a function of the amount of light that is required (intensity) and the length of 

time that it is required (day length). These Kilowatt Hours (KWH) cost according to the rate schedule of 

the supplying utility. These schedules often are accompanied by a series of discounts. There are discounts 

for time of day use, for agricultural use, for interruptible service and others. It is important to investigate 

the rate structure under which the lighting will be operated. Significant savings may be possible. Included 

in the operating cost must be the recognition of the need for removal of the heat introduced with the 

lighting. Every watt of installed lighting results in 3.41 Btus/hr of heat that must be absorbed or removed. 

In highly lit spaces this cost can be significant. 

Maintenance cost are dependent on the type of light source selected and the frequency that 

cleaning may be required. Lamp output declines with age and with the accumulation of dust on the lamp 

and fixture. Lamp life is also a function of both the burning hours and the number of lamp starts. 

Published lamp lives are frequently based on the number of hours burned per start. Continuous operation 

gives the longest life. Lamp life is should be based on depreciation of lumen output. However, in many 

cases, it is based on the point at which some percentage of any batch of lamps will fail to start. Useful life, 

the point at which lumen output has declined to less than required may occur well before the magic number 

of lamps fail to start. In plant growth chambers it is a common practice for lamps to be changed in thirds 

of those installed to maintain the most uniform conditions for the plants. Light lost in dusty fixtures is still 
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light paid for! The life of different light sources varies substantially. Table IV provides the standard life 

expectancies of a number of sources. 

Electric Arc 
Incandescent 
Fluorescent 
Metal Halide 
Sodium 

TABLE IV 

4 hours 
1000 hours 
8000 hours 

12000 hours 
24000 hours 

When considering lighting for plant growth many variables make up an answer. The material 

provided has been an attempt to collect and present in one place many of the pieces of the mosaic of plant 

lighting. It has been the hope of this presentation that an overview of the subject would provide a better 

understanding of light, where it comes from, how one source compares to another, how it is measured and 
some considerations regarding the installation and operation of different light sources. The paper is not 

intended to be used literally. The charts are simplified to illustrate points of consideration. The original 

sources, identified under each chart, or a qualified consultant should be contacted, before attempting to use 

any of the material in this paper. 
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HYDROPONICS/ AQUAPONICS 

Scott-Jones 

Hydro/Aquatic Technologies, Princess Anne, MD 

What is AQUAPONICS ? 

Aquaponics is a combination of hydroponics and aquaculture (fishfarming). In an aquaponic 

system, you feed the fish, the fish wastes feeds bacteria, the bacterial wastes feed tbe plants, and the 

plants clean the water for the fish. 

Aquaponics is a semi-closed loop ecosystem, a man-made version of Mother Nature's pond, 

stream, and field ecosystem. Aquaponics grows two (or more) crops for the price of one! Growing 

plants hydroponically and growing fish have many features in common. If you can do one, you can 

do the other. Plants and fish are both living organisms, with many of the same basic needs (oxygen, 

food, and warmth). Both require monitoring the water's pH, chemical makeup, and temperature. 

Both require a way to bring in fresh nutrients, and both require a way to remove their wastes. 

Fish live in their own bathroom. They can't help it, they have nowhere else to go. And fish 

waste is mainly ammonia nitrogen, that evil smelling stuff you clean windows with. If you feed the 

fish too much, and their ammonia laden wastes build up, the fish do the same thing that you would 

do if immersed in an ammonia bath,. they die. Even if they don't eat the food that you toss in the 

tank, the natural breakdown of the food will increase the ammonia level and kill the fish. 

Fortunately, nature provides a way to eliminate this deadly hazard. Certain bacteria utilize ammonia. 

They thrive on it, can't live without it. The most voracious ammonia utilizing bacteria are called 

Nitrosomonas bacteria. They gobble the ammonia down, use it to fuel their tiny bodies, and give off 

wastes full of nitrite nitrogen. Most fish can handle up to 10 times as much nitrites as ammonia. 

Excessive nitrite levels however kill the fish. Now, fish have been doing fine for eons. So 

obviously, something is taking care of the nitrites. Nature always provides a way of taking care of 

wastes. This time it's another bacteria, Nitrobacter which conve1t nitrites to nitrates. Nitrates are 10-

100 times less dangerous to the fish. Still, if the levels of nitrates ever manages to get too high, it 

can still kill the fish. Luckily, nitrates are the form of nitrogen that all plants can utilize. And, next to 

carbon dioxide, nitrogen is the highest chemical on the plant's food list. Without nitrogen (nitrates), 

the plant won't grow. Give a plant plenty of nitrogen (along with plenty of light, water, C02, and 

about 13 other micro-elements), and it grows big and strong. It also locks that nitrogen up in it's 

leaves and stems, removing them from the food chain, along with many other impurities. When the 

plant dies, other forms of bacteria (along with bugs, fish, animals, and humans) feast on the plant. 

Their wastes start the cycle all over again. 
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An AQUAPONIC system contains all three of the necessary parts of the ammonia/nitrate 

cycle. They are: fish to produce the ammonia, bacteria to break the ammonia down to nitrates, plants 

to feed on the nitrates to create fishfood to start the cycle all over again. 

What is the Design of an Aquaponic System ? 

An aquaponic system can be a simple aquarium and hydro system, or it can be a elaborate 

commercial system that is designed for high production and maximized profits (or MANY systems 

in between). Aquaponics can be used for education, thought -provoking hobby displays, commercial. 

production of plants and fish, and for waste-remediation. 

In the simplest aquaponic system, the fish live in a standard fish tank. A pump that sits in 

the tank with the fish pumps the water (and fish wastes) up to a series of NFf troughs sitting nested 

into the top of the tank. As the water sprays out of the pipes leading from the pump, it picks up 

oxygen, and flows down the troughs. Plastic pots sitting in the troughs contain blocks of rockwool, 

a sterile growing media similar (in appearance) to fiberglass. The water (and dissolved fish wastes) 

feeds up into the rockwool by capillary action, where bacteria are cultivated. The bacteria utilize the 

ammonia, and feed plants that are also growing on the rockwool cube. The cleansed water then 

flows down the trough, and pours into the fish area in the tank, completing the cycle. More 

complicated (and more efficient) aquaponic systems use the same basic concept, but have 

specialized components to maximize production. They are more efficient at gathering the fish 

wastes, have several types of hydroponic systems for production of multiple crops with different 

nutrient and physical needs, more elaborate systems for nitrate removal, and perhaps other systems 

to maximize the growth of bacteria and removal of non-organic materials from the water. They may 

also contain automatic monitoring systems, backup pump systems, auto feeding systems for the 

fish, and other systems to maximize the growth of the plants. 

Aguaponics can be integrated into an indoor pond system to create a beautifully landscaped 

show system. Picture a mountain lake glimmering in the sun, with fish leaping and breaking its 

shining surface. Picture a babbling stream with fmit laden trees lining it's banks. Picture a pristine 

waterfall feeding that stream, with vines trellising down the sparkling rocks that bracket the falling 

water. Now picture this idyllic scene, in miniature, babbling away in your atrium or a corner of 

your living room. It's a complete ecosystem that can fit into a corner of your living room or 

classroom. 

An aguaponic system needn't be a geometric conglomeration of plastic troughs and tanks. 

With a little ingenuity and foresight, you can form an aquaponic system into a work of art. All of the 

basic ecological processes are still integrated into this miniature mountain glen. The lake can be 

formed from a preformed ornamental pond. The stream can be formed from properly prepared 

concrete, with the "fruit laden trees" being bush-type cherry tomatoes and sweet basil. The 

waterfalls can be formed from a mound of native stone, or easily positioned mock stone blocks, 
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covered with trellising spider plants. And all of the plants can be rooted in rockwool cubes to 

provide the home for the bacteria that handle the "dirty work". You CAN bring Mother Nature into 

your home, it just takes a little planning and the right resources. 

Commercial aquaponic systems, like any other type of farm, are out to make a profit. And to 

make a profit, they need to be able to grow viable crops that are in demand, and sell the crops for 

more money than it took to raise them. Aquaponics grows two viable, salable crops, the plants and 

the fish. Depending on marketing strategy, both crops can be sold to the same target market, 

reducing off-farm labor and delivery costs. Nutrient costs for hydro systems is relatively low to 

begin with, but fish feed IS a major cost for traditional aquaculture establishments. With an 

aquaponic system (depending on variety of fish chosen), much of the vegetative matter that would 

normally be nonsaleable (roots, leaves, etc.) can be recycled back to the fish as supplemental fish 

feed, saving costs both on the feed and the disposal of waste plant material. And with an aquaponic 

system, there is a great opportunity for some free guerrilla advertising, TV stations and the local 

press are fascinated with the concept of the fish feeding the plants, and the plants cleaning up after 

the fish. TV spots and newspaper articles are great adve1tising, especially when they are free! 

One of the most promising uses of aquaponics is Waste Remediation. Mankind creates a 

TREMENDOUS amount of wastes. Most of these wastes get piled into mountains of garbage, or 

spewed into our rivers and streams. But with a properly designed aquaponic system, much of this 

waste can be reclaimed, or converted into less toxic form. Systems can be designed to deal with 

wastes such as a municipal sewage system, oil spills, chemical dumping, even radiological 

containment and removal. And as a side benefit, such systems can provide large quantities of 

electricity and heat production, all for considerably lower cost than traditional systems. 

The AQUACULTURE PART OF AQUAPONICS: 

The aquaculture section of aquaponics consists of three major components: a tank (or tanks) 

for the fish, a way to increase the oxygen level in the fish water, and a way to move the wastes from 

the tank to the hydroponic systems. Also needed, depending on the size of the system and the 

variety of fish, are feeders and heaters. 

Choosing a Tank for an Aquaponic System 

Your tank for your aquaponic system is the home of your fish, the fertilizer container for 

your plants (the fishwastes), and (hopefully) the container that keeps a whole lot of water from 

covering your floor. One of the biggest considerations in designing an aquaponic system is the size 

and shape of your tank. A well chosen tank will give you easy operation, and be basically self

cleaning. A poorly chosen tank will cause rapid buildup of ammonia (very toxic to your fish and 

plants), smell bad (buildup of methane gas, the "rotten egg" smell), and kill your fish (many areas 

of oxygen deprived waters in the tank). A poorly designed tank can fail without warning, leaving 

you with many dead fish, HUGE pools of water, a lot of mop work. A well designed tank will 
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withstand many years of hard use, be easily accessible, and be designed so that wastes don't gather 

in corners, but are swept by the water movement to one point for easy removal to the hydroponic 

systems.- How Big Should Your Tank Be? 

Fish tanks, as do fish, come in all sizes. Which size is right for you depends on what you 

are trying to do with the system. 

Are you going to want an interesting conversation piece with lots of flash and color? Then 

consider a small glass tank (as sold in aquarium stores). 

Want to have a durable system with a few fish to show basic ecology, or for pets? Then you 

should consider a plastic or fiberglass tank around 75 gallons, which is large enough to grow 

several fish throughout the year, yet small enough to fit in a standard room. 

Do you want to have a system to actually learn hands-on about aquaponics before chewing 

into a commercial sized system? Then consider at least a 200 gallon tank. Anything smaller will not 

allow enough production to operate a multi-tiered hydroponic system, and will not produce enough 

fish and plants to harvest for taste tests to your intended market. Though not large enough to make 

money, this size WILL let you get your feet wet. 

If you want to grow enough fish and plants to help finance your systems, or want to provide 

your family with farm fresh vegetables and fish year round, consider using at least a 700 gallon 

system or larger. 

If you are considering going into fishfarming as a commercial venture, this is also a good 

sized system to use as your proof of concept system, and an excellent size to learn on before 

investing large amounts of money on a much larger system. Anything larger and you will be 

spending more time (and money) than necessary to care for the system, and yet not gaining more 

experience with the core elements of aquaponics. 

If you ARE going into commercial production, and want to produce HUGE amounts of fish 

and plants, you should consider a series of tanks rather than one HUGE tank. A series of tanks 

allows you to set growing conditions in each tank according to the growth stage of the fish, and 

makes maintenance and harvest MUCH easier. It also allows you to quarantine sick fish from your 

healthy herd, and size the crop according to marketing demands. 

Sizing tanks by how many fish you want 

Another way of deciding what size tank you need is to consider how many pounds of fish 

you want to harvest at the end of the cycle. You can fit a LOT of little fish (fry) in a tank, we 

commonly fit 200 Tilapia f1y (baby fish) in a 20 gallon tank when they are only an inch big. BUT 

those fish will grow (at least they'd BETTER GROW!) Those same 200 fry will need AT LEAST a 

600 gallon system within 6 months! If you are only using one tank for the entire growth cycle, size 

your tank size on the end growth (harvest) size, the little ones will have a ball swimming in (to 

them) their very own ocean, and when they grow up they'll still have enough room to keep from 
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bumping elbows (fins?) every time they turn around. It's a better approach to use at least two tanks, 

one for juveniles, and one for adult fish. This not only allows you to handle the least amount of 

water, it lets you have a batch of partially grown fish ready to dump into the grow-out tank when 

you harvest off your completed crop. For a two tank system, figure the size needed for your grow

out size tank, then size your juvenile tank at l/6th of the grow-out tank. For commercial growing, a 

much better approach is a series of three (or more) tanks, sized with the mid-sized tank at one 

quarter the size of the grow-out tank, and the juvenile tank sized at one quarter the size of the mid

sized tank. 

Sizing by the Pounds of Fish Grown per Gallon of Water 

How many gallons to use for each pound of fish depends on how much effort (and money) 

you want to devote to the system. If you want a very reliable, easy-to-care-for system, then 

consider one pound of fish to every 5 gallons of water. At this ratio, the water chemislly is very 

forgiving, as you have a large buffer of water per amount of fish waste produced. At this ratio, the 

systems are nearly self-balancing and do not need regular (daily) monitoring once they are up and 

running well. You DO need to keep an eye on regular delivery of feed and oxygen, and monitor the 

system whenever a fluctuation occurs (temperature swings, season changes, new crop introduction 

(plant or fish)). 

If you have time to monitor the water quality daily to keep a handle on your growing 

conditions, you can grow one pound of fish to every three gallons of water. At this density, your 

hydroponic system MUST be totally functional, and you must take care to never harvest off your 

entire plant crop at one time (they are your nitrate removal system. Also, care must be made to never 

remove more than half of your growing media for the plants, as this is the home of your bacteria. 

Remove too much bacteria, and your fish die from the buildup of ammonia. 

If you REALLY like living on the edge, want to take it to extremes, aren't afraid to risk 

losing your crop if something goes slightly out of tolerance, you can risk going to nearly one pound 

of fish to one gallon of water. At this level, automated monitoring controls are a must for pH and 

oxygen. Back-up aeration and power are absolutely necessary, as is supplemental denitrification 

(more than the hydroponic system can provide). Grower knowledge is VERY important at this 

level, because one minor mistake can crash the whole system. If you want to go OVER a pound of 

fish to a gallon of water, consider investing in the Irish Sweepstakes, you have a better chance of 

winning! 

Aquaponic Tank materials 

Glass Tanks - If you want a small "show" system, you have little choice in tank choice. 

Unless you have a "bottomless pit" budget, you will be using a 20 gallon "Long" or 30 gallon 

"Long" glass tank, available at virtually any pet or fish store. The "Long" tank refers to the length of 

tank verses the width (and depth). To get adequate surface area above the tank for the hydroponic 
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section, only a "Long" tank will do. We suggest a "Perfecto" brand tank, they have the highest 

quality tank for the cost. Expect to pay between $25-40 for your tank. Make sure that you support 

the tank completely along all bottom edges, but do NOT put any stress on the bottom glass area. For 

best viewing, consider putting a light directly under the tank, shining up through the bottom glass 

and water. Be kind to your fish and put the light on a timer (how would YOU like to have a bright 

light shining into your bedroom all night?). 

If you want anything larger than a 30 gallon tank, consider a plastic or fiberglass tank. 

Though glass tanks are available up to !50 gallons (larger yet if you special order, $$$), there is a 

support strap built into larger tank's tops. If you are insetting a hydroponic system into the tank the 

strap will block the troughs in a larger tank. Cut the strap, and you may find a broken tank, VERY 

unhappy fish, and a large mess when you come in one morning. 

Non-Glass Tanks 

Fiberglass Tanks- Fiberglass is a rather easy to work with building material, fairly low cost, 

and readily available. Unfortunately, it also scratches fairly easily, which means that you will have 

numerous points (scratches) for fishwastes to adhere to. Unless fiberglass is gelcoated (a smooth 

coating of resin without glass fibers), the outside of the tank will be, at first, slightly rough to the 

touch. After several years, the glass fibers will be sticking out through the walls of the tank. Glass 

fibers sticking out have a bad habit of sticking in anyone who rubs against the outside of the tank. 

Unless you LIKE rubbing up against fiberglass insulation with your bare arms, make sure your 

fiberglass tank is well gel coated INSIDE and OUT. Be careful how you clean the tank (no metal 

scrappers, use only "Teflon" certified nylon scrubbies to clean a fiberglass tank), and make sure that 

your airstones have a rubber bumper on them to protect the tank from abrasion (we have rubber 

bumpers if you need them). Fiberglass is an ideal material for canoes, it allows builders to have nice 

tight sharp radiused corners. That's great for canoes, but in an aquaponic system, you DON'T want 

tight corners that trap fish wastes. The smoother, more gradual the bend or corner, the better in a 

fish tank (cleans easier). Fiberglass tanks are an altemative if you want to easily install a clear plastic 

window in the tank, and/or if you want to learn handforming or molding fiberglass in a shop class 

(it's a good skill to learn, it saves money, and it REALLY bonds the growers to the system). 

Clear Plastic Tanks -Acrylic tanks are somewhat popular when direct sideways observation 

of the fish is desired. Though not easily handformed in your own shop, there are several acrylic 

plastic tanks available in larger pet stores. Acrylic starts off glass clear, usually has no sharp bends 

or corners to trap wastes, and won't easily break under impacts. Unfortunately, it's expensive (up 

to 6 times as much as glass), and will become cloudy and easily scratched over a few years. An 

airstone will scratch an acrylic tank almost immediately, and can actually wear a hole in a tank in a 

few years if it doesn't have bumpers and is flowing a large volume of air at the same spot all of the 

time. Cleaning an acrylic tank is even more delicate than a gel coated fiberglass tank. I normally 
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(almost never) do not recommend an acrylic tank for a school, and rarely for a home system. 

They're too easily scratched and WAY too expensive. 

Polycarbonate tank - If you REALLY want to see your fish easily from the sides (through 

the tank walls), but want a very safe, fairly easily cleaned tank, try a premade polycarbonate tank. 

This is the same material used in the best greenhouse walls, "unbreakable" windows, and most 

"bulletproof" windows. It's VERY strong, not easily scratched, very long-lasting, light weight 

(when compared to glass), and easily withstands years of use in a school environment. Only two 

major problems, (1) it is not readily available (best tanks usually shipped in from Japan), and (2) it 

is VERY expensive. If money is no object, get a polycarbonate tank, otherwise, consider a opaque 

plastic tank and observe your fish from above. 

Durable Opaque Tanks - By far the best choice for a 50 gallon to 1000 gallon tank in a 

school is a polypropylene or polyethylene tank. You can't easily see the fish from the sides, though 

the tanks are translucent enough to see the water level and any fish that swim right up to the 

sidewalls. These tanks have two very redeeming features, they are LOW COST and they are 

TOUGH! 

Plastic tanks can be molded in virtually any color, try to get a color that matches the bottom 

of the fishes natural environment. Don't get a black tank for in a greenhouse (they get too hot due to 

solar gain), don't get a white tank (fish get spooky because they are SO visible). Tan tanks seem to 

work best. The main color available is usually blue, and fish will handle living in a blue tank, but if 

a brown or tan tank is available, choose it over a blue tank. Blue tanks DO have one major 

advantage, unless you plan on growing Blue Fin Tuna, the fish will contrast against the tank and be 

readily visible. In a tan or brown tank, even with crystal clean water, most fish are hard to spot and 

count. Plastic tanks are very sturdy, molded without sharp corners, flexible (you CAN fit a 37" tank 

into a 36" door, they flex), and nearly indestructible. They are easily cut and drilled with ordinaty 

hand tools, and are very light (a 180 gallon tank weighs under 60 pounds). A plastic tank will never 

scratch you, and is hard to scratch or cut (accidentally). You can also order poly tanks with 

windows built in so the fish can watch you milling around, it's very educational to the fish. 

Large Tanks -If you are planning on a LARGE tank, (over 1500 gallons), you have three 

basic options: steel (with or without a flexible plastic liner), concrete, or flexible fiberglass inset into 

a frame (usually wood or concrete). Often the tanks at this size come in sections, with each section 

bolted together and sealant applied at the joints. 

What shape is best ? 

Tanks, like people, come in all sizes and shapes. Little tanks, big tanks, long and thin tanks, 

round and roly-poly tanks. What tank is best for you? Depends on what you are growing, what's 

available, what your budget is, and how you are growing your fish. If you are growing trout by 

pumping in fresh spring water, and flowing the wastes out the other end, a long rectangular tank 
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(similar to a raceway) may be the best bet. A long, narrow tank will have the highest water velocity 

per input of power of any tank style (with the possible exception of a narrow cylindrical tank set on 

end). The rectangular narrow tank is by far the easiest tank to fabricate yourself. Unfortunately, it's 

probably the least desirable tank design for a recirculating system (water flows in a semi closed 

loop, constantly recirculating back into the tank). Any square corners will act as traps for fish 

wastes, and gradually build up deposits that will be miniature ammonia and methane factories. On 

the other hand, a rectangular tank is by far the easiest tank to harvest a whole batch of fish from. 

Just build a net smaller than the narrow dimension of your tank, put it in one end of the tank, and 

run it down to the other end. Instantly you've trapped every fish in the tank. Also, most aquariums 

are in effect rectangular boxes, and they do fine in millions of homes (with light loading). 

Rectangular tanks have been used to produce fish for at least 100 years. 

If all that you have is a rectangular tank, by all means use it, a light loading of fish ( for 

example: maybe one pound of fish per four gallons of water) is much better to teach with than no 

fish at all. A rectangular tank is the easiest system to convert to aquaponics (not the best, just the 

easiest). I've run close to one pound of fish in two gallons of water for months without problems in 

a 80 gallon rectangular tank with 60 linear feet of NFf trough flowing into it (and PLENTY of air). 

The trick here is to have the trough flowing into the LONG side of the tank, completely from one 

end to the other. The inflow from the trough sweeps down and around the shorter width of the tank, 

swirling up as much wastes as possible. 

Oval Tanks - An oval tank is half way between a rectangular tank and a circular tank. Gone 

are the problems of wastes gathering in sharp corners of a rectangular tank. There are no sharp 

comers in an oval. Oval tanks are nearly always a plastic tank, though handformed fiberglass can be 

formed fairly easily into an oval by hand. To do multiples of oval fiberglass tanks, a mold must be 

made, and a radius mold is much harder to make than a square cornered mold. Oval tanks are often 

used when a tank is meant to be broken down into several sections to be brought through a door, 

and then reassembled into a (hopefully) watertight tank far larger than could be brought into the 

room otherwise. An oval tank of this design has a great feature not found on other designs, (though 

I know of no one that has actually tried it, the advertisers seem to think its a great idea). By adding 

to the inside (straight) sections, an oval tank can be expanded or shortened depending on need. 

Unfortunately, to do this, you need to drain out all of the water (and fish), then d1y completely, then 

cut out the old seal, put in your new pieces, then reseal, rewater, and check for leaks. Any time that 

you have multiple seams, you have the possibility of multiple leaks. Remember to seal joints with 

the manufacturers recommended sealant, or use clear silicone sealant if there is no recommendation. 

Round Tanks - Round tanks are now all the rage! Most new designs center around circular 

tanks. Though a round tank will take up the most floorspace per gallon, there are several excellent 

reasons to use a circular tank. A circular tank is the strongest design mechanically, there are no 
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seams or stress producing corners. A round tank gives equal access from all sides, no point is 

further from the center than any other point. Perhaps the best feature of a round tank is its 

exceptional self cleaning capabilities. With no corners to trap wastes, a round tank gives the best 

water conditions. It also allows unimpeded circular water flow, which causes solid wastes to gather 

in the center (watch water going down a drain, it spins and draws any solids to the center before 

they rush down the drain). With a drain in the center of a round tank, wastes are swept free of the 

tank before they dissolve into the fish's water. Since the fish will gather towards the sides or, at 

most, half-way from the sides to the center, the fish themselves will not scatter and break up any 

solid wastes before it can be drawn from the tank. The fish also will continue to swim around the 

tank, not gather for safety in a corner. They'll spread out more evenly around the tank, keeping 

waste loading dispersed and preventing localized depletion of oxygen. If at all possible, go with a 

round tank. The reduction of problems will easily offset any added expense of a round tank. 

What's the best shape for the tank bottom ? 

Tank bottoms come in different shapes. The most standard are: flat, sloped, conical, and 

sumped. The two main considerations are how the tank sits on the ground (floor) and how self

cleaning the tank is. 

Flat Bottomed Tanks - Flat bottomed tanks are by far the most common. A flat bottomed 

tank will sit easily on the floor without any support, is easy to make, is very strong (though not as 

strong at the edges as a conical tank), and is the lowest cost design. But flat bottom tanks are the 

least self-cleaning design (wastes tend to scatter across the bottom, rather than be collected in the 

lowest point). Flat bottomed tanks are usually sat directly on the floor, with their entire bottom 

surface in contact with the floor. If you are trying to heat (or cool) the water in the tank, a flat 

bottom will draw the heat rapidly from the tank and transfer it into the ground beneath the tank. In 

effect, the floor beneath your tank becomes one large heat sink. Since ground (in temperate zones) 

averages around 550 F, this means that your water in the tank will be somewhere between 55° F 

and the average air temperature in the room. If you are running trout that's fine, you want cooler 

water anyway. If you're running Tilapia, that's terrible, you want the water as warm as possible (up 

to around 840 F). So, if you are running Tilapia, unless you have stock in the electric company, 

· keep a flat bottomed tank up off the floor, preferably at least 2". 

Sloped Bottom Tanks - Sloped bottom tanks are basically flat bottomed tanks with a false 

flat bottom set into the tank. The slope helps gather the wastes at the bottom of the slope for 

removal, and allows (unless the void between the slope plate and true bottom fills with water) an air 

void between the slope plate and the ground to help insulate the tank. A siope bottom is easily set 

into a flat bottomed tank, either by the manufacturer or retrofitted by the current operator (you). If 

you do set your own slope bottom, remember to give the slope adequate support, it has a large 

amount of weight resting on it (weight of water, plus weight of growers pressing down with nets, 
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etc;). Rather than letting the void empty between the bottom of the tank and the slope plate, consider 

filling the space with extruded foam board (not "bead" Styrofoam, it absorbs water, use the closed 

cell foam for exterior house insulation, it's usually either pink or light blue). Make sure your sloped 

board is well bonded to the walls of your tank, you don't want leaks into the void space. Seal any 

pinholes at the seams with clear silicone sealant and let sit at least 24 hours before filling the tank. If 

you put in a bulkhead fitting (fitting designed to run pipes through the sides of ships without leaks, 

we stock them, call) and a shut off valve at the lowest point in your tank, you can easily "tap off' 

wastes that gather at the bottom of the slope board. 

Conical Bottomed Tanks - A conical bottomed tank is impossible to sit directly on a floor 

(for more than a second, then it falls over). This means you MUST use a stand to hold the tank. The 

stand can be cast right into the tank itself (usually only on tanks under 300 gallons), or can be a 

separate support. Since the stand is not holding water, it can be made from nearly any material, 

from plastic to steel to cinder block (with a foam pad between the tank and the skirt so that the tank 

isn't only sitting on the edge of the block), or made from wood. If you make a skirt from wood, 

only use pressure treated boards or redwood, sand them smooth (pressure treated and redwood 

splinters cause instant infections). Also, if made from wood, splurge on stainless steel screws to 

hold it together, or else you may have a big wet surprise one day (Can't find stainless screws 

locally? Call us, we carry them!) Since the support is holding the tank up off of the ground, there is 

room beneath the tank to put in a bottom drain in the center of the tank. This is one of the main nice 

fixtures of a conical tank, the cone shaped bottom will automatically move solid wastes to the 

bottom center, and a bulkheaded bottom drain will allow you to quickly and easily drain out wastes 

each day. Though the bottom drain may only be a few inches off of the floor, you can plumb it up 

to a drain valve that empties into a 5 gallon plastic bucket for easy removal of the wastes from the 

room. 

PLANTS - The HYDRO part of HYDRO/AQUATICS 

In the Hydro/Aquatic environment there is a three tier hierarchy. On top is the bacteria, because 

NOTHING would last long without the ammonia/ nitrogen cycle. The fish are at the bottom, 

because without the bacteria converting the ammonia into nitrates, and the plants converting the 

nitrates into plant matter, the fish are history. In the middle of the process is the plants. They can't 

live without the bacteria, but they can survive without the fish Gust tum it into a straight hydroponic 

system). Even without fish or hydroponic fertilizer, naturally occun·ing bacteria, (including a small 

number of the bacteria in HY-Aquatic Bacteria), and algae will colonize any long-term freestanding 

body of water. Their natural death and decay increase the nitrate level in the water, which feeds the 

growth of algae. When the algae dies off, it decays and increases the nitrate level even further. 

Gradually the water will reach a nitrate level that will support simple terrestrial plants. If the 

terrestrial plants were thrown back into the tank, the process could run nearly indefinitely {just add 
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water} . Plants need more than water and nutrients (which the aquaponic system supplies in 

abundance). They need light! Up to their light saturation point, any time you increase the amount of 

light a plant gets, you increase the growth by 8%. 10% more light gives 8% more growth. Plants 

need 16+ elements to get good growth. Your local water has many of these elements already in, 

though perhaps not in the needed amount. The fish food that you feed the fish was of course 

designed to feed .FISH! Not Plants! Though the fish need the same basic elements, they don't need 

them in the same ratio's. And as the fish grows it locks up many of those elements. If the plants 

don't get their nutrients, they don't grow well. If the fish are little or few in your system, there isn't 

enough nutrients (wastes) flowing tlu·ough the system to sustain good plant growth. But the system 

has to be designed for waste removal at the largest size that the fish will be grown to. Too little fish 

=too little "wastes". 

What to do? Feed the plants! 

To fertilize the plants you can introduce nutrients in two ways: in the water or on the leaves. 

Putting nutrients in the water with the fish in the system is the most efficient, and the Tilapia will 

handle (gradually acclimated) up to a full strength (1500 PPM) hydroponic nutrient solution such as 

the Hy Aquatic nutrient line. Only problem is that nutrients are not an "approved" additive for food 

grade fish in a hydroponic system. You can legally add nutrients to a catfish or bass pond, but not 

in a recirculating system. It's illegal, not because its harmful, but because no one in bureaucracy 

ever heard of adding nutrients TO a recirculating system to encourage growth. Then again, they 

never heard ofaquaponics too. But if you are raising ORNAMENTAL fish, you may want to build 

up to one teaspoon for every two gallon capacity for small fish/light loading, or one teaspoon per 8 

gallon for medium sized fish. 

Foliar Feeding -The other way of getting nutrients into a plant is by foliar feeding the plant, 

spraying water and nutrients onto the leaves of the plant. Foliar feeding is a very efficient way of 

introducing nutrients into a plant, it totally bypasses the ordinary root absorption and brings it right 

to the growing area that we're most concerned with, the leaf. Just mix up a little HY -FOLIAR 

according to directions and spray it on the leaves till run-off. One other item that you may want to 

foliar feed is if you are running tomatoes. Unless your water is VERY high on calcium, you will 

risk running into the dreaded Blossom End Rot problem, which occurs due to a lack of calcium 

around the time the plant is setting blossoms. The easiest way to alleviate this problem is to bring 

your calcium levels up by raising the calcium levels in the water, or (if you are running a variety of 

fish that dislike hard water, foliar feeding the plants a suitable calcium source for absorption through 

the leaves. The only problem with foliar feeding (other than obvious "squirt gun" problems) is that 

you are wetting the leaf surface with nutrient enriched water. I know, that's what the goal is. But if 

mold spores or other diseases settle onto that leaf surface before it's dried and absorbed those 

nutrients, it's like they just found a new home - Instant Problems. How do you mitigate the 
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problem? The fans blowing on the plant (see C02 above) will dry the leaf off in a short time. Help 

the fan along and spray during the warmest, busiest time of the day. Just don't spray the plants right 

before turning off the lights and shutting down the ventilation. 

What can you grow? - Lettuce and Basil are two longtime favorites. That doesn't mean that other 

plants won't grow in an aquaponic system. Some of the more bizarre plants that we've grown 

successfully in an aquaponic system are: bananas, pine trees, cactus, corn, wheat, rice, mums, 

morning glories, spider plants, most herbs, and many flowers. Give something new a try, and let 

us know how it grew! 

How do you grow "?" - In a basic aquaponic system, the plants are grown to harvest in a 

rockwool cube. The easiest way is to start from seed in a rockwool based starting system. 

Transplant the starter cube into a 4" rockwool cube when roots appear on the starter cube. If you 

have access to tissue culture supplies, rockwool serves ideally for stage 3 and above growth. If you 

are using cuttings of a plant use a starter cube preinserted into a wetted 4" rockwool cube. Only as a 

last resort should you transplant a soil-based plant into your system. The soil has a few million 

bacteria piggybacking along. These bacteria are going to be competing with your bacteria for 

nutrients, and at the same time they will be introducing who-knows-what disease. Its hard to tell a 

bad bacterium from a good one, so keep them all out, DON'T TRANSPLANT from soil! 

Why use rockwool as your growing media? 

Many systems that have been tried have used all sorts of growing media. The growing 

media that has the greatest success so far has been rockwool. Due to rockwool's fibrous structure 

and high oxygen content, it serves as the ideal home for bacteria. Pebbles and expanded clay only 

grow bacteria on their surface. Rockwool grows bacteria on every millimeter of its structure. A 

rockwool cube will have thousands of times more bacteria growing per cubic measure than either 

pebbles or expanded clay. While in a traditional hydroponic system rockwool is usually the 

PREFERRED growing media, in aquaponics its the ONLY good growing media. So, the more 

rockwool the better. What if you don't want to plant all of the rockwool cubes in the system? Leave 

the cubes in the nutrient stream. Though the plants won't be there to pull out the nitrates. the cube 

will still be home to the bacteria that are converting the ammonia over through nitrites to nitrates. 

Ammonia is roughly 10 times more toxic (on a ppm basis) than nitrite, and nitrite is approximately 

100 times more dangerous than nitrate. Relatively few plants, no big deal. Relatively little 

rockwool, major problem! Leave ALL of the pots in all of the troughs filled with rock wool all of the 

time. In a more advanced aquaponic system, all of the plants are still grown in a rockwool medium, 

but in several parts of the system, only the rockwool starter cube is used instead of the full sized 

rockwool block. These systems are used in the beginning of the denitrification system (floating bed 

clarifiers, where solid wastes are settled out) and in the end of the system (aeroponic degassification 

82 
Proceedings of 17th Conference 

Hydroponics Society of America, 



towers). Depending on the state of the system, loose water-absorbent rockwool flock may also be 

used without plants in a counter-current biofilter as a home for more bacteria. 

FEEDING the FISH 

An aquaponic system is NEARLY a total recycling system. Your plants can be fed directly 

to the fish, the fish wastes feed the bacteria, and the bacteria wastes feed the plants. Great! But 

(unless something is terribly wrong) the FISH GROW! As the fish grow they consume energy 

(matter) that is removed from the recycling system. The energy (in the form of various nutrient 

elements) need to be restored to the system for continued good growth. But to get the system 

started, you need to FEED THE FISH! 

What types of feed do I use ? 

• 

• 

• 

Feed can be divided into three main classes: 

expensive flake feed that fish LOVE, and doesn't cloud water, midpriced 

pelletized feed that fish prefer over greens and clouds water minimally, and 

cheap commercial feed such as PURINA Floating Trout pellets or Catfish pellets. Yellow water 

is fine from the fishes viewpoint. It does make checking your fish a lot harder though. 

No matter which type of feed you use, check the protein level. Don't use anything lower than 30% 

protein, but don't go over 40% protein for any length of time unless you also run a grease-eating 

enzyme/bacteria combination. And ALWAYS use floating feed. Floating feed will stay on the top 

for several minutes, long enough for your fish to consume it. If you are finding dissolving pellets of 

feed floating through the water, you are feeding your fish too much at any given time. Only feed 

your fish as much as they will eat in 5-10 minutes. You can feed your fish several times a day (5-7 

times is a standard in the aquaculture business), but NEVER overfeed at any one time. 

An aquaponic system isn't overly choosy on the variety of fish inhabiting its tank. What it is 

choosy about is the nutrient loading and temperature of the water. The core of the aquaponic system 

is the bacteria. Bacteria perform best when they are warm, nitrating bacteria like it best around 75-

800 F . Bacteria adapt to nearly any nutrient loading, but since the bacteria take literally days to 

adapt to changes in their environment, constant changes in volumes of feed will wreck havoc on 

your bacteria population. Stick to the same types of feed for long term dependability. Floating feed 

works much better in a recirculating system, sinking feed is literally throwing dollars down the 

(center) drain. If you are running Tilapia or other vegetarians, supplement their diet with lettuce and 

other leafy greens grown on the system. Don't try to run the fish on ONLY greens coming from the 

system, you'll end up with nutrient deficient plants and fish. Give them a mixture of greens and 

feed. Best method with flake feed is to tear the lettuce into squares, and mix it in a salad bowl with 

flake feed (20% flake, 80% lettuce). This method works great for little fish or fry. In a larger 

system, especially once the fish become more sizable, the more convenient method is to use 

pelletized feed and vary the servings, one time pellets, the next lettuce, etc. 
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towers). Depending on the state of the system, loose water-absorbent rockwool flock may also be 

used without plants in a counter-current biofilter as a home for more bacteria. 

FEEDING the FISH 

An aquaponic system is NEARLY a total recycling system. Your plants can be fed directly 

to the fish, the fish wastes feed the bacteria, and the bacteria wastes feed the plants. Great! But 

(unless something is terribly wrong) the FISH GROW! As the fish grow they consume energy 

(matter) that is removed from the recycling system. The energy (in the form of various nutrient 

elements) need to be restored to the system for continued good growth. But to get the system 

started, you need to FEED THE FISH! 

What types of feed do I use ? 

• 

• 
• 

Feed can be divided into three main classes: 

expensive flake feed that fish LOVE, and doesn't cloud water, midpriced 

pelletized feed that fish prefer over greens and clouds water minimally, and 

cheap commercial feed such as PURINA Floating Trout pellets or Catfish pellets. Yellow water 

is fine from the fishes viewpoint. It does make checking your fish a lot harder though. 

No matter which type of feed you use, check the protein level. Don't use anything lower than 30% 

protein, but don't go over 40% protein for any length of time unless you also run a grease-eating 

enzyme/bacteria combination. And ALWAYS use floating feed. Floating feed will stay on the top 

for several minutes, long enough for your fish to consume it. If you are finding dissolving pellets of 

feed floating through the water, you are feeding your fish too much at any given time. Only feed 

your fish as much as they will eat in 5-l 0 minutes. You can feed your fish several times a day (5-7 

times is a standard in the aquaculture business), but NEVER overfeed at any one time. 

An aquaponic system isn't overly choosy on the variety of fish inhabiting its tank. What it is 

choosy about is the nutrient loading and temperature of the water. The core of the aquaponic system 

is the bacteria. Bacteria perform best when they are warm, nitrating bacteria like it best around 75-

soo F . Bacteria adapt to nearly any nutrient loading, but since the bacteria take literally days to 

adapt to changes in their environment, constant changes in volumes of feed will wreck havoc on 

your bacteria population. Stick to the same types of feed for long term dependability. Floating feed 

works much better in a recirculating system, sinking feed is literally throwing dollars down the 

(center) drain. If you are running Tilapia or other vegetarians, supplement their diet with lettuce and 

other leafy greens grown on the system. Don't try to mn the fish on ONLY greens cmning from the 

system, you'll end up with nutrient deficient plants and fish. Give them a mixture of greens and 

feed. Best method with flake feed is to tear the lettuce into squares, and mix it in a salad bowl with 

flake feed (20% flake, 80% lettuce). This method works great for little fish or fry. In a larger 

system, especially once the fish become more sizable, the more convenient method is to use 

pelletized feed and vary the servings, one time pellets, the next lettuce, etc. 
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If you find that your fish have eaten (and grown) so much that you have run out of feed, and 

none is readily available, you can have great success feeding the fish with dry Cat Food (not catfish, 

just regular CAT (feline) food.). It works great, and will make your fish purr. 

How often should you feed? - If you are running Tilapia, and the water is warm and clean, 

the fish would like to be fed about every 15 minutes. Don't listen to the fish that much. Feed them 

no more than 16 times a day for fry, or 6 times for larger fish. This doesn't mean you HAVE TO 

feed them this often. Your fish will grow well, though much more slowly, if you only feed them 

once a day. Feed as often as you want, BUT NEVER NEVER NEVER overfeed. Never give the 

fish more feed than they eat in five minutes. Watch your fish. They will tell you how much to feed 

and how often they would like to eat. They also will tell you how they are feeling, because a Tilapia 

that doesn't eat is a sick Tilapia (or living in bad water). 

A Tilapia will grow 1 pound of weight for every 1.25 pounds of feed. The faster you get the 

feed into him, the faster he grows. He'll probably feed twice as much at 840 F as he will at 720 F, 

so keep him warm. He'll feed much more willingly if his water quality is kept high, so keep the 

FBC (Floating Bed Clarifier) clean. 

How do you feed over holidays? -You don't. (There, that solved some problems, didn't 

it!) Since fish are a cold-blooded (exothermic) creatures, they don't waste energy trying to keep 

their bodies at one set temperature. Their metabolic rates follow the water temperature. Warm them 

up, they get lively, cool them down, they become lethargic. Fish are like growers, don't feed them 

(challenge them), and they just float along, not doing anything, not wasting energy. A researcher at 

a major university recently discovered two Tilapia that had inadvertently been left in a large 

aquarium for a full year {without feed). The Tilapia were fine, but sure glad to see the researcher! 

Don't worry over the holidays, and your fish sure will be glad to see you when you get back! 

WHAT DO YOU NEED FOR AN AQUAPONIC SYSTEM ? 

The basic things needed for a small, fully functioning aquaponic system are: 

a. a tank 

b. an NFf (Nutrient Flow Technique) hydroponic system using rockwool cubes. 

c. bacteria 

d. fish 

e. water 

f. plumbing and pump to move water between the tank and the hydro system. 

g. adequate light to grow the plants. 

h. fishfeed 

i. seeds 

j. start-up nutrients for the bacteria (HY-Aquatic Accelerator) 

These additional pieces help get better results: 
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a. submersible heater (6 watts per gallon on an average system) 

b. test kit for ammonia, nitrite, pH 

c. for under 30 gallon system, use a sponge filter on the powerhead pump for over 30 

gallon system, use a floating bed clarifier (still-water section of your fish tank or 

separate floating bed hydro system) before the NFT, with NO pump between fish 

tank and clarifier. For more advanced commercial aquaponic systems, you will need 

to have air blowers (NOT compressors, blowers.). 

You'll also need to consider reliable back-up power and spare equipment (air blowers, 

pumps (if used}, site sanitation, reliability and quality of water year round, pennits and licenses, 

IPM measures for both the plants and the fish, acquiring regular restocking of your fish, marketing 

of your crop, and delivery of the crops. 

For a commercial aquaponic system to be successful, it would pay to have a consultant 

familiar with the field. Unfortunately, while there are several good books and videos upon which to 

draw data and knowledge from in both hydroponics and aquaculture, there are to date NO books or 

videos on aquaponics. Aquaponics is the merging of hydro and aquaculture. It shows great promise 

for the future, both from educational and commercial views, and with foresight and proper planning 

it can be quite rewarding for the adventurous grower. With proper planning (and salesmanship) it 

can double your profits, and double your fun! 
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THE EVOLUTION OF HYDROPONICS 

Wade L. Berry 

UCLA/DOE Laboratory 
900 Veteran Ave. Los Angeles CA 90024 

INTRODUCTION 

The history of hydroponics should be observed from a number of different viewpoints in 

order to fully appreciate its overall potential. Historically it has been closely associated with the 

field of Plant Nutrition. The emphasis of Hydroponic studies has changed as the field of plant 

nutrition has changed from establishing the essentiality of mineral nutrients to looking at strategies 

used to counteract plant induced changes in nutrient solutions. These two apparently devise 

emphasis are indicative of extent to which hydroponics is an invaluable tool for both basic research 

and crop production. Hydroponics as a growing technique has an old and honorable history 

starting long before W. F. Gericke first coined and published the term hydroponics in the 1937 

February 12 issue of Science (85:177-l?S)(Jones, 1982). In essence he utilized one of the then, 

currently used terms for this type of plant culture "water culture" and substituted the Greek 'hydro' 

meaning water and 'ponos' meaning labor or working to form hydroponics thus providing a more 

sophisticated term for water culture. Hydroponics in it's simplest form is the science of providing 

the essential mineral nutrients to the plant from a culture solution. Because it is relative easy to 

completely define the nutrient supply in Hydroponics, it became the tool which allowed Plant 

Nutrition, to become the first botanical discipline to function in a quantitative fmmat. Not only is 

hydroponics used for plant nutrition studies, it also provides plants of known nutrient status for 

many other physiological studies. 

REQUIREMENT FOR MINERALS 

Although it has been known since ancient times that plants could develop roots and grow 

(survive)in water. The credit for the development of water culture as a scientific tool is usually 

given to Knop and Sachs for their work during the mid 1800's (Hewitt 1966). Most of the early 

work with water culture centered around determining that mineral nutrients were essential 

constituents of plants and how these nutrients were acquired by the plant(i.e. the essential elemental 

composition of plant biomass). Early on it was determined that carbon, hydrogen and oxygen 

composed about 90% of most plant dry biomass and that these structural nutrients were obtained 

from carbon dioxide and water. The other 10% of the plant dry biomass was made up of a large 

assortment of mineral elements. In fact every naturally occurring element in the periodic table has 
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been found to occur naturally in plant material. Water culture studies were used to show that 

nutrients were absorb from the soil solution (water) by plant roots. Thus water culture was the tool 

used to show that the major physiological function of roots was the accumulation of water and 

mineral nutrients from the soil. 

CRITERIA FOR ESSENTIALITY 

The first step in the development plant nutrition as a discipline was the demonstration that 

plants grew better in water culture when small amounts of soil are added to the water. From these 

studies it was deduced that at least some of the elements obtained from the soil by plants must be 

beneficial if not essential for plant growth. Because soil is such a complex substrate, the 

development of a much less complex system like solution culture was critical in detetmining which 

elements were essential for plant growth. Knop is credited with being the first to deliberately add 

the then known plant nutrients to water, thereby using water culture as a media for providing the 

essential nutrients for plant growth. Water culture turned out to be the prefect tool for determining 

which elements were essential. Just because an element has been found in plant material is not 

sufficient evidence to conclude that they are essential for plant growth. To show that an element is 

essential the criteria of Arnon and Stout (1939) is generally used. The criteria is that it must be 

present in the plant for the plant to complete its life cycle, it must act directly on the plant not on the 

environment to change the availability of an other nutrient and that it can not be substituted for by an 

other element. Epstein ( 1972) has added an alternative criteria for essentiality in that if a element can 

be shown to be a constituent of an essential molecule for plant growth it is essential. 

Solution culture the conceptual predecessor of hydroponics started out almost exclusively as a 

research tool in plant nutrition studies. The essentiality of all nutrients determined in the last centmy 

has been through the use of hydroponics. These nutritional studies seem to be generally applicable 

to all higher plants for most plant nutritional differences between plants appear to be quantitative 

rather than qualitative in nature. That is, there is large differences in the ability of plants to obtain 

and utilize nutrients, but plants all have to acquire the same exact nutrients. There are a few notable 

exceptions to this such as the requirement of Cobalt (Co), in addition to the other mineral nutrients 

when plants are fixing atmospheric nitrogen (Reisenauer 1960). Thus one of the major early use of 

solution culture was determining nutrient requirements and function with little emphasis towards 

increasing production levels or growth rate of plants grown in hydroponics. 

ESSENTIAL MINERAL NUTRIENTS 

Plants are known to require 16 essential elements, three nonmineral, Carbon (C), Hydrogen 

(H) and Oxygen (0) and 13 mineral nutrients plus 4 additional mineral nutrients which may be 

required by certain plants for special functions. The essential mineral nutrients that must be supplied 

by the nutrient solution are, in order of there approximate requirement: Nitrogen (N), Potassium 

(K), Calcium (Ca), Magnesium (Mg), Phosphorus (P), Sulfur (S), Chlorine (Cl), Iron (Fe), Boron 
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(B), Manganese (Mn), Zinc (Zn), Copper (Cu), and Molybdenum (Mo). The first six of the 

mineral nutrients N, K, Ca, Mg, P and S are known as the macronutrients because of their relatively 

high concentration in plant leaves. The remaining seven are known as the micronutrients because of 

their relatively low leaf tissue concentration. The plant material refereed to in this characterization of 

macro- and micro- is the leaf material because structural material such as wood and storage material 

such as grain and bulbs are generally very low in all mineral nutrients. The four mineral nutrients 

shown to be required under special circumstances are: Cobalt as an important element for symbiotic 

nitrogen fixation (Ahmed and Evans 1960), Nickel (Ni) for the utilization of nitrogen in the form of 

urea (Welsh 1981), Silicon (Si) for structural considerations (Lewin and Reimann, 1969) and 

Sodium for certain halophytes (Brownell and Wood 1957). Animals require 25 Elements (Mertz, 

1981), there are 10 elements shown to be generally required by animals but not required by plants, 

these are: Chromium (Cr), Vanadium (V), Selenium (Se), Arsenic (As), Iodine (I) and Fluorine (F). 

The only element required by plants and not shown to be essential for animals is Boron (B). It is 

reasonable to think that most of the nutrients required by animals but not by plants may eventually 

be found to be essential for plants with the advent of improved hydroponic techniques. 

SOLUTION CULTURE AS A PRODUCTION TECHNIQUE 

Growing plant in nutrient solution is still a major tool used by plant physiologists for 

investigating nutrient function, but the present image of solution grown plants is much more closely 

associated with the development and utilization of high production plant growth systems. Notice 

that this change of emphasis to production in the use of nutrient solutions coincided with the 

introduction of the new term hydroponics for this type of plant culture. High production growth 

systems require a high level of resource input along with a high degree of environmental control. In 

high producing agriculture all growing conditions must be correct all the time, as with most high 

technology fields the cost of high production is very strict control. Present hydroponic systems are 

mostly directed towards limiting plant stress in order to maximize plant production. Hydroponics is 

the preferred tool for providing plants with a nutrient stress free growth environment in these highly 

productive systems. There are many factors both physical and biological that can affect the nutrient 

status of a plant and they all must be addressed in the development of a nutrient stress free 

hydroponic system. These factors start with providing all required nutrients, followed by matching 

the nutrient supply to the plant requirement and providing nutrients when they are required. A low 

nutrient stress environment does not necessarily assure a high level of nutrient use efficiency for the 

nutrient supply can exceed the plants nutrient requirements with out reducing yield. There are 

biological factors that must also be recognized, plants are different and different plants can have 

different and nutrient adsorption abilities which can affect both production and nutrient use 

efficiency. 
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PLANT NUTRIENT DEMAND 

The basic concept in hydroponics is to supply all the essential mineral elements to the plant 

by way of a nutrient solution instead of from the soil. This concept is relatively simple but its 

efficient application can become very involved when short term timing and quantity of nutrients 

required for rapid growth rates are considered (Efficiency in the sense of utilizing the total nutrient 

supply for crop growth, not in the sense of moles of nutrient utilized per mole of carbon fixed). 

Also of concern is system size, very large systems are stable just because of their mass while small 

systems require rapid responses to plant induced changes in the nutrient solution. In hydroponic 

crop production systems, excessive size and thus resource requirements (water and nutrients)can 

become limiting factors. Matching the exact amount and concentration of nutrients provided by the 

soil is not easy and probably not necessary. Productive soils provide nutrients as a buffered low 

concentration solution 10·6 to 10-4 M, (Clarkson 1985). However in hydroponics when rapid 

growth is desired the low concentrations characteristic of the soil solution are replaced with a 

relatively concentrated nutrient solution, 1Q-3 M. In addition, because of the relatively low buffering 

capacity of nutrient solutions in comparison to soil, solutions must be replenished often and/or 

supplied in relatively large volumes (Asher 1965). Historically the nutrient use efficiency of 

hydroponic systems are very low for large amounts of nutrients are discarded when only slightly 

depleted nutrient solutions are replaced with fresh nutrient solution. In hydroponics using the typical 

weekly solution replacement strategy it has been difficult if not impossible to maintain rapid growth 

and still remove most of the nutrients from the solution. This leads to low nutrient use efficiency 

system and also a large potential environmental pollution problem. In terms of nutrient use 

efficiency this low efficiency of hydroponics is not much different than that of plants grown in 

highly productive soils, where only a small amount of the total soil nutrients are used by each crop. 

The difference is that in hydroponics the unused nutrients are often not returned to the system for 

reuse. A major problem in the development of efficient hydroponics systems is that the short term 

temporal pattern of plant nutrient demand and the parameters that affect nutrient acquisition are only 

poorly understood. Supplying nutrients at the time and concentration best suited to rapid crop 

growth is difficult especially if a high level of nutrient use efficiency is also desired (Van Noordwijk 

1990). The supplying and utilization of nutrients in hydroponics has progressed through a series of 

generational steps. Each generation of hydroponics provides an incremental increase in control of 

nutrition, or better response to the changing patterns of plant growth and generally better overall 

nutrient use efficiency. This progression is due to both an increase in available technology such as 

automation of sensing and nutrient additions and to an increased understanding of plant physiology 

specifically plant nutrition. 
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NUTRIENT USE EFFICIENCY AND pH 

Simple hydroponic solutions are adequate for good growth as long as the solution volume is 

large in relation to plant growth. That is as long as total plant growth is sufficiently small not to 

deplete the nutrient solution or drive the pH to an extreme. Such systems were very inefficient in 

nutrient use, as large amounts of nutrients are lost when the nutrient solutions are renewed. In 

simple hydroponic systems the maintenance of pH can be a problem as the pH of these solutions 

changed as the plant takes up nitrogen. The pH becomes basic with growth as most nutrient 

solutions such as Hoaglands are nitrate based (if ammonium is used as the nitrogen source, the pH 

becomes acidic). The change in pH in most cases can be as limiting to plant growth as the actual 

depletion of nutrients because pH extremes reduce nutrient availability. Many forms of pH control 

have been tried, buffers, titration, and various ratios of nitrate to ammonia to alter the acid base 

generation resulting from ion uptake (Trelease and Trelease 1935). None of the above strategies are 

entirely satisfactory due either to the build up of undesirable salts or the inability to find a suitable 

ratio of nitrate to ammonia for a range of growth conditions and/or plant growth phases. In the 

simpler hydroponic systems the working compromise for pH control is generally the use of nitrate 

as the nitrogen source and the use of nitric acid to control nutrient solution pH in order to extend the 

interval between solution renewals. 

AFFECTS OF PLANT GROWTH ON NUTRIENT SOLUTIONS 

Recent advances in hydroponic technology has been characterized by faster and better 

responses to changes in the nutrient solution resulting from plant growth. Although it is customary 

to think about the affects of the environment on plants, it is the plant that is the active component of 

this system. As the plant grows it alters both the concentration and composition of the nutrient 

solution. When hydroponic system are considered from this view point it is not changes in the 

physical aspects of the delivery system that distinguishes the different generations of hydroponic 

systems but how the system response to plant induced changes in the nutrient solution that is 

important. Hydroponic nutrient delivery systems have been developed using many different 

physical delivery forms such as NFf, aeroponics raft systems and just plain jug systems (Asher, 

1978: Cooper, 1979). Although many of these nutrient delivery systems can be adapted to respond 

to plant induced changes, it would be difficult to adapt some of the simpler nutrient delivery systems 

to provide the rapid responses necessary for the later generations of hydroponic systems. 

MANAGING HYDROPONIC SOLUTIONS 

In looking at the successional development of hydroponics it seems only appropriate to 

consider that the first generation of our present day hydroponic systems dates from the late 1930's. 

The time period when Gericke coined the term hydroponics, published his guide to soilless 

gardening (Gericke, 1940) and Hoagland and Amon ( 1950) developed their nutrient solution. This 

is the time when good crop production became one of the primary goals of solution culture and 
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solution culture became known as hydroponics. Crop production during this first generation of 

hydroponics already had reasonable good potential because of the many lessons learned while 

solution culture was primarily used as a research tool. The simple nutrient solution were changed 

before there was much change in the concentration or composition which resulted in very low 

nutrient use efficiency plus large system volumes were required if very frequent changes of nutrient 

solution were to be avoided. Most of the claimed improvements in yield for hydroponics over soil 

production during this period was the result of the introduction of controlled environments along 

with the introduction of hydroponics. Hydroponics has developed though a number of steps from 

this first generation in its response to plant induced solution changes, with each generation of 

hydroponics adding greater nutrient control and/or improved nutrient use efficiency. 

I . The first generation of hydroponics was a simple nutrient solution containing all the then 

known essential elements which was frequently replaced using a fixed time replacement 

schedule. The main concern was keeping the nutrient concentration of the starting nutrient 

solution sufficiently low to prevent osmotic damage caused by high salts while still having 

sufficient nutrients in solution to avoid excessive solution changes. There was also concern 

about pH but the frequent solution changes used to maintain nutrient availability also 

minimized the changes in pH. 

This is the basic hydroponic technology still commonly used in many of the present simpler 

systems (Hoagland and Arnon, !950). 

2. The addition of pH control constitutes the second generation of hydroponics. In this 

generation of hydroponics a timed replacement of the depleted nutrient solution with fresh 

nutrient solution is still maintained. The advantage of pH control is not because the plant can 

not grow at high or low pH for there can be good plant growth in nutrient solutions having a 

pH range from 4 to 7 (Arnon and Johnson 1942). The problem is that at high pH's, 

micronutrients such as Cu, Zn, and Fe are less available while at low pH's the Macronutrient 

cations are less available. When the pH is actively controlled in the pH range of 5.5 to 6.3 the 

changes in nutrient availability associated with either high or low pH are mostly avoided. 

Thus with pH control the nutrient solution requires less frequent changes to maintain nutrient 

availability. 

3. In the third generation of hydroponics there is nutrient replacement and pH control. The 

nutrient solution is maintained for the entire growth period, not replaced on a timed bases. 

Nutrients are supplemented with additional nutrients from a concentrate where the 

replenishment rate is based on water loss through evapotransperation. This is a major step 
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forward in improving nutrient use efficiency (no solution replacement with the subsequent 

loss of nutrients). However the concentration and composition of nutrients in the make up 

solution must be adjusted to match changes in the plant requirements as the plant changes 

phases of development (Bugbee and Salisbury, !988). In this system nonsensor information 

is used to adjust the composition of the make up solution for different plant growth phases. 

The concentration of the concentrate must also be proportional to transpiration which can 

change with environmental conditions. This generation of hydroponics is also generally 

associated with the use of a recirculating type nutrient delivery system. Recirculating systems 

are amenable to rapid nutrient flow where the added nutrients can be rapidly mixed and a high 

degree aeration can also be maintained (Edward and Asher, 1974). 

4. The fourth generation of hydroponics has pH control and the nutrients and water are 

replenished independently of each other. The nutrients are added from a concentrate in 

response to changes in the concentration of the nutrient solution as measured by electrical 

conductance (EC) and water is added as required to maintain system volume. Thus the 

concentration of the nutrient concentrate does not need to be matched to transpiration rate or 

growth phase. In some cases it may be necessary to adjust the ratio of nutrients in the make up 

solution to plant demand when tissues other than vegetative are the primary tissue harvested. 

A recirculating type of nutrient delivery system is also desirable here for its improved nutrient 

use, rapid mixing and good aeration (Wheeler eta!, !993). 

5. The fifth generation which is presently evolving is where water and each of the individual 

nutrients are controlled independently of each other. This hydroponic generation requires real 

time evaluation of plant demand and a recirculating nutrient delivery system capable of real 

time replenishment (Clement et a!, 1974). The potential advantage of this generation of 

hydroponics can only be realized using sensors and computer control for responses in the time 

frame of hours and minutes instead of days. Such a fast response time would increase nutrient 

use efficiency and lower resource requirements The third and fourth generation of 

hydroponics maximized the efficient use of a specific mixture of nutrients but do not have 

sufficient freedom to maximize the use of individual nutrients. They are also susceptible to 

the build up of nonessential nutrients in solution or an imbalance in ion uptake when using 

only EC to evaluate nutrient concentration (Ingestad and Agren, !992). 

There are still a number of problems that need to be resolved before the fifth generation of 

hydroponics can be fully established. The major problem is that there has not been established a 

direct relationship between solution concentration and plant nutrient status for all required nutrients. 

From previous generations of hydroponics we know that EC is a reasonable indicator of overall 
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nutrient availability from balanced mixtures of nutrients over a single crop cycle. We also know that 

the EC reflects mostly macronutrients concentration simply because their concentrations are so much 

greater than that of the micronutrients. 

Preliminary results seems to indicate that forK, N, Ca, Mg and S the solution concentration 

is a reasonable indication of the ability of the solution to maintain a favorable nutrient status. For P 

and most of the micronutrients their concentration drops to very low levels shortly after the addition 

of a nutrient concentrate. Solution and tissue analysis indicates that much of the nutrient lost rapidly 

from solution immediately after concentrate addition may be adsorbed on the roots and available to 

the plant as needed but may not be reflected in EC measurements. If solution concentration of these 

immediately adsorbed ions were to be maintained at their initial levels, excessive amounts would be 

added. Excessive amounts of the micronutrients would result in toxicity while excessive amounts of 

the macronutrients often results in an induced nutrient deficiency rather than toxicity (Berry and 

Wallace, 1981 ). Thus knowledge of solution concentration may not be sufficient to evaluate imtrient 

availability for all nutrients. On the other hand tissue analysis an alternative parameter for evaluation 

of nutrient status also has a number of limitations. One is that it is a destructive analysis. Another 

problem is that most all of the establish tissue analysis standards are deficiency level critical levels 

not the homeostasis concentration levels utilized by healthy growing tissues. Tissue analysis 

provides good information for trouble shooting nutrient stressed plants but provides much less 

information related to maintaining plants in a favorable nutrient status. It may be that only a few key 

nutrients will be sufficient to provide the necessary information to maintain the appropriate nutrient 

composition in the nutrient solution. The rapidly adsorbed micronutrients could then be added in 

proportion to readily absorbed nutrients. 
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SULFUR LIGHTING FOR PLANTS 
IN CONTROLLED ENVIRONMENTS1 

Donald A. MacLennan, Brian P. Turner, and Bruce E. Shanks 
Fusion Lighting Inc., 7524 Standish Place, Rockville, MD 20855 

ABSTRACT 

Fusion Lighting, Inc. has developed and has available a mercury-free, low infrared, low 
ultraviolet, high efficacllamp using a benign sulfur based fill which appears to be an excellent 
match for most plant growth applications. The lamp bulb's photosynthetic efficacy is over 1.4 
micro-moles per joule measured at the power line plug and 2.4 micro-moles per joule measured at 
the microwave input to the bulb. Due to its small size, the sulfur bulb has an advantage in 
improving light distribution. This presentation will make comparisons among several lamp 
products. 

BACKGROUND 

In 1991 Dolan et al.(l992), enclosed sulfur and argon gas within a small quartz sphere or 
bulb and demonstrated the production of bright, efficient, white light using microwave excitation. 
The microwave generator is identical to those that are employed in a common microwave oven. 
Since then Fusion Lighting has done the work required to package the sulfur bulb as a product. 
This first product has been given the name "Solar I 000™." The name depicts the sun-like nature of 
the light and the 1000 is the nominal microwave power in watts. 

What follows is a description of the sulfur lamp technology and its advantages. In 
subsequent sections, we will present the Solar I 000™ lamp product and provide a comparative 
discussion of several different lamps. We will close with a discussion of plant growth applications. 

Sulfur Lamp Technology 

Like all HID lamps, visible light from sulfur bulbs comes from a hot gas or plasma within a 
transparent envelope or bulb. The plasma is heated in conventional lamps by a current between 
special metal electrodes. These electrodes can be a significant deleterious factor for bulb life and 
maintenance of output. The sulfur bulb's plasma is heated by microwave energy interacting with 
the material within a quartz envelope bulb without the need for no electrodes. In principle, the 
sulfur lamp technology is simplicity itself. See Figure I. A thin-wall quattz bulb in the shape of a 
sphere is filled with elemental sulfur and argon gas. When excited by microwave energy, the sulfur 
emits visible light. 

Based on work supported by NASA SBIR Phase II Contract NAS10-11978 for plant growth spectra 
and on work supported by DOE, Financial Assistance Award DE-FG01-95EE23796 for lighting energy 
savings. 
2 The term efficiency is dimensionless (power divided by power) and is not used. The term efficacy is 
used as a figure of merit since, in this case, it has the dimension of photon quantity divided by energy. 
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Microwave Energy Argon Gas 

Sulfur 

Figure I. Quartz bulb filled with sulfur and argon gas supported by a quartz stem. The application of 
microwave energy heats and excites the sulfur which emits the bulk of its radiation in the 
visible spectral region. 

A supporting quartz stem holds the bulb in a specially designed microwave oven. The 
microwave energy for the sulfur bulb is generated by a magnetron similar, if not identical, to those 
found in microwave ovens. The magnetron is powered by direct current electricity from a power 
supply which receives its energy from the alternating current electrical power mains. Figure 2 is a 
conceptual sketch of the lamp. Not shown in the figure is the "oven" which couples energy from 
the magnetron to bulb. 

AC 
\\ r I I Visible Light 

Bulb 

( ( ( ( Microwave 

DC 

Magnetron 

Power Supply 
Figure 2. Lamp concept. A power supply converts AC power to the DC power required by the magnetron 

which generates microwave energy at a frequency of 2,540 megahertz. The microwave energy 
heats the sulfur within the quartz bulb which then emits visible radiation with very high efficacy. 
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Advantages of Sulfur Lamp Technology 

Why sulfur lamp technology? 

The sulfur plant growth bulb technology stems from 24 years of research and development 
work on microwave powered, mercury based electrodeless light sources. The properties of this new 
electrodeless sulfur light source are summarized as follows: 

• Very High Efficacy 

• Spectral Stability 

• Long Life 

• Continuous Red/ 
Green! Blue Output 

The source has been tested at 2.4 micro-moles per RF joule, (bare bulb )3 and 1.4 micro
moles per joule measured at the power line. As microwave power sources improve, we 
expect even higher efficacy at the power line. 

Non-reactive fill materials and the absence of electrodes lead to lamps witl1 virtually no 
shift in spectrum over their life. 

No evident failure mode internal to the bulb has been discovered to date ("infmite" bulb 
life). System life is now limited by magnetrons, which can easily be replaced. 

There are no large spikes in the spectral distribution. See Figure 3: 
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• Fill Gas 

• Excellent 
Maintenance 
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Sulfur spectrum (Solar lOQQTM product) shown along with the global (whole sky) solar 
spectrum at the equator (Table 5, International Commission on Illumination or CIE 
Publication 85, 1989), the photosynthetic activity response curve (PAR), and the eye 
sensitivity curve (Photopic). All curves are peak normalized to one for ease of comparison. 

The bulb fill (sulfur plus argon) is non-toxic, mercury-free, and at below an 
atmospheric pressure when not operating. 

We estimate that bulb light output at 15,000 hours will be 95 percent of initial output. 
This is referred to as 11 lumen maintenance." Most of this decrease is due to the 
properties of the magnetron and not to the bulb. 

Bare bulb means the output measured using bulb input power without ballast or fixture losses 
included. This method of expressing efficacy is usual within the lighting industry. Unless otherwise stated we 
will use efficacy at the power main to mean bare bulb with ballast but without a lamp fixture (reflector, etc.). 
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• Stops/Starts 

• Rapid Start 

• Low UV and IR 
Content 

Stops and starts do not have an effect on an electrodeless bulb's lifetime. 

Cold start is significantly shorter than conventional HID lamps. Cold starting time is 
approximately 20 seconds to near full brightness. 

The sum of the ultraviolet and infra energy from the sulfur lamp system is 
approximately 3! percent of the output. This includes the near IR. Ultraviolet itself is 
only 0.2 percent. 

SOLAR lOOOTM PRODUCT 

Solar I 000™ Description 

The lamp system consists of a lamp, reflector and ballast module. The ballast module 
provides the necessary transformation of the line voltage to operate the electronics in the lamp 
module, similar to a remote mounted ballast for a discharge lamp. The lamp module contains 
Fusion Lighting's patented electrodeless bulb, a magnetron, a system to couple the energy into 
the bulb, and mechanisms to provide and control cooling of the internal components. Mounted 
on the outside of the lamp module is a reflector to direct the light to the area to be illuminated. 
The configuration is depicted in Figure 4. 

Figure 4. Line Drawing of Solar 100QTM Lamp System- Lamp, Ballast and Reflector Assembled 
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The lamp is in the late prototype stage of development. Table I reflects both measured 
data and design targets. As the lamp develops and our experience base increases, we expect that 
some of these specifications will change. The italicized numbers in Table I indicate design 
targets which have not been fully measured. 
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Table 1. Solar 1 000 rM Model SAA- functional specifications. 

Electrical 
Input voltage and frequency 1~ 200 V/230 V 50 Hz, 208 V 60Hz 
Input power 1,400W 
Power factor >.93 

Environmental' 
Ambient operating temperature -20to60'C 
Relative humidity 10%to90% 

Physical 
Lamp module mass 6 kg 
Power supply mass 22 kg 

Output 
Total luminous flux 140,000 lumens (- 2,000 micro-moles) 
CCT 6000 'K 
CRI (Ra) "79 
Average luminance >19 candela I mm' 
Flicker (max.-min.)/max. ,; 15% 

Lifetime 
Lamp system excluding filter and magnetron 45,000 hours 
Filter, magnetron 15,000 hours 

Some of the terms used in the table are: 

• The lumen output represents the total light output of the lamp, as measured through the 
microwave screen. This measurement is correlated to a National Institute of Standards and 
Technology (NIST) traceable lamp. For each lamp spectra there is a factor, Thimijan and 
Heins (1983), which can be divided into lumens and obtain PAR in units of micro-moles. For 
the Solar lOOQTM this factor is 70. 

• CCT is an abbreviation for Correlated Color Temperature. This figure of merit indicates 
the absolute temperature of an ideal Plankian radiator (blackbody source) that most closely 
approximates the chromaticity of the lamp. 

• CRI is an abbreviation for Color Rendering Index (sometimes denoted R.). The CRI is a 
measure of the degree of color shift which objects undergo when illuminated by the light 
source as compared with the color of those same objects when illuminated by a reference 
(blackbody) source of comparable color temperature.5 No color shift corresponds to 
CRI=lOO. 

This lamp is NOT intended for unprotected outdoor use or in corrosive environments. 
Definition taken from IES Lighting Ready Reference, Published by the Illuminating Engineering 

Society of North America 1989. 
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A typical Solar 1 ooorM, Model SM spectral power distribution is given in Table 2. 

Table 2. Typical spectral power distribution of the Solar 1000TM 

Wavelength (nm) Color Percentage of Output 
<380 ultraviolet 0.1% 

380-400 near violet 0.2% 
400-435 violet 1.9% 
435-495 blue 18.1% 
495-565 green 30.1% 
565-590 yellow 9.2% 
590-625 orange 10.7% 
625-700 red 14.6% 
700-780 near red 7.1% 

780 to 5000 infrared 8.0% 

LAMP COMPARISONS 

It is clearly understood that not all plants require the same spectra. However, our literature 
search and researchers' comments, MacLennan et al. (1995), suggest an optimal plant growth 
spectral power distribution for photosynthesis and most photomorphogenic processes would be as 
follows: 10% of the energy in the blue region of the spectrum, preferably at about 440 to 460 
nnometers, and 90% of the energy in the red region of the spectrum with approximately 75% of that 
in the region between 600 and 700 nanometers, and less than 25% of the red energy in the far-red 
from 700 to 800 nnometers. UV radiation below 360 nanometers wavelength has been shown to 
have deleterious effects on plant morphology. Infrared radiation past 800 nanometers does not 
contribute to plant growth and can be harmful at high levels (McCree 1984 ). 

The quality of the sulfur spectrum allows most plants to develop nearly normal, as all 
elements of the required spectrum are present. This is unlike high pressme sodium which must 
have other lamps to supplement other parts of the spectrum. While some plants can do well under 
red-yellow light, most require other parts of the spectrum to develop flowers and achieve proper 
stem lengths. Figure 5 shows a comparison of the sulfur lamp spectrum versus the high pressure 
sodium lamp spectrum. 

Photosynthetic active radiation, namely the number of photons between 400 and 700 
nanometers expressed in nticro-moles, is a good initial metric for the output of plant growth lamps. 
This metric is simple, widely used, and sufficiently close to the well known McCree (1972) relative 
quantmn yield curve1 as to be quite useful, so we use it here. 

The McCree relative quantum yield function was modified by Sager et al. (1982) to obtain the relative 
quantum efficiency (ROE) by smoothing at the ends to eliminate discontinuous steps and extending to cover 
300 to 800 nm. The ROE is used to calculate the yield photon flux (YPF) of a lamp. YPF is better 
representation of a lamp's action but less convenient to measure. 
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Figure 5 Comparison of the Solar I OOOTM versus a 400 watt high pressure sodium larup spectrum. Both curves 
are normalized so that the areas (power) between 400 and 700 nm under each curve are equal. 

Table 3 presents a comparison of photosynthetic active radiation (PAR) per unit energy 
inpue. Table 3 also gives the approximate size of the radiating part of the various comparison 
lamps. This radiating size is a critical factor in light distribution design. The larger the source, the 
more restrictive are design options. For example of the sources listed, only the sulfur bulb could 
reasonably be used with light pipe light distribution for plant growth applications. 

Table 3. Photosynthetic efficacy of Fusion Lighting's Solar IOOOTM and comparison larup systems. Systems 
include ballast (or power supply) and average maintained lumen factors. Lamp data for sodium, metal 
halide, and fluorescent is taken from TI1imijan and Heins (1983) lamp systems. 

Micro-moles Approximate 
per Joule Source Size 

Fill (long dim.) Comments 

Solar 1000 Lamp System 1.5 3cm Solar lOOOTM sulfur larup system at the 
without fixture plug 

High pressure sodium 1.5 16cm 1000 watt lamp (140 LPWwhen new 
~ 100 hours) (A 400 watt lamp has a 
6. 5 em source size.) 

Metal Halide 1.2 8cm I 000 watt lamp 

CW Fluorescent 1.0 120 em 80 LPW bare bulb when new ~ I 00 
hours) 

Theory: Constant number of 4.6 All energy in 400 to 700 nm band with 
photons per unit wavelength, I 00 photons distributed uniformly; no 
percent efficacy. other loss in system. 

Photosynthetic Active Radiation is presented as an intensity, micro-moles per second per square 
meter. Power intensity is given in watts per meter square or joules per second per square meter. The lamp 
efficacy ratio is thus micro-moles per joule where one uses lamp energy input. 
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With the exception of water cooled high pressure sodium lamps, the sulfur Solar 1 000 ™ 
lamp provides the least amount of UV and IR radiation among competitors. Figure 6 
breaks outputs of various lamps into percentages of UV-IR and 400 to 800 nrn radiation with the 
total being 100 percent. 

62% UV+IR 

63.6% 
38% 

Cool White Flourescent HPS (Air Cooled) 

68.5% 68.8% 

Microwave Sulfur HPS (Water cooled) 

Figure 6 400 to 800 ruu radiation versus UV-IR radiation (percent power output) of various lamps. From 
data adapted from Both et al (1994). 

APPLICATIONS 

We at Fusion Lighting see commercial applications for Fusion's new product as potentially 
being in three areas: experimental plant growth chambers, enclosed artificially-lighted plant growth 
factories, and supplementary early season lighting for commercial nurseries and farms. Spectrum, 
efficacy, cost, life, and infrared content are key factors which will determine market success. Each 
market area weights the factors differently. 

Experimental Plant Growth Chambers. 

Plant growth chambers are essentially sophisticated, lighted, walk-in refrigerators designed 
to maintain a constant temperature and humidity. Control of carbon dioxide and other gases can be 
important. Low infrared emission, output and wavelength stability, and adequate photosynthetic 
radiation are key c1iteria to plant growth researchers. Lamp life, efficacy, and cost are less 
important. We have found that the improved spectra is welcomed by researchers. 

Experimental growth chambers are in use at colleges and universities, biotechnology firms, 
and in government. 
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Enclosed Artificially-Lighted Plant Growth Factories 

Phytofanns of America may be the only US fitm to commercially grow lettuce and other 
greens hydroponically totally ooder artificial light (water cooled high pressure sodium) in the US 
for a period of time. See Field (1988). Phytofarms is no longer operating. One critical factor in 
shutting down was the cost of electricity. For rutificially lighted plant growth factories, the cost per 
quanta delivered to the plant is the most critical factor. At the present time no source appears to 
have the efficacy necessary to allow plant growth factories to flourish in the US. Apparently such 
growth farms are successful in Japan. Cost per unit dry weight grown and low infrared content in 
the light are key factors in this market. 

Supplementary Early Season Lighting 

The largest near term potential market is supplementary lighting for early season plant 
growth. In this market, initial cost of equipment and operating costs are primruy. High pressure 
sodium has adequate spectra and initial and operating costs which are satisfactory for many 
situations. However, full spectrum lrunps will produce results that are ooobtainable by other than 
the soo. 

REFERENCES 

Periodical. Bartha, D. J., T. W. Tibbitts, R. J. Bula, and R. C. Morrow. (1992). Evaluation of 
Light Emitting Diode Characteristics for a Space-Based Plant Irradiation Source. Adv. 
Space Research 12(5):141-149. 

Periodical. Both, A. J., L. D. Albright, C. A. Chou, R. W. Langhans. (1994) A Microwave 
Powered Light Source for Plant Irradiation in Acta Horticulture. 

Report. CIE (1981). Solar Spectral Irradiance. CIE Publication 85. 

Proceedings. Dolan, J. T., M. G. Ury, and C. H. Wood. (1992). A Novel High Efficacy 
Microwave Powered Light Source. The Sixth International Symposium on the Science and 
Technology of Light Sources (Lighting Sciences 6):301-302, L. Bartha, and F.J. Kedves 
Editors, Technical University of Budapest. 

Proceedings. MacLennan, D.A. et a!. (1995). Efficient, Full-Spectrum, Long-Lived, Non-Toxic 
Microwave Lrunp for Plant Growth. International Lighting in Controlled Environments 
Workshop, NASA Report NASA-CP-95-3309, T. W: Tibbits, Chairman. 

Periodical. McCree, K.M. (1972). The Action Spectrum, Absorbance and Quantum Yield of 
Photosynthesis in Crop Plants. Agric. Meteorol9:191-2!6. 

Periodical. McCree, K.J. (1984). Radiation Levels in Growth Chrunbers Fitted with High 
Intensity Discharge Lrunps, With or Without Thermal Barriers. Crop Science 24:816-819. 

Periodical. Sager, J. C., W. 0. Smith, J. L. Edwards, K. L. Cyr. 1988. Photosynthetic Efficiency 
and Phytochrome Photoequilibria Determination Using Spectral Data. Transactions of the 
ASAE 31(6):1882-1889. 

105 Proceedings of 17th Conference 
Hydroponic Society of America 





BUMBLE BEE POLLINATION AND BIOLOGICAL CONTROL 

T H E 

Thomas C. Kueneman 
General Manager 

Bees West, Inc.® 

POLLINATOR 

Most tomato greenhouse growers in the U.S. and Canada are using bumble bees for 

pollination of their crop. Just four years ago most growers had only heard rumbles of the bumble 

bees' success in Europe. Since the introduction of the commercial bumble bee, growers have come 

to rely on their new partner in pollination. 

In the tomato greenhouse the bumble bee has lived up to its reputation as a superior 

pollinator. For pollination, the greenhouse tomato grower has only three choices. The first and 

least productive is to do nothing. Here pollination occurs from haphazard movement of the flower. 

The second is to utilize the labor intensive method of hand pollination, the industry standard prior to 

the introduction of commercial bumble bees. The third choice a grower has for pollination is to use 

the highly effective bumble bee. 

Bumble bees have many distinct benefits. Where the greenhouse grower uses hand 

pollination he must do so two to three days out of the week. By comparison, the bumble bee 

pollinates seven days a week, selecting only flowers which are available to pollinate. When visiting 

a flower, the bumble bee leaves a bruise mark on the anther cone which enables the grower to 

accurately evaluate pollination. Fruit set is earlier and the flowering period per blossom is shorter 

when visited at just the right time. This pollen bee visits an average of 20 - 30 flowers per minute 

using what is called buzz pollination. This is caused by rapid vibration of the flower using the bees 

wing muscles. It is this superior method of pollination that provides better fruit set and proven 

greater yields. 

Thanks to a joint venture between Plant Sciences, Inc. and Koppert B.V. in Janumy 1992, 

Bees West, Inc. was the first to produce bumble bees in the United States for the greenhouse tomato 

grower. This took place just four years after the introduction of bumble bees in Europe. Plant 

Sciences, Inc. is a premier agricultural consulting and research firm with headquarters in 

Watsonville California. 

Koppert Biological Systems and Bees Under Glass, owned by Dr. Chris Plowright, were 

the first to provide commercial bumble bees to North American greenhouse tomato growers. 

Plowright, a bumble bee expert in Quebec, had experimented with bumble bee production for years. 

Koppert B.V. of the Netherlands is the largest insectary in the world, producing the best natural 
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enemies and bumble bees for more than 25 years. The two joined forces in mid-1992 to produce 

the superior pollinator. 

Growers with as little as 1800 square feet or as large as 65 acres of greenhouse tomatoes 

have successfully used bumble bees. Stocking rates vary from one hive for a small greenhouse, to 

rates of two to four hives per acre in larger facilities. Bumble bees are shipped air freight and placed 

· in the greenhouse just as the first flowers begin to open. Hives are usually replaced between 8 - 12 

weeks as the colony naturally dies out. During this time the grower experiences 100% pollination 

of their tomato crop. 

In greenhouse tomatoes the benefits of bumble bees clearly outweigh any drawbacks. One 

inconvenience is that growers are limited in what chemicals can be used without harming the bees. 

However, if a grower is motivated to adhere to a bio-control or Integrated Pest Management (IPM) 

pest control program due to the use of bumble bees, then this could be an advantage for the grower 

in marketing and worker safety. Another concern growers have is the possibility of getting stung. 

Bumble bees rarely sting without provocation and are generally ve1y mild and easy to work with. 

Growers need to determine their own needs. For greenhouses less than 4000 sq. ft. the 

hives may seem to be cost-prohibitive. However, many of these growers have decided that their 

time is too valuable to spend hand pollinating tln·ee times a week and decide to bring in the bumble 

bees to save time and improve yield and fruit quality. 

In nature the bumble bee is an annual bee, starting a new colony in the spring with a single 

over-wintered (hibernated) queen. This queen begins foraging for pollen herself and lays her first 

eggs, the beginning of her brood. These eggs hatch into larvae which pupate and develop into 

worker bumble bees. These worker bumble bees assist in caring for the colony as the queen 

continues to lay eggs. By early to mid-summer the colony has built up to a potential strength of 

hundreds. By late summer the colony has produced new queens that mate with males from other 

colonies. The colony then dies out leaving the new queens to hibernate through the winter. 

However, due to the breakthroughs in bumble bee breeding, full strength colonies of bumble bees 

are now available year round. 

Thus far, the demand for bumble bees has been primarily in greenhouse tomatoes. 

Aggressive research and marketing efforts have been made in select field crops where feral (natural) 

populations of bumble bees are known to be excellent pollinators and in crops with a specialized 

pollination need. With existing commercial pollinators as the industry norm, these efforts to utilize 

bumble bees in new field crops have had a slow start. The high cost of producing bumble bees and 

the fact that they do not offer other sources of revenue, such as wax or honey sales, makes it 

difficult to compete in a market that pays only an average of $30.00 per hive rental for honey bees. 
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The current North America production of bumble bees occurs in a few key facilities in 

Canada and the United States. These breeding facilities produce two primary species which are 

endemic to the region of the respective facility, Bombus occidentalis, for distribution in the west, 

and Bombus impatiens, for distribution in the east. Although there are slight differences between 

these two species, they both are proven pollinators. 

The greenhouse tomato grower has benefited the most from the recent commercial 

production of bumble bees. Although the acreage for North American greenhouse vegetable 

growers is very small when compared to Europe, it is expected to grow significantly in the next 5 to 

10 years. With this growth and the development of the potential field crops for bumble bees, the 

greenhouse tomato grower will continue to benefit the most as the demand and production increase 

for this most excellent pollinator. Bees West, Inc. supplies western species and Kopperl Biological 

Systems, Inc. supplies eastern species. Both companies market bumble bees under the brand name 

NATUPOLTM. 

Bio-Control: Crop Protection with Natural Enemies 

Although the concept of biological control is centuries old, today biological control through 

the use of natural enemies allows a grower to achieve "crop protection". The most common types 

of natural enemies for pest control in growing crops are predators, parasitoids and pathogens. 

Predators actively search out their prey and kill them by feeding directly on them. Parasitoids seek 

and lay an egg inside or near its host that will develop and eventually kill the host. Pathogens attack 

and cause disease in the pest insect. The knowledge of both pests and their natural enemies is 

essential to obtain good results from biological control. 

In the last few years the education of the grower and the development of new natural 

enemies and methods of using them have significantly advanced the success of biological control 

agents. Many hydroponic growers around the world have used these latest developments to 

establish a crop protection system with integrated pest management (IPM) techniques. 

There are many advantages of using natural enemies for crop protection. With the reduced 

use of chemicals there will be less worker safety concerns. Less use of chemicals means the grower 

will delay or avoid the pest insect from developing genetic resistance to the insecticides. By 

establishing a population of natural enemies the grower in many cases can lower the high cost of 

conventional pest control. 

A common pest in hydroponic crops is the whitefly. There are many species of whitefly 

with the most common being the greenhouse whitefly (Trialeurodes vaporariorum ) and the sweet 

potato whitefly (Bemisia tabaci ). Whiteflies are usually introduced into a crop as adults. The 

greenhouse whitefly has six stages in its life cycle: egg; first, second, third, and fourth larval stages; 
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and adult. It is the larval and adult stages that feed on the under sides of the leaf by sucking out the 

sap. This sap contains too much sugar for the larvae to process and is quickly secreted as 

honeydew. The whitefly female will lay an average of 200 eggs before she dies. The duration of 

the life cycle greatly depends on the host plant and the temperature. 

The most common commercially used natural enemy for the greenhouse whitefly is the 

parasitic wasp Encarsia formosa. measuring about 0.6 mm. This parasite undergoes six stages in 

its life cycle: egg, three larval stages, the pupal stage and the adult stage. All these stages, except 

the adult, develop in the host. The adult female Encarsia deposits an egg in the third or fourth larval 

stage of the whitefly. Halfway through the development of the Encarsia within the pupa of the host 

(about 21 days), the whitefly pupae turns black and can be easily recognized. The adult wasp 

emerges from the pupa through a neat round hole and commences laying eggs. The adult Encarsia is 

also known to do some host feeding on whitefly larvae. 

Spider mites (two spotted or red spider mite, T. urticae ) are a pest threatening many crops 

all over the world. Because of their multiple generations and high reproductive capacity, they are 

able to destroy plants in a short period of time, as well as become quickly resistant to many types of 

pesticides. 

The spider mite has five stages in its life cycle: egg, larval, first and second nymphal stage 

and the adult mite. Under favorable conditions a female can lay more than I 00 eggs. The larval, 

nymph and adult stages feed and cause damage to the plant by sucking the sap out of the leaves. 

Although these pests are very small in size (less than 0.5 mm), their webbing can cover a whole 

plant when populations build up. 

The most common natural enemy in commercial distribution is the incredibly voracious 

predatory mite Phvtoseiulus persimilis. The life cycle of P. persimilis is the same as the two 

spotted spider mite. This female predator deposits her eggs near the food source. They differ from 

the spider mite eggs in shape, color and are about twice as big. From nymph to adult stage, the 

predatory mite constantly hunts for prey, eating all stages of spider mites with a consumption rate of 

up to 20 per day. The development rate from egg to adult of the predatory mite increases rapidly, 

while the spider mite population decreases. 

Aphids are a pest that most of us have had experience with. There are many different aphid 

species. They all primarily feed on the sap of leaves and young shoots of plants. Through their 

enormous reproductive capability, many species cause severe damage to several types of crops. 

Aphids are also known for their ability to transmit vimses. 

There are a variety of natural enemies for aphid control. Two common predators for aphid 

are ladybird beetles (Hippodamia convergens) and lacewing (Chrysoperla sp.). The midge 
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Avhidoletes aphidimyza is a unique predator in the way it seeks and kills its prey. This gall-midge 

lays its eggs among the aphid. The eggs hatch into their larval form and begin to feed directly on 

the aphid. Other natural enemies for aphid include the parasitic wasp Avhidius sp. In the same 

manner as Encarsia parasitizes whitefly, this wasp parasitizes the aphid with a sting and lays its egg 

into the aphid subsequently killing the aphid and emerging as an adult Aphidius wasp. 

In Europe the use of an aphid attacking fungus (Verticillium lecanii) has been commercially 

used for years. This pathogenic fungus, although not yet available in North America, can be very 

effective on several pest insects with the right environmental conditions. The spore of V.lecanii 

germinates on the insect and the fungal mycelium begin to grow on its body. Finally the fungus 

will grow into the insect and produce spores on the outside of the host's body. Infection can then 

spread to other insects. Favorable conditions for the growth and multiplication of V. lecanii are 

temperatures between 60° - 82° F and relative humidity of 80% or more. Application of the fungus 

is most effective when these conditions are met. 

Once again, for successful crop protection it is very important that the grower have good 

knowledge of both pest and natural enemies. A good monitoring system to track pest and natural 

enemy populations is essential. A knowledge of possible chemicals to use in an IPM program for 

minimal impact on the natural enemies is also required. To learn more about your pests and their 

natural enemies, the publication "Knowing and Recognizing" published by Kopperl is an invaluable 

investment. This book reviews the life-cycles of both the pest and the natural enemy, and will 

explain how and when you, as a grower, can obtain crop protection with the use of beneficial 

insects. 

All of the above natural enemies are available commercially in the U.S. with the exception of 

the fungus Verticillium lecanii. The largest and best producer of natural enemies and bumble bees is 

Kopperl B.V. of the Netherlands. Kopperl has been producing beneficial insects for over 30 years 

and continues to lead the world with the best research, educational materials and the newest 

organisms in user friendly packaging. NATUPOUM continues to be the best supply of bumble 

bees for specialized pollination. Bee West, Inc.® and Koppert Biological Systems, Inc. produce 

the western and eastern Bombus species respectively. Plant Sciences, Inc.® located on the central 

coast of California is a premiere agricultural research and consulting firm and is the research and 

distribution arm for Kopperl in California. 

References: 
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POSTHARVEST HANDLING PRINCIPLES FOR SPECIALTY 
VEGETABLE CROPS 

Marita Cantwell, Dept. Vegetable Crops, 
University of California, Davis CA 95616 

There is a wonderful diversity of vegetables grown around the world. Many of these can be 

adapted to hydroponic growing conditions. Hydroponically grown vegetables may offer some of 

the following potential advantages over conventionally grown vegetables: be locally grown; be 

fresher and better tasting with a higher nutritive value; have a higher level of quality assurance if 

growing conditions are more sanitaty and/or pesticide use is less; be a special variety or type that 

commands a high price. 

With any vegetable production system, it is important to keep in mind the postharvest and 

marketing requirements of the product. Successful marketing of vegetables depends on maintaining 

the quality harvested. Fresh products are alive and careful postharvest handling aims to reduce the 

rate of deterioration and quality loss. Careful and efficient handling is more important than the 

sophistication of the postharvest equipment used. The objective of this talk is to provide an 

overview of postharvest handling principles that would be useful for any hydroponic or specialty 

vegetable operation. 

Basic Postharvest Principles 

Harvest at the optimum maturity for best eating quality. Immature products have more 

postharvest water loss and shrivel; harvesting immature fruits (tomatoes, melons) results in 

nonuniform ripening and poor flavor. Overmature products may be tough (beans), yellow quickly 

(cucumbers) or be undesirably starchy (corn); harvesting fruit vegetables too ripe (tomatoes) makes 

injmy more likely and reduces shelf-life. 

Harvest during the coolest part of the day. The product is coolest at sunrise, and harvesting 

when it is cool minimizes deterioration and water loss. It is easier and cheaper to keep a product 

cool then to cool a product that has heated up. To minimize the spread of disease, harvest should 

begin once the foliage has dried. Use clean harvest containers. Keep harvested products out of the 

sun (use an empty container, shade cloth, or other protection). 

Harvest and handle gently. Injured areas on products increase postharvest decay and water 

loss. Cuts, punctures, abrasions, crushing and bruising all cause significant quality losses; products 

may appear undamaged, but may be bruised internally. Reduce physical damage by reducing the 

number of steps in which the product is directly handled. The ideal situation is to harvest and pack 

into the container in which the product will be marketed. 
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Preparation for market often involves cleaning, trimming, washing and grading. This 

should be done in a shaded area, whether it is a permanent, temporary or mobile structure. The less 

brushing, washing and handling needed, the better. Cleaning may remove the surface waxes; 

waxing may then be needed to replace the product's own natural protection. Adequate lighting is 

important for sorting and grading. Sizing may be done manually, but simple equipment using 

diverging beakers and members who attend. useful. Again, the less handling the better; avoid 

unnecessary drops, finger damage, abrasions. Pad and cushion hard surfaces; keep all parts 

(conveyors, tables) of the packing line smooth-surfaced and clean. 

Pack carefully: do not overpack or underpack. Packing too tightly causes compression 

bruises; packing too loosely causes vibration and abrasion injuries. Keep containers clean. If 

packing in reuseable plastic or wooden containers, wash to remove decay-causing organisms, and 

sand and diit that can injure the product. Sanitize using 1 teaspoon of household bleach per one 

gallon of water. If using fiberboard cartons, align and stack properly; most of the stacking strength 

is at the corners of carton boxes. Use thin perforated plastic liners in carton boxes to reduce shrivel 

on products highly susceptible to water loss. Containers need vents (about 5% of the surface area) 

for air flow and cooling. 

Cool the product as soon as possible after harvest. Temperature is the most important factor 

determining deterioration rate. Decreasing the temperature reduces the product's metabolism 

(respiration and ethylene production), water loss, and the growth of decay-causing fungi and 

bacteria. Mechanical refrigeration is the basis for most cooling methods. Room cooling (placing 

products in a refrigerated room) is a relatively low cost, but also slow method. The cold air needs 

to circulate around the product to remove heat, so leave space between the boxes. Forced-air 

cooling pulls the cold air through the containers and greatly increases the rate of cooling. A cold 

room can be modified with portable and fixed. forced-air handlers to increase cooling rates. 

Hydrocooling (by submersion or spraying cold water) products that tolerate wetting provides fast 

cooling and avoids water loss. It takes more time to hydrocool packed product and wood or waxed 

containers are needed. Sanitation of the hydrocooling water (usually by chlorination) is critical. 

Some products tolerate contact with ice; crushed or flaked ice can be applied directly or as a slurry in 

water. Evaporative cooling can be used in hot dry environments by pulling outside air through wet 

pads to provide high humidity, cooler air. Placing moistened sacks over containers of packed 

product is a simple form of evaporative cooling. 

Freshness is an important quality attribute. Freshness can be maintained by expedited 

marketing, but can also be achieved by storage with less rapid marketing. If products are stored, 

they need to be kept as close as possible to their ideal storage temperature to minimize quality loss. 

Use low rates of air circulation to reduce water loss. Soine products (basil, cucumbers) are chilling 

sensitive and need to be stored at intermediate temperatures (see table). Most products (except 
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onions and garlic) require high humidity during storage. Ethylene is a natural gas produced by all 

products; leafy and root vegetables produce very little ethylene and are damaged by ethylene (russet 

spotting, bitterness in carrots, loss of leaves in cabbage, yellowing of greens). Many fruits produce 

high amounts of ethylene during ripening. Avoid storing ethylene-incompatible fruits and 

vegetables together. 

Use adequate transport vehicles. Secure the load to reduce vibration injury; drive slowly; 

cover the product to prevent exposure to the sun and excessive water loss. For transporting 

product to market, use an insulated truck if a refrigerated vehicle is not available. Refrigerated 

trucks have sufficient refrigeration capacity but lack air flow capacity for cooling; they can only 

maintain product temperatures. Stack containers on pallets away from the truck walls and leave 

channels so the cold air can flow around the containers. Avoid temperature fluctuations during 

loading and unloading since moisture condensation will increase decay. During display for market, 

protect the product from high temperatures, high air velocities, and low humidities; use shade; mist 

with clean water. Display products in their containers to reduce handling injury. 

Ten Important Guidelines for Postharvest Handling: 

1. Harvest the product at the correct stage of maturity 

2. Reduce the physical handling to a minimum; every time the product is handled, it is 

damaged. 

3. Protect the harvested product from the sun; bring it rapidly from the field/exposed area to the 

packing station and keep out of the direct sun. Transport carefully. 

4. Keep the packing line as simple as possible and keep it clean. If water is used, use clean water 

or a sanitizer if the water is reused. 

5. Pack the product carefully to prevent damage (compression, scrapes, etc.) which causes decay 

and inferior quality; use an adequate box or container. Packaging can be also be informative. 

6. Insure that the boxes are well placed on the pallet and that the pallet is strapped. 

7. Cool the product as soon as possible after harvest; generally for every hour of delay from 

harvest to cooling, one day of shelf-life is lost. 

8. Know the requirements of the market and the handling requirements of the product. 

9. Always try to coordinate the postharvest handling so that it is efficient and rapid. Postharvest 

handling maintains the quality of a product, it can not improve it. 

lO.Train and compensate well the workers involved in critical postharvest handling steps; make 

sure that workers have the necessary tools to facilitate their work. 

For Specialty Crops, Make Educated Guesses 
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When dealing with new crops and detennining how they should be handled postharvest, one 

can make a few educated guesses based on the following questions: 

1. Is the crop of tropical or temperate origin? This will likely indicate whether it is chilling 

sensitive or not. 

2. Is the crop a leaf, root or fruit? This can help indicate how susceptible it is to water loss. If 

you have several vegetables, group them to better understand how compatible they are in 

postharvest requirements. 

3. If the crop is a fruit, are there noticeable "ripening" changes after harvest? The degree of 

change after harvest is generally related to its degree of perishability. 

4. Are you harvesting the crop when it is rapidly growing or when it has completed its growth 

phase? Rapidly growing crops generally have very high respiration rates and high 

deterioration rates. 

5. If the crop is a leafy product, are there rapid color changes? This may indicate how sensitive 

the deterioration process is and how sensitive it may be to exposure to the contaminant 

ethylene. 

6. If the crop is a fruit, are there rapid textural and compositional (starch to sugar conversion) 

changes? This may indicate a "climateric" type fruit which would produce a lot of ethylene. 

7. What are the postharvest characteristics of a related product (another species of the same 

genus, another genus of the same family, etc.)? Refer to the table for information on various 

vegetables and melons. 

8. What is the estimated storage temperature? Try to categorize into one of the following: 

A. low temperature32-41 °F 

B. moderate 41-50°F 

C. moderately high 50-60°F 

9. What is the estimated shelf-life? Try to categorize into one of following: 

A. short shelf-life: 1-6 days 

B. moderate: 7-21 days 

C. long: 3-12 weeks or longer 

10. Is the product very tender and delicate? Does it bruise easily? This will help to detennine 

what an appropriate packaging system might be. 

Sources of Information on Postharvest Handling of Vegetables: 

Gibson, E. 1994. Sell What you Sow! 302 pp. Alternative marketing options for growers. 

(New World Publishing, 3701 Clair Drive, Carmichael, CA 95608; $22.50 plus shipping). 
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Hardenburg, R.E. et al. 1990. The commercial storage of fmits, vegetables, and florist and 

nursery stocks. USDA Agric. Hdbk No. 66. 130 pp.(Retail Sales, GPO, 8660 Cherry Lane, 

Laurel MD 20707, tel: 301-953-7974; cost $7) 

Kader, A.A. (ed.). 1992. Postharvest Technology of Horticultural Crops. University of 

California Special Publication #3311. 296 pp. (Publications, Div. Agric. Nat!. Res., 

Oakland CA, tel: 510-642-2431; cost $45 plus shipping). 

Kitanoja, L. and A.A. Kader. 1995. Small-scale postharvest handling practices. Postharvest 

Hort. Series No. 8. 224 pp.(Postharvest Extension Group, Pam Moyer, Dept. Pomolgy, 

Univ. California, Davis, CA 95616; fax 916-752-8502; cost $15 plus 20% charge for 

shipping plus 7.25% sales tax in California). 

"The Packer". Weekly newspaper for the produce industry. Subscription includes guides 

updated annually on produce availability and merchandising, trends in produce marketing, 

packaging and transportation. (The Packer, Circulation Dept., P.O. Box 2939, Shawnee 

Mission, KS 66201-9858; tel: 913-451-2200; fax: 913-451-5821; Yearly subscription is 

$55). 

Welby, E.M. and B.M. McGregor. 1993. Agricultural Export Transportation Workbook. USDA 

Agriculture Handbook No. 700. 219 pp. A reference manual for agricultural exporters; deals 

with documentation as well as product handling guidelines (USDA-AMS-Transport and 

Marketing Division, Room 1217 South Bldg, 14th and Independence Ave., S.W., 

Washington, D.C. 20250; tel: 202-690-1319; cost is $8.00). 
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Examples of Postharvest Requirements for Selected Vegetables and Melons 

Storage 

Product Harvest Quality op %RH 

Artichoke, globe size, tender bracts 32 95 

Asparagus bracts at tip closed 36 95 

Basil fresh, tender leaves 55 95 

Beans, Lima seeds developed, plump 40 95 

Beans, pole & snap crisp pods, seeds immature 40 95 

Beets, bunched firm, deep red roots 32 95 

Broccoli firm head, buds not open 32 95 

Brussel sprouts firm sprouts 32 95 

Cabbage crisp, firm, compact head 32 95 

Cantaloupe Melons stem separates; rind color 36 95 

Carrots, topped tender, crisp, sweet roots 32 95 

Cauliflower compact, white curds 32 95 

Celerv crisp, tender petioles 32 95 

Corn, sweet plump tender kernels 32 95 

Cucumbers crisp, green, firm 50 95 

Eggplant seeds immature; shiny, firm 50 95 

Endive, escarole fresh, crisp, tender leaves 32 95 

Greens, leafy & fresh, crisp, tender leaves 32 95 

herbs 

Honeydew melons waxy, creamy colored; heavy 45 90 

Lettuce compact head; crisp, tender 32 95 

Onions, dry firm bulbs, tight necks 32 65 

Onions, green crisp stalks, firm white bulbs 32 95 

Parsley crisp, dark green leaves 32 95 

Peas tender, green, sweet pods 32 95 

Peppers, green firm with shiny appearance 45 95 

Peppers, chili firm with shiny appearance 45 95 

Potatoes, early crop well-shaped tubers, defect-free 50 90 

Potatoes, late crop well-shaped tubers, defect-free 45 90 

Pumpkins hard rind, good color, heavy 55 65 
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Shelf-Life 

Days 

14 

14 

7 

7 

7 

14 

14-21 

21-28 

30-180 

14 

28-180 

14-21 

14-21 

7 

10 

10 

14-21 

10-14 

21 

21 

30-180 

10 

21 

7-10 

14 

14 

14 

60-180 

30-160 

Ethylene 

Sensitivity 

Low 

Low 

Moderate 

Moderate 

Moderate 

Low 

High 

High 

High 

Moderate 

High 

High 

Moderate 

Low 

High 

Moderate 

Moderate 

Moderate 

High 

High 

Low 

Moderate 

High 

Moderate 

Low 

Low 

Low 

Moderate 

Moderate 

Observations 

sprinkle lightly 

stand in water 

stand in water 

sprinkle lightly 

sprinkle lightly 

sprinkle, cut tops 

sprinkle; ice 

sprinkle; ice 

sprinkle lightly 

ice 

sprinkle;cut tops 

sprinkle 

sprinkle; ice 

ice 

sprinkle lightly 

sprinkle lightly 

sprinkle lightly 

sprinkle lightly 

sprinkle; ice 

sprinkle; ice 

sprinkle 

if wash, dry well 

if wash, dry well 
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Radishes with tops firm, crisp, dark green leaves 32 

Rutabagas roots firm with smooth surface 32 

Spinach dark green, fresh, crisp leaves 32 

SQuash, summer finn, shiny fruits, right size 45 

~uash, winter hard rind, corked stem, heavy 55 

Tomatoes, green firm, jelly_present, light green 55 

Tomatoes, ripening finn, uniform coloration 50 

Turnips firm, heavy roots 32 

Watern1elons crisp, good flesh color, heavy 55 
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95 14-21 

95 60-120 

95 10 

95 10 

65 60-120 

90 21 

90 14 

95 60-120 

90 14 

Moderate 

Low 

High 

Moderate 

Moderate 

High 

High 

Low 

High 

sprinkle; ice 

cut tops; sprinkle 

Sjlfink1e lightly 

allow cut to heal 

avoid <50F 

cut tops; sprinkle 
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HYDRO-ORGANICS. WILL IT WORK? 

Gil Schoenstein, 
Greenfire, Chico, CA 

Hydroponics has many subtitles soilless, aggregate culture, aeroponics, now there is a new 

term that will be coming more common with the increasing demand for organic and sustainably 

grown produce - hydro-organics. Hydro-organics is growing plants in hydroponics with a non

chemically derived nutrient solution and emphasizes soaps, traps, and predatory insects for pest 

control. The nutrient solution you use must meet the demands of the strictest organic certification 

agencies. This is not only a relief for the environmentally conscious hobby hydroponic gardener but 

also for the commercial grower who can reap greater market value for certified organic produce. 

Hydro-organics has been allusive due to the complexity of developing a complete nutrient 

fmmula. With the introduction of Earth Juice products and recent refinements, hydro-organics is not 

only possible, it is a reality. 

There are quite a few myths associated with hydro-organics. With my experiences and the 

information I've gleaned from others, I would like to clarify some common misconceptions and 

inform you of some techniques hydro-organic growers are using. I would also like to briefly cover 

some of the different practices associated with this type of horticulture. 

Hydro-organics does work with what we've done and it is being practiced on both the 

hobby and commercial level. Hydroponic systems that have proved the best results when using a 

hydro-organic solution include constant drip root bath systems such as "The Aquafarm", bottom

well passive systems and passive systems such as Emily's Garden. Recirculating systems are also 

compatible with hydro-organics. Ebb and flow systems using either grow rocks or a perlite peat 

moss blend have been successful with tomatoes, radishes, lettuces, and basil. Lettuce and basil 

grown in Gully systems with both Nutrient Film Techniques (NFT) and top drip systems are also 

being employed. Bag culture with coconut shell fibers and various aggregate blends have been used 

with great results. 

Poor results have been encountered with some systems with little or no medium. It may be 

that organic nutrients need an anchoring place in the medium. More tests and experimentation needs 

to be done. I have only tried bell peppers in such a system and I would suspect short term leafy 

crops like basil and lettuces would be more successful. Slab culture also seems to be non compatible 

with hydro-organics but rockwool cubes and rockwool fleece gardeners have been growing with 

hydro-organics. 

Hydro-organic fertilizing is using an organic formula as by the guidelines of organic 

certification agencies. There is less concern for nutrient bum or over fertilizing as with conventional 
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fertilizers. So you wont see distorted dark green leaves from a fertilizing accident or even that 

familiar crusting salt build up from standard conventional fertilizer use. Some growers never flush 

their systems or even completely change the reservoir. Instead they drain the solution down to the 

last inch or two and add the new solution to these nutrients. However, we recommend as most 

growers do, to change their nutrient solution every 4 to 10 days. It also seems to help to clean the 

reservoir out at this time. Two weeks between changes for passive root bath systems seems to work 

fine. A few commercial organic greenhouses report of flushing their medium once every day to 

three days. 

Because the hydro-organic formula is based on raw materials there are also less disposal 

problems with spent nutrient solution. This allows for safe disposal of used nutrients into the soil. 

Used nutrient solution can be used in the garden or utilized by local fanners to feed foliage and soil. 

Chlorine seems to diminish the effectiveness of the natural solution. To achieve the best 

results with a hydro-organic solution, it's best to let chlorinated water sit overnight in an open 

container before adding the nutrients. Oxygenating chlorinated water is an even more effective way 

to release the chlorine. Incidentally, I've found that wooden bubblers work better with hydro

organics than the pumice stone variety. Adding a small amount of hydrogen peroxide will also 

increase the oxygenation and may also improve the hydro-organic solution. 

Even though the solution is organic, readings are available from Total Dissolved Solutes 

(TDS) meters. Because only some of the nutrients are registered on TDS meters, the recommended 

TDS levels for various crops using conventional fertilizers do not apply for most crops using the 

hydro-organic solution. Hydro-organic growers have had to rely on charting their plants 

performance along with a TDS reading and record acceptable levels. The hydro-organic solution's 

TDS readings will not increase before reservoir changes but decrease as the plants use nutrients. 

This is also taking the loss of water to evaporation into consideration. 

Dave Story of Oregreen Produce in southern Oregon starts his solution at 900 parts per 

million and typically will use that solution until it drops down to 540 parts per million five days 

later. This is during the vegetative stage using the Grow formula for his tomato crop in rockwool 

cubes in a NFT system. 

Drew Casey and Kathy Sevchuk of Purely Nature's Own of Tunas Missouri feed their 

hydro-organic lettuce in gravel beds a solution of 300 ppm and they replace the nutrient after seven 

days when it is approximately 270 ppm. They start their seeds in coir fiber and grow 15 varieties of 

gourmet salad greens to fork size in both troughs and rain gully. Drew is in the process of creating a 

ppm chart for various food crops. The pH of hydro-organic solutions can easily be metered with 

digital pH meters and pH test strips. However, the pH droplet reagent kits are non effective for 

these solutions. Because of the natural oils inherent with the hydro-organic solution, greater care of 

digital pH pens is necessary. I rinse my pen off thoroughly after every use. When finished using the 
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pen I store the probe in electrode storage solution. If I do not follow these procedures, I've found it 

very difficult to recalibrate the pen. 

The acceptable pH range seems to parallel the range for chemical solutions with an additional 

0.3 higher or lower. After mixing my solution the pH is initially too low, in the 4.2 to 5.0 range. 

What I do now is mix my solution 24 hours prior to feeding the plants. After this time the pH has 

stabilized at 6.3 or so. Ifl aerate the solution, the pH will climb even higher, to between 7.8-8.0. 

Depending on your water quality and its mineral content, the pH will vary after this process. I use 

this pre-mixed aerated solution as a pH up. Dave Storey uses what he refers to as a "down bucket" 

to lower nutrient solution pH. This "down bucket" consists of two cups of Earth Juice Bloom and 

one half cup of the Grow formula per five gallons of water. He' uses that concentrate to lower his 

solution to his preferred pH of 5.6 to 5.9. 

Raising pH can also be accomplished by exposing the solution to light and increasing the 

solution temperature. One method to increase light exposure while increasing aeration is to pump 

some of the solution though a clear tube out of the reservoir for a short distance and back to a few 

feet above the top of the solution where it falls and splashes into the reservoir. 

The higher the temperature solution the lower the pH will be. The ideal temperature range 

for the solution is between 62-78° F. Reservoir heaters should be cleaned often because the organic 

elements tend to harden on the heater and reduce its effectiveness. Liquid chillers should be used for 

summer crops to avoid high temperatures. 

To control upward pH drift caro syrup can be added to the reservoir at the rate of one 

tablespoon every 5 to 10 gallons. However, it may not be considered organic by certification 

groups. Others claim superior results adding a starch to their reservoir. The more coarse the starch 

source, the longer lasting the pH control. Fine powders such as rice cream powder (a hot cereal 

available at health food stores) can be used if only a shorter term pH lowering is desired. Nine grain 

blends and other coarse grains added at the approximate rate of one half to one tablespoon per 5 

gallons of solution for more than a few days. These are only estimates as varying water quality 

affects pH accordingly. 

Some hydroponic systems may need some minor changes to successfully use a hydro

organic solution. I have used in line Y filters to screen out thicker particles that can clog small 

sprayer or emitter openings. It is a good idea to clean filters frequently. Other growers screen their 

solution with a 80 mesh screen or just your average kitchen strainer. This screening can be done 

prior to adding the solution to your reservoir. Small emitters can sometimes be removed or a larger 

opening can be used without compromising the performance of the system. 

Hobby systems that have completely closed reservoirs only have a slight odor during the 

watering cycle. There is more odor than a conventional solution so hydro-organics may not be 

practical in the home or office. Wick or bottom root bath systems may be the answer for these 
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applications, for I've noticed little odor with these systems. Odors can be controlled if you change 

the nutrient solution often, do not let the pH rise above 6.8 and/or the solution temperature rise 

above 750 F. 

We have noticed that plants grown with the hydro-organic solution have shorter inter-nodal 

spacing and are thicker sturdier than those grown in a conventional nutrient system. The yield was 

also better for hydro-organics, especially noticeable for fruit and flower yields. Kurt of Cmy 

Canyon Produce (a hydro-organic grower in Northern California) has been very satisfied with his 

yields. He grows tomatoes in five gallon grow bags with perlite, vermiculite, sand, and compost. 

He uses a top sprayer feed non recirculating system. 

Although there have been no scientific tests, in some cases hydro-organics seems to have 

anti-pathogen properties. I have seen lettuces over watered quite substantially and tomatoes that 

grew in humid boggy conditions from late fall until spring without any disease or rot. 

Both Drew Casey and Dave Storey believe the hydro-organic formula to be more expensive 

than the conventional variety. Dave estimates it to be roughly 20 to 25% more expensive. Both of 

them as well as Kurt believe the yield and quality using the hydro-organic solution to be worth the 

higher nutrient cost. Kurt markets his produce as organic and is able to obtain up to $2.25 a pound 

for organic wholesale tomatoes during the peak off season market. While during the same time, 

conventionally grown tomatoes are much more available and the best wholesale price for these 

tomatoes is lower. 

Hydro-organics has the potential to bring soil organic growers to try making a living 

growing with hydroponic systems. When starting an organic farm in soil, a grower must often wait 

three years for certification approval. A hydro-organic grower can be certified organic the first year 

of production by avoiding growing in the ground. Thus, they can realize the premium price paid for 

certified organic produce. In a greenhouse, there is also no need for the large buffer zone required 

around the perimeter of certified organic field crops and no concern for drift from nearby 

conventional farming. 

There are national guidelines being debated and studied to set a national standard for what is 

certifiable organic. It is not clear whether it will be easier or not to achieve organic certification. For 

now hydro-organic growers can contact their local or international organic certification agencies. 

The ingredients in the Earth Juice formulas are at this time, on the approval list of most of these 

agencies. All formulae for hydroponics are not ideal for every system for every crop. Nutrient 

deficiency can develop. Most certification agencies require leaf samples before allowing the use of 

micro-nutrient additives. If it is not possible to find an additive which is considered organic you 

may be able to petition the agency to make an exception. 

In the case of Dave Storey's NFT rockwool tomato crop, his solution is 90 percent plus or 

minus the Earth Juice organic solution. The micro nutrient formula he found necessary for his type 
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of system is not considered organic. However he has found the yields and quality of his plants to be 

very satisfactory. So for the time being, he will continue to use a hybrid, part conventional and part 

organic, fertilizing program. We have had a lot of good feedback from hobby and commercial 

growers who use variations of conventional and organic blends. 

Two different growers can grow the same crop in different style systems and one finds it 

necessary to add a micro nutrient additive. This demonstrates that success of hydro-organics 

farming is not solely dependent on the nutrient used - Nutrients may only account for 25% of the 

success - while the rest of the success may be attributable as - 25% to the medium used, 25% to the 

nutrient delivery and 25% to a knowledge, which includes researching, leaf samples, and watching 

your plants closely. 
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BASIC RESEARCH: THE ENGINE THAT DRIVES THE HYDROPONICS 
INDUSTRY 

Anthony D.M. Glass 
Department of Botany, University of British Columbia 

According to John Passioura, a renowned Australian Plant Physiologist, "physiologists 

have two responsibilities to the public whose money supports them. One is to make profound 

discoveries. The other is to produce useful ones". The pursuit of basic knowledge and 

understanding of the world we inhabit is a defining characteristic of our species. In the main this 

pursuit is made without regard to pay off, for the sake of curiosity. The outcome is profound 

discoveries. A remarkable feature of this unfettered, curiosity-driven exploration is that it proves 

to be the most efficient means for developing useful discoveries. I am not saying that specific 

problems may not be solved directly by goal-oriented (applied) methodologies. For example, 

Edward Jenner developed a cure for smallpox in the 1790's almost a century before the underlying 

principles of his discovery were understood. Likewise, early geometry probably arose from a very 

practical knowledge of building methods, rather than through rigorous mathematical theory. 

Nevertheless, while the ancient alchemists strove to convert base metals into gold, it was the 

fundamental relationships of Mendeleev' s periodic table which placed chemistry on a sound 

predictive basis. It is inconceivable that the plant micro-propagation indusl!y could have developed 

without Haberland's pioneering work on in vitro cell culture in the 1890's and F.C. Steward's 

fundamental research on the hormonal control of organ differentiation in the 1950's and 60's. And 

finally, how could the hydroponics industry have developed without basic studies of plant 

nutrition, which began in the C17 with Van Helmont and continue to the present day? 

Some would argue that the relationship between basic and applied research is a matter of 

serendipity. If you let enough boffins follow the dictates of their curiosities, something useful will 

emerge, purely by chance alone. This is rather like the old joke that if an infinite number of 

chimpanzees are set in front of an infinite number of typewriters, one of them would eventually 

come up with a quotation from Shakespeare's Hamlet. I favor an alternative interpretation. There is 

obviously a very productive two way flow of information between pure and applied research, but 

the fruits of applied research are best realized when applied research is undertaken in the context of a 

broad base of understanding of all aspects of a problem. This can only be achieved by permitting the 

sort of unfettered approach, free of constraints based on "perceived" utility, which characterizes 

fundamental research. The broad base of fundamental knowledge provides a spring-board of 

information from which to tackle the specific problem. According to John Polanyi, Nobel Laureate 

in Chemistry at the University of Toronto, "Basic science provides the road map according to 
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which the applied scientist in collaboration with the entrepreneur charts a course on the lengthy and 

hazardous trip to market. Transistors were not discovered by the entertainment industry but by 

people working on wave mechanics and solid state physics. Nuclear energy was not discovered by 

oil companies seeking alternative forms of energy, but by scientists like Einstein and Rutherford". 

On my own campus, Mike Smith, who received his Nobel prize for basic work in molecular 

genetics, claims that to achieve excellence in medical research "there has to be a commitment to the 

whole spectrum of research from basic biology through the application of basic biology to problems 

in human biology and from that to clinical problems and solutions". 

Unfortunately, the importance of this foundation of basic knowledge, is too often not 

appreciated by the politicians who fund basic research. Perhaps there are too few scientists among 

the ranks of our elected representatives. In Canada during 1994 to 1996 our Federal Government 

has reduced funding to our Natural Sciences and Engineering Research Council (NSERC) by 13%. 

Coupled with a high inflation index for the costs of scientific research, this is a significant 

reduction. At the same time, during the last 10 years the proportion of NSERC's total budget 

allocated to basic research has declined by 20%, with a corresponding increase in the funding of 

projects linked to industrial partnerships. This policy, which is designed to promote industry will 

eventually will do the opposite. 

In this evening's lectl)re I want to examine the role that basic research has played in 

establishing a foundation of knowledge that enabled the hydroponics industry to develop. In 

addition, I will share with you some results from my own research in hydroponics. The main goal 

of this research is to understand the mechanisms of nutrient absorption by plant roots, and in 

particular the way that nutrient uptake is regulated according to plant needs. Recently we have been 

involved in addressing ways to reduce the potential for eutrophication arising from the release of 

nutrients to the environment. This more applied work draws heavily on our basic understanding of 

the regulation of nutrient uptake in plants. But let us begin at the beginning. 

Before the development of the scientific method, the doctrines of Aristotle dominated 

European interpretations of the natural world for almost 2000 years (5,11,16). According to 

Aristotle all matter consisted of but 4 elements : earth, air, fire and water, combined together in 

different proportions. Proof of this was evident when wood burned. Was it not reconverted into fire 

and water from whence it came ? Aristotle also believed that the soil was the sole source of plant 

nourishment, for the roots of a plant are "analogous to the mouth of animals, both serving for the 

absorption of food". Jan van Helmont tested these dogma, undertaking an experiment which was 

reported in 1648. This experiment is often claimed to be the first recorded scientific investigation in 

plant physiology. Van Helmont examined the growth of a willow tree over a period of 5 years, 

during which the tree was watered with pure rain water. The tree grew from 5 lbs to 169 lbs, while 

the soil lost only 2 oz in dry weight. Van Helmont concluded that all the plant biomass arose by 
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elemental transmutation of the water alone. In his own words, translated from Latin he states " I 

have proven that plants are produced directly and materially from the single element water". 

Interestingly, Sir Robert Boyle, discoverer of Boyle's law, undertook similar experiments with 

squash and other plants in the 1660's and arrived at the same conclusion concerning the 

transmutation of water into the substance of the vegetable (16). At the time, then, it would have 

been reasonable to conclude that soil was but an inert filler in which to root the plant. 

Almost immediately (well 50 years later was almost immediately in those days) van 

Helmont's conclusion was carefully tested by a Londoner, named John Woodward (11,16). In 

1699 Woodward grew sprigs of mint in rain water, river water, ditch-water from Hyde park and 

ditch water which had been shaken with garden soil and filtered. After 56 days the plants grown in 

the soil solution had increased their mass by over 300%, whereas those grown in rain water had 

increased by only 36%. Woodward concluded that the positive effect of the garden soil was due to 

the absorption of "certain peculiar terrestrial matter". Following on the lead provided by 

Woodward, the next century saw the rightful importance of soil as a source of plant nourishment 

reasserted. However, it was mistakenly presumed to be in the form of organic food, "humus" as it 

was called, and despite the demonstrated role of photosynthesis by de Saussure in 1804, the noted 

chemist Sir Humphrey Davy, (better known as discoverer of the miner's safety lamp) was still 

advocating that soil was the sole source of plant nutrition ( the so-called humus theory) at the 

beginning of the Cl9'th. Not until the 1840's was adherence to this humus theory finally 

demolished by the German chemist Liebig, and the importance of photosynthesis and inorganic 

nutrition generally accepted (11,16). 

It now only required the meticulous investigations of two German scientists, Sachs in 1860 

and Knop in 1861, using more refined techniques of water culture, to demonstrate that ten chemical 

elements (the macronutrients) C, H, 0, N, S, P, K, Ca, Mg, and Fe were essential for plant 

growth. If any one of these elements was omitted from the nutrient solution, growth was severely 

retarded and characteristic deficiency symptoms showed up. Between 1860 and 1954, using even 

purer sources of chemicals, the essentialities of the micronutrients (B, Mn, Cu, Zn, Mo and Cl) 

were established. It is interesting to reflect that at the time of van He! mont's experiments in the 

1600's, only three of the macronutrient elements, C, S, and Fe, were known to exist. Not until 

1669 wasP discovered, and the last of the 16 essential elements (magnesium and boron) were not 

discovered until 1808. It is obvious then that until the chemists had made the necessaty progress in 

discovering the chemical elements, the scientific development of plant nutrition could not have 

proceeded (11). 

Thus, through fundamental advances in chemistry, together with basic research in plant 

nutrition, using the technique of water culture, or nutriculture as it was called, plant nutrition was 
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placed on a solid scientific foundation. This knowledge provided the information base which was a 

major contributor to the spectacular increases of agricultural productivity that began in the C 19'th. 

It also provided the base for the development of the commercial hydroponics industry. W.R 

Gericke at the University of California, is usually credited with demonstrating the commercial 

potential of hydroponics (5,19). In the 1930's Gericke grew a large number of vegetable crops by 

the method he termed hydroponics. So tall were his tomato plants that he needed a ladder to harvest 

them. The press went wild and referred to his methodology as "the discovery of the century". 

Despite this early start, hydroponics as an industry is still in its infancy and prospects for the 

hydroponic cultivation of new food crops, medicinal plants and the development of specialized 

methods such as organ culture are enormous. To give you one example of the opportunities for 

specialized culture methods, my colleague, Dr. Neil Towers have been collaborating on the 

hydroponic growth of an important medicinal plant, whose roots are harvested for their healing 

powers. Dr Towers has also been generating root cultures and genetically altered strains of this 

plant, which when cultivated in appropriate nutrient solutions grow roots without shoots. 

With a clear understanding of the basics of plant physiology, it became obvious that crop 

yield could now be optimized by creating a perfectly controlled environment, using hydroponics to 

supply the inorganic requirements. All the problems associated with the vagaries of climate, soil 

fertility and C02 limitation, could now be removed by providing the requirements for plant growth 

in abundance. At the same time, factors limiting growth were effectively removed. Light, water, 

favorable temperatures, C02 enrichment and limitless supplies of the inorganic elements could be 

used to achieve this optimization. 

As a consequence of these developments the hydroponics indus tty is sustaining spectacular 

growth in many pmts of the world. Among European countries, Holland is a leader in this field and 

the area under cultivation has tripled since the I 950' s. In Spain the area under hydroponic 

cultivation has increased from 17 ha in 1987 to 400 ha in 1992, a greater than20 fold increase. In 

my own province, the cash value of vegetable crops ( mainly tomatoes, cucumbers, and peppers) is 

growing at the rate of approximately 10% per annum, and absolute yields of tomato and pepper 

have increased exponentially since the 1980's. In a suburb of Vancouver, Houweling Nurseries 

have just completed a 7 5 acre greenhouse at a cost of $55 million, and they are presently building a 

20 acre greenhouse in California. In the U.S.A, acreage dedicated to hydroponic crops is presently 

doubling each year, In addition to the increased area under cultivation, between 1960 and 1996, 

yields of hydroponically-grown tomatoes have increased almost fivefold, from- 120 to 544 tonnes 
-1 

ha . 

The spectacular increases of food production witnessed during this centmy in both field and 

hydroponic crops has required massive increases in fertilizer use. During the second half of this 

century e.g., global use of fertilizer N and P has increased roughly 20 fold and 10 fold, 
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respectively, from below 5 million metric tons per annum in 1950 to roughly 80 million metric tons 

of N and 35 million metric tons of P in the 1990's. Similar patterns characterize fertilizer use in the 

U.S.A. and in Europe. Clearly, in relative terms, fertilizers are cheap, and the commensurate yields 

more than compensate for the economic outlay. However, an unfortunate side effect of excessive 

fertilizer application in many parts of the world has been to add to an already accelerating process of 

eutrophication. The term eutrophication refers to nutrient enrichment in bodies of water ( lakes, 

rivers and marine waters) which principally arises from sewage, agricultural run off and from 

atmospheric deposition. While small increments of N and P may be beneficial, increasing primaty 

productivity and leading to higher stocks of fish and shell fish, excessive inputs lead to numerous 

environmental problems including deterioration of water quality, algal blooms, and finally, anoxia 

leading to fish and shellfish death. An article in Bioscience in March 1991 (21)documents the 

correlation between N fertilizer use and water quality in the Mississippi river. The authors estimate 

that 44% of applied N and 28% of applied P fertilizers in states in the Mississippi River watershed 

may have made their way to the gulf of Mexico, where they are causing increased anoxia in coastal 

waters. According to a Woods Hole Oceanographic Institution document (December, 1995) "where 

formerly a few regions were affected in scattered locations, now virtually every coastal state is 

threatened, in many cases over large geographical areas and by more than one harmful or toxic 

microalgal species". "One of the explanations given for the increased incidence of hm·mful algal 

blooms (HAB) outbreaks worldwide is that these events are a result of increased pollution and 

nutrient loading of coastal waters". In developing countries expanding populations, growing 

industrial economies and extensive urbanization are resulting in rapid and significant eutrophication 

According to some economists it will be necessary to impose heavy tax increases on N and 

P fertilizers to discourage their excessive use in agriculture. Environmentalists argue that this would 

be ineffective, because the cost of this source of pollution would simply be passed to the consumer 

without halting /reducing the environmental impact. There is an obvious conflict here. Increasing 

global population demands increasing intensification of agriculture. In turn this demands ever 

increasing use of fertilizers and increasing eutrophication. Clearly, plants can not be engineered to 

work without the essential elements. But can we improve utilization of applied nutrients ? 

Significant differences already exist among strains of crop plants but generally the so- called 

"nutrient efficient" strains give poor absolute yield. Their slow growth may be an impottant strategy 

to survive in nutrient-poor habitats, but we need more than survival to sustain a viable agriculture. 

Nevertheless, much more effort could be applied to this important area. 

In Vancouver we have been working to understand how crop plants adapt to reduced 

concentrations of inorganic fertilizer and trying to apply this knowledge to devise more efficient 

ways of delivering the required nutrients so as to optimize crop yield while minimizing potential 

environmental damage. The introduction in many countries of more stringent regulations governing 
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the levels of acceptable nitrate in drinking waters and in vegetable crops, and release of spent 

nutrient solutions from hydroponic greenhouses has provided strong incentives to develop 

improved methodologies. According to Huang and Uri, (13) excess N is defined as the difference 

between N present in the crop and that applied to the crop from all sources. Applying this definition 

to hydroponic crops, and broadening its scope to include all nutrients, our goal should be to supply 

only as much fertilizer as the plant needs to optimize yield. Ideally, nothing would be released to the 

environment. 

Research which sought to determine the minimum concentrations of particular nutrients 

required to optimize yield has a long history, dating to the 1920's when Denis Hoagland at the 

University of California addressed this question for potassium (15). In order to properly answer 

such a question it was critical that at low concentrations, the nutrient being investigated be replaced 

rapidly enough that its concentration is not substantially reduced by the test plants. Using tomato 

plants Hoagland's 1929 study concluded that 128 mM (5 p.p.m.) K was required to achieve 

optimum growth. Loneragan and Asher (1 ,2, 17) in Australia, conducted extensive trials on this 

problem. Using huge reservoirs of dilute nutrient solutions to irrigate a number of pasture plants 

over a 4 week period, they investigated the effects of reducing P and K concentrations in drain to 

waste experiments. In the P study, P uptake was saturated at 5mM (!55 p.p.b.) phosphate in 4 of 

the 8 species examined, and in one species, silver grass, maximum P uptake was at lmM ( 31 

p.p.b ). Average d1y matter yield of these eight species, was not increased when [P] was increased 

beyond 5 mM . The same authors reported similar observations when solution [K+] was varied 

from 1 to 1000 mM. Average plant yield saturated at 24 mM K (-1 p.p.m). Clement, Hopper and 

Jones (4) arrived at the same conclusion in their studies of nitrate uptake by ryegrass. After 8 weeks 

growth at external [N03-] between 14.2 mM and 14.2 mM it was demonstrated that above 14.2 mM 

there was no effect on N03- uptake, plant N status or plant biomass. 

According to the hydroponic recipe proposed by Sachs in 1860, N, P and K were supplied 

at 139, 99 and 386 p.p.m., respectively(5). Hydroponic recipes recommended by our Ministry of 

Agriculture in British Columbia for various hydroponic crops suggests that feed solutions contain 

between !50 and 250 pcp.m. N, 30 to 90 p.p.m. P, and -250 p.p.m. K, respectively. Apart from 

the increase of N the current recipes are not markedly different from that proposed by Sachs. On 

the basis of the reported saturation of plant growth at concentrations of N, PorK in the low p.p.m. 

range reported by Clements eta!., (4) and Loneragan and Asher (1,2,17) it would seem that our 

feed solutions are far more concentrated than they need be. If e.g. the concentrations of N and P 

could be reduced to 10% of standard formula in a recirculating system, then at the end of a growing 

cycle a grower would have less than I 0% of the nutrient load to dispense with. Potential 

eutrophication would be reduced and the fertilizer cost reduced significantly. 
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We grew a lettuce crop at 1110'th and 11100'th commercial levels of N, P and K. The crop 

was grown in plastic troughs and nutrients solution delivered by pumps from a 70L reservoir. The 

solutions returned by gravity and were sampled daily to maintain pH, E. C., N, P and K levels. Our 

first experiments reduced one nutrient at a time; subsequently we reduced all three nutrients 

simultaneously. Only when nitrate was reduced to 1% of normal was yield reduced by -10 %. 

There is obviously considerable scope to reduce nitrate to a value between 10% and 1% of the 

control. Reducing N, P and Kin the feed solutions all together, failed to cause significant changes 

in the elemental composition of the lettuce except to reduce nitrate in the leaves by - 10%. Thus 

neither biomass nor composition of the lettuce heads were changed by these treatments, although in 

some cases there was a small, and statistically significant increase in root:shoot ratio. Lettuce 

growers in B.C. will grow about 14 crops of lettuce per annum and dispose of the nutrient solution 

every 3 to 6 weeks according to the time of year. The alternative strategy of supplying a more dilute 

feed solution and replenishing more frequently would substantially reduce the release of N and P to 

the environment. If we strike the correct formula, the plants should remove almost the same 

amounts of nutrients that are removed from more concentrated solutions, but when spent solution is 

dumped we save on fertilizer and reduce eutrophication. 

Encouraged by our findings, the B.C. Vegetable Growers Cooperative requested that we 

extend our studies to a tomato crop. In 1994, we grew the variety Trust for 7 months in a 

recirculating operation. Plants were bedded in 4L plastic pots filled with perlite and topped off with 

pea gravel. Nutrient solutions were delivered (lL per pot) at intervals necessary to avoid depleting 

N, PorK by more than 10%. In 1985, a second experiment was run for 8 months. In 'the first 

experiment plants were supplied with full strength, half strength and one tenth strength media. In 

the second experiment we employed full strength and 114 strength media. Reducing N, P and K to 

1/2 or 114 strength caused no significant reduction of frnit yield or vegetative growth, but frnit yield 

was reduced by about 25% in the 1110'th strength treatment. All measures of frnit quality we 

undertook, including elemental composition, sugar content, titratable acidity, E.C. and firmness 

remained unaffected by these treatments. Thus, we could reduce the level of N, P and K to at least 

25% of current supply without effect, and reduce the release of potentially eutrophying elements by 

75%. We also tried a separate approach to cleanse the nutrient solutions using the tomato plants 

themselves. Three weeks before the crop was to be taken out, all injections of stock solutions to the 

reservoir were terminated in one of the treatments. As plants continued to remove N, P and K, 

levels of these elements dropped rapidly in the recirculating solution. None of the measured frnit 

parameters showed significant change during this period. However, in the vegetative matter, 

virtually every element was reduced. Clearly not only was the plant cleaning up the nutrient solution 

it was also mobilizing required elements from the foliage, resulting in more efficient nutrient 

utilization. The extent to which tomato can adapt to reduced N, P and K levels is significantly less 
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than that of lettuce. Perhaps this is due to the indetenninate growth of the tomato plant which can 

continue its vegetative growth while producing fruit. By contrast, lettuce grows vegetatively for a 

limited time only, before it begins to flower; vegetative growth comes to a halt when flowering 

begins. Another possibility is that some varieties, such as the tomato we grew, that have been 

selected for rapid growth and high yield, may be unable to adapt sufficiently to "less than perfect" 

growing conditions. They are truly hothouse varieties. I noticed in the work of Loneragan and 

Asher (2) e.g. that silver grass (Vulpia festuca), the only pasture species to achieve its optimum 

growth at 1 mM P, produced the smallest amount of plant biomass of all the species examined, 

even at high P levels. In other words, perhaps it is only the ve1y slow growing strains that are able 

to adapt to very low nutrient concentrations because their needs are so small. 

In the last part of my talk I want to explore the mechanism involved in plant acclimation to 

reduced concentrations of inorganic nutrients. Only through a complete understanding of these 

mechanism will we be able to systematically improve plant acclimation to reduced nutrients. As 

early as 1906, an American scientist named Brezeale(3), documented that withholding inorganic 

nutrients from hydroponically grown wheat plants caused uptake to increase. Brezeale removed one 

nutrient at a time and demonstrated that after 15 h deprivation, uptake of Ca, P, N03- and K had 

increased by 2.23, 2.54, 3.34, and 5.62 times, respectively. Hoagland made use of this 

phenomenon (and is usually given credit for its discovery) when he developed the technique of 

growing barley plants in dilute CaS04 solution to increase their capacity for ion uptake(l2). Epstein 

at U.C. Davis continued this tradition and measured rates of K uptake by barley roots using 

radioisotopes(?). He found that when uptake was plotted against external concentration, uptake 

became saturated at about 0.1 mM K, but at higher concentrations a second plateau was reached. 

Epstein interpreted this as indicating the presence of two separate transporters for K. One operates at 

low concentration and has a high affinity for K. In other words it is very efficient at scavenging K. 

The other system operates at high external K concentration and has a low affinity for K. This pattem 

of having two classes of transporters, one for low nutrient concentration and one for high 

concentration appears to be the general rule. It is certainly tme forK, N03 -. NH4 +and Pi. With 

this background, let us now examine what is known about the mechanisms responsible for 

increasing nutrient uptake when nutrients are in shmt supply 

The net absorption of a particular nutrient is the balance between influx and efflux. In some 

cases, especially at high nutrient concentration, the efflux step, as illogical as it may seem, can be as 

high as 30 % of the influx step, and there have even been reports that some plants experience a net 

loss of nutrients at night time. Increased capacity for net uptake when plants acclimate to reduced 

nutrient concentrations could come about by increasing influx or by decreasing efflux. Johansen, 

Edwards and Loneragan (14) used 
42

K to demonstrate that it was the inward step (influx) that was 

regulated not the outward (efflux) step when plants adapt to low [K]. 
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I began studying the regulation of K uptake in barley plants in the 1970's in New Zealand, 

and showed that withholding K for several days increased the rate of K influx and the affinity 

(efficiency) forK (8,9,10). In plants grown without K for several days, influx and affinity were 

high. When K was resupplied root K increased, while influx and affinity dropped back down quite 

rapidly. It seemed as though the plants adapted vety quickly according to their K status. By varying 

the duration of K deprivation it was possible to obtain a range of values for root K. By plotting 

influx against root K it was evident that influx was inversely correlated with root K. Although these 

experiments were conducted with barley, the basic processes are the same in lettuce and tomato. We 

employ barley plants as a model system, much the way microbiologists use E.coli as a model 

bacterial system. If the capacity to absorb K can be up-regulated or down-regulated according to the 

availability of K, it is not difficult to understand the results of our experiments with lettuce, or the 

work of Asher and Loneragan, on pasture species. Similar experiments have been conducted on the 

uptake of many of the macronutrients. It is generally the case that roots are physiologically highly 

adaptable, responding quickly to any interruption of supply so as to counteract the applied 

disturbance. These transport systems can be likened to servo mechanisms, maintaining internal 

concentrations of the essential elements at levels appropriate to optimize plant growth. This is true of 
- + 2- -

the uptake of P, N03 , NH4 , S04 , Cl and other ions. In summary, the upregulation or down 

regulation of influx is a vety rapid means whereby the plant can compensate for any perturbation in 

the supply of nutrients. It is the first line of defense against nutrient deprivation. 

Recently we have been able to investigate how these servos work at the molecular level. As 

stated earlier, for each nutrient there appear to be efficient high affinity transporters that operate at 

low external concentration and less efficient low transporters that operate at high external 

concentration. These transporters are specialized proteins located in the cell membrane. Genes 

coding for the low affinity and the high affinity K transport systems were isolated (cloned, to use 

the jargon) in 1992 and 1994(20). As well, the genes for high affinity nitrate, ammonium and 

sulfate transporters have recently been cloned (18). This means that it is now possible to determine 

very precisely when a particular gene is activated to make its corresponding transporter. When 

genes are transcribed, the first product of gene expression is mRNA. Each gene and the mRNA 

produced from that gene codes for a pm1icular protein. The beauty of the 3 level control: Gene 

(DNA), mRNA, protein is that I gene can produce as many as 10,000 molecules of mRNA each 

coding for a particular protein. Each mRNA molecule can be translated as many as 100,000 times. 

The net effect is a huge amplification of the message. In my laboratory we have examined the 

expression of the HKTl gene which codes for high affinity K uptake in barley. In plants grown 

with 1.25 mM K, the amount of the mRNA coding for the high affinity transport system was 

extremely low. Within 4 h of removing K from the root environment the expression of this gene had 

increased 2.5 times; by 24 h it had increased by 5 fold. When we examined K+ influx under the 
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same conditions the capacity for K+ influx increased 22 times. The newly cloned sulfate transporter 

goes from almost off to full on in 2 h when sulfate is removed from the root environment. We 

observed the same response for AMTl (the gene coding for the high affinity ammonium transporter) 

when NH4 +concentration was reduced from 10 mM to 0.1 mM. Thus it would seem that for each 

of the nutrients, when the external nutrient concentration is of the range normally used in 

hydroponic solutions, the high affinity transporters are turned off and the plant can get by with the 

low efficiency transporters. Within a very short time of any disturbance of supply, the genes 

encoding the high efficiency transporters are turned on in the roots. This leads to the production of 

large numbers of the high affinity transporters and increased capacity for nutrient acquisition fmm 

dilute nutrient solution. This probably explains how the plants studied by Asher and Loneragan, and 

Clements et al., were able to adapt to low levels of K, PorN. 

As we saw in our tomato experiments, despite this adaptation some plants may not be able 

to obtain sufficient nutrients to maintain the status quo. When this occurs the second line of defense 

comes into action. This is evoked more slowly and is more costly, but very effective in natural 

ecosystems. The second line of defense is to enlarge the root: shoot ratio. No one really knows how 

this works, but we do know that when certain nutrients, particularly N, P, or K are in limited 

supply, the root:shoot ratio begins to increase. In the P experiments reported by Asher and 

Loneragan, e.g. root: shoot ratios increased from 0.33 in 25 mM P solution to 0.84 in 0.04 mM Pin 

clover(2). Likewise, in our lettuce experiments, root: shoot ratios sometimes increased as a result of 

reducing the availability of N, P and K or K. One possible explanation of this response is that the 

transport systems responsible for loading ions into the xylem for translocation to the shoot, get 

turned off. In barley plants grown without K for several days, no K was translocated to the shoot 

when K was resupplied, until about 6 h had elapsed. We have just completed some similar work 

with rice plants which indicates that the same thing applies toN. After withholding N for 2 days, 

translocation of N to the shoot is severely diminished. When N is resupplied, transport of N to the 

shoot increased roughly 5 fold during the first few hours. The conclusion seems evident; when 

plants are deprived of nutrients they shut down transport to the shoot. As a consequence, the root 

conserves the lion's share of what is available and grows correspondingly larger. With a bigger 

root, the plant can increase nutrient absorption and compensate for the reduced availability. 

Another trick, described by Malcolm Drew (then at Letcombe, England), is that the plant 

focuses all its root growth in the region of the soil where the nutrients are concentrated (6). He 

demonstrated this phenomenon by growing roots of barley in cylinders which were divided into 

three layers. In control plants all three layers received adequate nutrients. In the P experiment, P 

was supplied only in the middle zone, and the result was a proliferation of lateral roots in that 

region. The N experiments , using either nitrate or ammonium gave the same result, but in the K 

experiment even though K was provided only in the middle zone, roots grew in all three layers. 
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The last example of adaptation to low nutrient concentrations probably does not apply to 

hydroponics the way it is presently practiced, but in most soils mycorrhizae are extremely 

important. Myconhizae (literally, fungus- roots) are symbiotic associations between plant roots and 

fungi. The fungus is more efficient at absorbing nutrients than the root and passes P (which is 

commonly in short supply) to the plant in exchange for carbohydrates. In forest species, N is 

probably transmitted to the plant as well as P. In most field conditions plants are found to be 

involved in mycorrhizal symbiosis. However, when nutrients are in high concentration mycmThizal 

association is suppressed. The possibility of infecting hydroponic plants with mycorrhizal fungi to 

increase nutrient uptake while using more dilute solutions has not (to my knowledge) been 

investigated. It might prove to be a fmitful area for research. 

To summarize my talk, I wish to emphasize the following points:-

!. Basic research is the engine that drives not only the hydroponics industry, but all applied 

developments. 

2. Excessive fertilizer usage in this century has increased to the level where it is now a major 

contributor to global pollution. 

3. As the production of food intensifies in response to ongoing increases in world populations, it 

becomes ever more important to develop more efficient ways of delivering the essential elements to 

our food crops, so as to optimize production while minimizing environmental damage. The rapid 

growth in the hydroponics industry and in the intensity of food production by this industry makes 

this message as important for the hydroponics industry as for any other section of the agricultural 

community. 
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EXHIBITORS 

American Hydroponics 
286 South G St. 
Arcata, CA 95521 
707-822-5777 

Apogee Instruments 
82 Crockett Ave. 
Logan, UT 84321 
(801) 797-2765 

Aquamist 
3790 El Camino #333 
Palo Alto, CA 94306 
415-493-5144 

Bees West, Inc. 
P.O. Box 1378 
Freedom, CA 95019 
408-728-3325 

Chopper Light Systems 
Friederikestrasse #4 
Berlin, 13505 
Germany 

CropKing 
5050 Greenwich Rd 
Seville, OH 44273 
330-769-2002 

Dyna-Gro Corp 
1065 Broadway Ave 
San Pablo, CA 94806 
510-233-0254 

Einfach-Grun 
Hydroton Hydrokultur 
Georg-Bochner-Strasse #5 
Eschborn, 65760 
Germany 
495-173-67500 
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General Hydroponics, Inc. 
3789 Vine Hill Road 
Sebastopol, CA 95472 
707-824-9376 

Greenfire 
347 Nord Ave #1 
Chico, CA 95926 
916-895-8301 

The Growing Edge 
P.O. Box 1027 
Corvallis, OR 97339 
541-757-8477 

Hanna Instruments, Inc. 
2841 Saturn St. Unit K 
Brea, CA 92621 
800-742-6627 

Hydro farm 
3135 Kerner Blvd 
San Rafael, CA 94901 
415-459-7879 

Misty Maid 
909 East Glendale Ave 
Sparks, NV 89431 
702-355-0303 

Nelson-Pade-Multimedia 
6074 Hywy 140 
P.O. Box 1848 
Mariposa, CA 95338 
209-742-6869 

Ornamental Edibles 
3622 Weedin Ct 
San Jose, CA 95132 
408-946-7333 



EXHIBITORS 

Perfect World Hydroponics 
9 Joline Road 
Kendall Park, NJ 08824 
908-422-9429 

Practical Hydroponic & 
Greenhouse Magazine 
P.O. Box 225 
Narrabeen, NSW 2101 
Australia 
612-990-59933 

Pure Food Hydroponics 
3385 El Camino Real 
Santa Clara, CA 95051 
408-247-5410 

Shiva Environmental Systems 
312 Marlborough St, #29 
Keene, NH 03431 
603-532-7906 

Sierratech 
4853 Cobbler Ct. 
Pleasanton, CA 94566 
510-462-0532 

The Plastic Company 
#1 1204 Edmonton Trail NE 
Calgary, AB TZE .3K5 
Canada · 
403-2%-5156 
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EXECUTIVE SPONSORS 1995-96 

Benefactor ($500 or more) 

Dieter Oellerich 

Goldsmith Seeds 

Sustainer ($250 - $499) 

American Hydroponics 

Supporter ($100 - $249) 

Einfac Gmn 

Crop King 

Environmental Growth Chambers 

HydroFarm 

M&M Greenhouses 

J. B. Jones 

Derutis Walker 

Subscriber ($20- 99) 
Light Mfg Company 
Perfect Hydroponics 
Suncor Systems 

Jimmy Miller 
Mataki Nagai 
R.R. Newman 
Jack R. Ogden 
WallyOi 

The Plastic Company 
Keithley Amory 
Fawzie Faleh 
Getulio T. Flores 
James Gilmore 
Emma Leigh Goodwin 
Cal Henmann 
Naum Jaievsky 
Linda Kuhn 
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Tang Fai Peng 
Laurence Richards 
Chester Rozanski 
Pieter Schippers 
Janet Tostmd 
Larry I. Walker 
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contributing significant amounts of time, effort, goods and materials, or 
unreimbursed expense in support of the Hydroponic Society of America 

during the past year, 

Bob Edberg 

Chuck Erickson 

Ron Evans 

Emily Goodwin 

Growing Edge Magazine 

Richard Hall 

Merle Jensen 

Scott Jones 

Dieter Oellerich 

Tom Papadopoulos 

Otto Silberstein 

Carol Spoelstra 

Woodbridge Press 
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PAST PRESIDENTS 

1978 - 1979 Paul Droll 

1979- 1980 Paul Droll 

1980- 1981 Paul Droll 

1981 - 1982 Virgil Allison 

1982- 1983 Virgil Allison 

1983- 1984 David Peal 

1984- 1985 David Peal 

1985- 1986 Dale Bergsteadt 

1986- 1987 Dale Bergsteadt/ Joseph O'Brien 

1987- 1988 Joseph O'Brien 

1988 - 1989 Joseph O'Brien 

1989- 1990 Steven Schwartzkopf 

1990- 1991 Steven Schwartzkopf 

1991- 1992 Scott Korney 

1992- 1993 Scott Korney 

1993- 1994 Dave Wilson 

1994- 1995 Dave Wilson 

1995- 1996 Joseph O'Brien 
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HSA ANNUAL MEETINGS 

1st October 20, 1979 Goodman Hall, Jack London Square, Oakland, CA 

2nd February 7, 1981 Holiday Inn, Oakland, CA 

3rd February 6, 1982 Elks Lodge, Concord, CA 

4th Januruy 29, 1983 Elks Lodge, Concord, CA 

5th March 3, 1984 Elks Lodge, Concord, CA 

6th April 20, 1985 Elks Lodge, Concord, CA 

7th March 15, 1986 Elks Lodge, Concord, CA 

8th April 4, 1987 Airport Marriott Hotel, San Francisco, CA 

9th April 22 - 24, 1988 Clarion Hotel, San Francisco, CA 

lOth May 5-7, 1989 Holiday Inn, Tucson Airport, Tucson, AZ 

lith March 30 - April 1, 1990 Hotel Vancouver, Vancouver, British Columbia 

12th Aprill2- 14, 1991 Pheasant Run Resort, St. Charles, IL 

13th April 9- 12, 1992 Clarion Resort Hotel, Orlando, FL 

14th AprilS- 11, 1993 Red Lion Hotel, Portland, OR 

15th April13 - 17, 1994 Hilton Inn at Quaker Square, Akron, OH 

16th March 23 - 26, 1995 Holiday Inn Downtown, Tucson, AZ 

17th June 28 -July 2, 1996 Red Lion Hotel, San Jose, CA 

18th May 19- 25, 1997 Cleary International Centre 
Windsor, Ontario, Canada 

19th Planning 1998 Tentative California 

20th Planning 1999 Tentative Alabruua/Georgia 

21st Planning 2000 Tentative Hawaii 
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