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ABS TRACT

The aerdponic system offers promising possibilities as a com

mercially feasible means of producing vegetables as well as an alterna
tive to the floating hydroponic system commonly used in the study of 
plant-nutrient relationshipse

Four crops , of Summer Bibb lettuce were aeropdnically grown in 
a greenhouse in Tucson, Arizona during the summer of 1979. The first 
experiment involved establishing four levels of macro-nutrient concentre 
tions in order to establish the critical concentration and therefore 
determine the most efficient nutrient solution. It was found that the 

best concentration in the solution is most likely to be approximately 
75% of the standard nutrient solution used at the University of Arizona 

Environmental Research Laboratory. Tipbum, a necrosis of the inner 

leaves, increased in incidence and severity with increasing nutrient 
concentrations.

A second experiment was designed to determine if the time of ex

posure of roots to nutrients is related to nutrient uptake. Spray in
tervals in the mistboxes were altered, and floating hydroponics were 
employed as a constant exposure system. The results were inconclusive. 
The hydroponically grown lettuce exhibited symptoms of stress due to 
poor aeration.

The type of aeroponic system used with the materials employed is 
not adequate when the subject of interest is plant-nutrient relationship
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Uniformity of the lettuce and accountability of the nutrients became 

major problems. Some of the data gave support to the theories of ac
tive, passive and selective uptake of ions by plant roots.



INTRODUCTION

Aeroponics is a nutriculture system in which the roots of 
plants are'hanging in an enclosed space where they are exposed to a 

spray containing nutrients» This type of culture represents a con
venient method by which nutrient demands and relationships with a plant 
may be studied<, The system is closed and samples of the nutrient solu

tion are easily obtained for analysis of available nutrients. By 
monitoring the nutrient status and environmental conditionsy it is 
possible to determine the effects of these factors on lettuce growth/ 
development*, yield and quality.

Four such aeroponic units are housed in a greenhouse at the En
vironmental Research Laboratory (E.R-.L.-) in Tucson* Arizona. Summer 
Bibb lettuce had never been grown during the summer at the E.R.L. be

fore and there was not much yet known about Summer Bibb grown under 
these conditions.

Four separate crops were grown from May 29* 1979 to September 

22* 197 9 with several objectives in mind. A primary concern was to de

termine if Summer. Bibb would grow to harvest under conditions conducive 

to bolting without going to seed. It was desired to find the most ef
ficient nutrient solution for producing lettuce under the existing con

ditions o This also involved determining the critical concentration of 
the nutrients. A major question of interest was to determine if the 
time of exposure of the ions to the roots has an effect on the

■ - ■ ■ . a ; :



absorption of those ionso It was desired to follow nutrient depletion 
from the solutions and relate that to total uptake by the lettuce. An 
analysis of the nutrient status of the lettuce tissue was conducted to 
determine the effects of the various treatments, An important objec

tive was to monitor the environment and its affects on the plant-  ̂
nutrient relationship« Other objectives included an examination of 

the uniformity of the lettuce produced, the water consumed and observa
tion of the incidence of tipburn as a function of the environment and 

experimental treatments•



LITERATURE REVIEW

History and Theories of Nutrient /
Uptake and Translocation by Plants

Throughout.history^ man has endeavored to understand and mani
pulate his environment. One facet of his attention is that of plants, 
and their ability to exist and thrive under diverse conditions. In 
order to understand this natural marvel9 science was looked upon as a 
source of explanationo Aristotle (384-322 EC) is a well known ancient 
who retarded the progress of science by claiming the existence of only 
four elements: earth, air, water and fire. Democritus (460-360 EC) on

the other hand, had advanced an atomic theory of matter much closer to 
' our. own conceptions, but the theories and personality of Aristotle, ' 
dominated the scientific world for centuries.

J. B. van Heimont (1577-1644) a Belgian, conducted the first 
quantitative experiments in plant.nutrition. His experiments were well 

planned, carefully executed and accurately described. However, van 
Heimont reached the wrong conclusion, which was that all the consti

tuents of his laboratory grown tree were from water, as determined by 

gravimetric methods. '

John Woodward (1665-1778) concluded ’terrestial matter1 was 

mixed- with water, and augmented the plant as that water was fexhaled1 
into the atmosphere. De Saussure (1767-1845) discovered plant selec
tivity when he grew lady’s thumb (Polygonum persicaria) in single salt 
solutions, and observed that different amounts of the salts were
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absorbedo Carl S. Sprengle (1787-1859);stated that an otherwise favor
able soil could be unproductive due to the deficiency of a single 

element necessary for plant growth. This Tlaw of the minimum7 was 
wrongly credited to Liebig (Epstein, 1972).

Jean-Baptiste. Boussingault (1802-1887) stressed the need for 
balance between amounts of each element absorbed by each crop. 
Bousingault was the first to calculate the quantities of nutrients 

removed per hectare and the effects of various fertilizers and soil 

amendments e
In 1860, Julius von Sachs demonstrated that the solid phase of 

soil can be dispensed with by using a nutriculture system» Sachs pre

pared salt solutions which would provide the major essential nutrients 
and micronutrients in the form of contaminants« Seeds were germinated 
in sawdust and then transplanted into a perforated cork and allowed to 
float in the nutrient solution* Systems quite similar to this are 
used even today as a means of studying plant s and their environment *

With the knowledge that plants selectively extract salts from 
their growing medium, new questions were asked* Some of the questions 
- asked being, what mechanism causes the absorption of salts, why are 

some elements absorbed at a greater rate than others, what forces 
provide the energy for nutrient uptake, and what role do the form and 

concentration of nutrients play in plant growth* These questions and 
more have been the subject of considerable debate and controversy even 

to this date.
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Early workers assumed inorganic salts were passively carried

into the.plant with the absorption of water. It. was thought that the 
translocation of salts to various areas of the plant was dependent on 
the transpirational stream. However9 the accumulation ratio would 
seem to disprove this theory. The accumulation ratio is the concentra
tion of an element in the plant divided , by the concentr ation of that 
element in the solution. A ratio of greater than one would indicate an 
accumulation of that element against a concentration gradient. In 
fact, there is little correlation between the elemental composition of 

plants and the soil solution in Which they were grown. As. an example, 

most plants are about 1% potassium or 1 0 , 0 0 0 ppm., where as an average 

soil solution may contain less than 50 ppm. of potassium, this indi
cates an accumulation ratio of around 200. It would seem then, that 

some other force is at work besides or in addition to passive absorp
tion (Epstein, 1972).

During the early part of this century a lot of energy was de
voted to finding the ideal nutrient solution which would contain all 
essential nutrients and yield maximum plant growth. The idea behind 
this was that the concentration of each ion is critical for its uptake: 
and proper nutrition. It was not until a series of experiments by 
D. R. Hoagland of the University of California at Berkeley, that a 
better understanding of the process was obtained in the 1930fs 

(Higinbotham, 1974).
One thought during the turn of the century was that absorption 

was due to an osmotic phenomenon, and the nutrients diffused along



concentration gradients from the solution into the cell* The osmotic 
concentration in the cell was kept low, due to constant utilization of 

the nutrients by the plant's metabolismo This theory could account for 
absorption, but not the rapid translocation of nutrients. An explana
tion for translocation was offered in the form of the transpirational 
stream, which ignores any metabolic influences. However, the trans
pirational stream certainly does play a major role in translocation 
(Devlin, 1975). Plants.grown in 100% humidity have exhibited.a de
creased rate of growth. Approximately 1% of the water taken up by 
plants is actually utilized by the plant metabolic activity, the rest 
of the water cools the plant, and as a product of this creates a free 
energy gradient that contributes to nutrient translocation (Rosenberg, 
1974).

In 1900, Pfeffer, in contrast to the prevalent theories of salt 

absorption wrote .» the nature of the plasma is such as to render it 

possible that a substance may combine chemically with the plasmatic 
elements, thus being transmitted internally and then being set free 
again." (Devlin, 1975). This statement concurs with todays carrier 
theory on salt absorption. However, it was not until the 1930's that it 
was recognized that salt absorption required metabolic energy. A de
fined model of ion movement by exchange with specific organic carriers 
was proposed by Overstreet and others in 1950 (Higinbotham, 1974).

Professor Hoagland analyzed the internal sap of the fresh water 

alga, Nitella clavata, and found the ions in the cell sap and the alga's 
pond to be identical, however the cell sap ions were at a much higher 
concentration. These ions were in free solution in the sap, and were
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not bound to cell constituents (Epstein, 1972). This transfer from a 
low concentration to. a high concentration solution gives strong evi- . 
dence for active transport. Active transport is defined as the movement 
of an ion against its electrochemical gradient. Passive .transport is 
the movement of an ion down the electrochemical gradient. Both active 

and passive transport systems are still energy dependent because of the 
dependency of both systems on metabolism of the plant (Hodges, 1973).

It has been discovered that roots have an *apparent free space?, 
which is that portion of the root into which ions enter rapidly and 
reversibly, against a concentration gradient. The apparent free space 
is approximately 15 to 25 percent of a roots volume. There are two 
mechanisms by which the ions may be passively accumulated against a 
concentration gradient. One mechanism is the diffusion and ion ex
change between the solution and cell walls, much like that relationship 
between a soil solution and soil colloids». The ions are adsorbed to the 

cell walls and may be exchanged for Other ions. The second mechanism is 

the Donnan equilibrium theory which states that inside the cell membrane 

there may be some fixed or indiffusible anions, including carboxyl and 

phosphate groups. On the outside of the membrane, which would be the 

apparent free space, there would be an equal number of anions and ca

tions., The cations, however, would accumulate close to the membrane, 
against a concentration gradient in order to balance electrical charges. 
The anions outside of the membrane would be repelled by the negative . 
charges. Both the Donnan equilibrium theory and the diffusion and ion 
exchange principle are independent of concurrent metabolic activity.
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they are readily reversible and they are not selective except for 
following the lyotropic series, in the strength of adsorption. This. 
type of ion exchange could occur in clays and in dead or living;tissue 
(Epsteins 1972; Devlin, 1975}*

In 1937, van den Honert first, formulated the carrier concept as 

a means of explaining ion absorption by plant roots. This theory has 
received considerable support. However, there is a wide divergence of 
opinion over various components of the carrier concept, as well as those 
who have rejected this theory entirely.

In 1952, Epstein and Hagen noted that ion uptake was selective 
and was dependent upon metabolism. The rate of physiological processes 
are markedly influenced by temperature. Within the range of 10°C to 
30 C a 10 increase will double the rate of the metabolism, whereas 
such an increase for purely physical processes like ion exchange will 
increase the reaction rate by only a factor of 1.1 to 1.2. The tempera

ture coefficient for the process of ion absorption is two or higher, 

thus indicating a physiological control. Also, the lack of oxygen in

hibited ion absorption due to reduced metabolic activity. Light is 
important as it enables photosynthesis to proceed, which in turn 
produces the carbohydrates which are then oxidized to supply the ATP 
and NADPH necessary for ion absorption. In addition, with increasing 
radiation there is an increase in transpiration, and therefore an in
creased mass flow. (Epstein, 1972; Devlin, 1975; Higinbotham, 1974).

In 1933, Lundegardh and Burstrom found results which suggested 
a quantitive relationship between.respiration and anion uptake. 
Lundegardh postulated that anion transport occurs in the transfer of



electrons through the terminal oxidase system, via the cytochrome se
quence* Establishment of this theory was questioned due to the failure 
to obtain good experimental values, and it was later found that the 

cytochrome system is. located in the mitochondria and not in the plas- 
malemma as was first thought.

The mechanism of ion uptake has not been directly studied, be

cause as yet/there is no specific organelle or enzyme system which can 

be examined to learn about the process of absorption. Instead, the 
mechanisms of uptake are reflected in the ions absorbed, and it has 
been by this indirect observation that researchers have offered theories 
on nutrient relationships with the plant.

Carsten Olsen, in 1950, .stated that the rate of ion absorption 
by higher plants in water culture is independent of the concentration of 
the ions in solution except for the very lowest concentration (less than 
.003 millimoles/liter). It was claimed that ion absorption is an active 

process and therefore independent of ionic concentration. Olsen felt 
that other researchers were incorrect in stating that the rate of ion 

absorption increases with ion concentration in solution. He claimed 
those results were due to poor experimental technique. Olsen implemented 

a system for the vigorous stirring of his nutrient solution, while others 
made no mention of this. It was reasoned that ions immediately adjacent 

to the roots would be depleted since diffusion is too slow a process to 

maintain equilibrium in the solution. It was also found by Olsen that 
the sum of the anion equivalents absorbed is greater than the sum of the 
cation equivalents. This observation remains unchanged. In addition, 
Olsen claimed that if different proportions of cations or anions were
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used, that the proportions of ions absorbed also varied, but that the 
sums of anion and. cation equivalents would remain the same. Another 
observation as mentioned by Hoagland, Epstein, and others was that the , 
nutrient solutions must be renewed because the plants, as a result of 
ion absorption, will alter the proportions of ions from the initial 
values (Hoagland and Arnon, 1950; Epstein, 1972). Many of Olsen's 
statements are debateable, for instance, it is now felt that not all 

ions are actively taken up., specifically many of the cations. Another 

error is that it has been found that the concentration of the solutes 

does affect absorption, though not in a real dramatic way. There was 
much debate over which ions were actively taken up and the importance 
of concentration during this period of time (Olsen, 1950, 1953b, 1953c). .

In 1962, Gustav Jensen published results indicating that ap
proximately 75% of the total nitrate absorbed is due to the transpira- 
tional stream. Jensen was trying to separate the active and passive 
components of ion uptake. Six to eight week old tomato plants were de- 
topped to interrupt the upward movement of water and ions with the 
transpiration stream. Respiration was equal between excised and intact . 
roots, but the intact roots took up nitrate ions at a much faster rate, 

indicating that 75% of the nitrate uptake was due to a passive compo

nent, transpiration.

Konrad Mengel (1974a), in his discussion of plant ionic status, 

stated that the crucial assumption is that plant cells and organelles 

tend to reach electroneutrality.
Cell membranes are 50% protein and 50% lipid. The bimolecular 

layer of the lipids is covered on both sides by a protein layer, which



; - ■ ' ' . ' 11 stabilizes the systenie The lipid layer is the actual barrier to hydro
philic particles (Mengel, 1974a)•

It is generally assumed that biological membranes are not 
totally impervious to passive penetration. An example of this would 
be the mass flow or diffusion of small hydrophilic particlesc It is 
also assumed that physical laws govern passive transport and that the 

net ion flux will cease when an electrochemical equilibrium is reached. 
It would seem that in metabo1ically active cells, equilibrium between 
the two sides of the membrane would never be obtained, due to the con

stant extraction of the ions by the metabolism of the plant.
The negative charges in living cells may be more than Donnan 

potentials, they could be ascribed to metabolic processes producing 

anion equivalents in the cell. The concentration of various anions, es
pecially nitrate, in the cell are often much higher than the external 
solution. Also, plant tissues usually have a higher content of mono
valent cations than divalent cations, whereas if the uptake of cations 
depended on the Donnan system alone, multivalent cations should comprise 
the larger portion of cations. These facts would indicate that there 
is some kind of active transport performing an uphill react ion against 

an electrochemical gradient (Mengel, 1974a).

Nitrogen has the greatest influence on the ionic status of the 

plant because it is utilized in large-quantities, it may be absorbed as 

either a cation or ah anion, and its ionic form is changed by the plant 

metabolism (Hiatt and Leggett, 1974)« In order to. maintain an equili

brium between cations and anions, the large quantities of nitrate taken 
up must be balanced by either the absorption of a large amount of
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cations or. the release of anions, mainly hydroxyl and bicarbonate ions. 

However, if a large quantity of bicarbonate ions were released, the 
cellular pH would decrease due to an accumulation of hydrogen ions. The
following reaction will explain why:

- . + - C02 + H20 ^ H + HC03

Therefore, most of the nitrate absorbed is balanced by the simultaneous 
uptake of cations, which is passive in most cases. There is evidence 
that potassium uptake may be active, because it accounts for the largest 
portion of cation uptake. The question of whether cation uptake is ac
tive or passive is still an unsettled one.

. The overall reaction of nitrate reduction is:

NO” + 8H -» NH3>  2H20 4- OH".
When nitrate is reduced to NĤ , OH is released, and inherits the anion 
equivalent that was present in the nitrate. Now, absorbed cations are 

balancing hydroxyl ions. Hydroxyl ions will favor the solvation of 
carbon dioxide and therefore increase the bicarbonate concentration, as 
shown by:

C02 + OH -» HC03
There is research that indicates that an increasing concentration of bi
carbonate simulates the synthesis of organic anions. Some of the hydro- . 
xyl and bicarbonate ions will diffuse out into the solution and raise 
the pH of the root environment. This effect in a soil solution can be 
very important because the high pH solution about the roots will be slow 

to equilibrate with the rest of the soil solution and can have a great 
affect on nutrient availability, particularly that of phosphorus and. 

some metal ions (Mengel, 1974a) .



Sulfate reduction will also result, in a release of hydroxyl ions 

and lead to a stimulation of the synthesis of -organic anions«, This is 
not as important an effect, due to the smaller quantities of sulfate ab
sorbed.

. ■■■■: ■ + ' v . ■■ v -'. ■ ■ : .Having NĤ  -N as the sole nitrogen source has a great affect on 

the plant ionic status. Ammonium-fed plants generally have very low 
contents of organic anions and inorganic cations, and inorganic anion 
levels, especially sulfate and phosphate will increase. Mengel, in one 
of his studies, found that the leaves of tomato (Lycopersicon esculentum) 
from nitrate-fed plants had a tenfold higher content of organic anions 
as compared to those leaves from ammonium-fed plants (Mengel, 1974b).

Ammoniurn̂ fed plants often show growth retardation which indi
cates a disturbance of cell metabolism. Plants usually have a higher

concentration of inorganic cations than inorganic anions. This is due .
' - 4- - 'to the conversion of NO^ to NĤ  , and then into an organic form. Ionic

equilibrium is maintained by the synthesis of organic anions. Plants 
fed with ammonium as the only nitrogen source must take up large amounts 

of these cations to meet nitrogen requirements. This probably depresses 

the uptake of other cations so that electroneutrality may be maintained 
and ammonium ions do not stimulate organic anion synthesis so the 
organic anion levels decline. Also, when the hydrogen ion is split 
from the ammonium ion, there is a drop in cellular pH, thus further in
hibiting organic anion production and greatly influencing various compo
nents of the citric acid.cycle. Some excess hydrogen ions will be
secreted by the roots out into the solution thus altering the solution

4."pH. The effect of NH^ is. twofold, ammonium competes with other
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cations for absorption and it causes lower organic.acid levels, thereby 
reducing the plants capacity to absorb cations (Mengel, 1974b; Hiatt 
and Leggett, 1974),

Phosphate uptake is balanced by the uptake of cation equivalents<, 

At high pH levels in the external solution, two equivalents of cations 
will be needed to balance the phosphate uptake, whereas at lower pH 
values only one equivalent will be needed, due to the degree of dis
sociation of phosphate* The pH influences the oxidation-‘•reduct ion 
equilibrium as well as the solubility and ionic form of several ele
ments. At a pH of, 4, H2PO4 is the predominate form but at a pH of 9,

-2HPO^ comprises all but 1.5% of the phosphate ions . (Mengel, 1974a; 
Epstein, 1972; Olsen, 1953b)*

An important factor effecting the plant ionic status is that 
of aeration. Poor oxygen supply leads to decarboxylation processes re
sulting in a leakage of carboxylic groups, organic anions, amino acids, 
potassium, chloride and the cation retention capacity of the roots will 
be considerably reduced.

The uptake and assimilation of anions, and the synthesis of 

organic anions is of great importance in the uptake and retention of 

cations. However, characteristics and distribution of cation contents 
cannot be explained alone by passive cation uptake and diffusion, due 
to the synthesis of organic material and electric attraction.

Uptake rates for various cation species differ widely. For 
example, a soil solution may have a calcium concentration ten to one

\ . _. . ' '' - - ■ .. .. : . ■■ ■ -j- ■ ■-hundred times that of potassium, and yet uptake rates for K are



- 15
. ■  +2 :■ ■■ ■■ v;. .■greater than for Ca This indicates there is a selective mechanism 

at work (Mengel9 1974b).
Except: for K 9 cation transport is thought to be passive in

wardly and active outwardly. The reason, passive transport is able to 
adequately function is because of the negative charge of the cell, thus 
allowing a.large accumulation of cations without an active transport 

mechanismo The question of. which cations are actively or passively 

taken up or expulsed is still open, to much debate.

Studies using roots and coleoptiles of oats, and roots and stems 
of peas, indicate that the cations sodium, calcium and magnesium entered 

cells passively and were actively secreted. This was determined by the 
fact that the internal concentrations of these ions were less than what 
would be expected based on passive driving forces (Hodges, 1973), Per
haps the divalent cations were excluded from entrance because of their 
low permeability coefficient.

Potassium may be actively absorbed when.the external concentra
tion is low. When the external concentration of potassium is high, it 
is thought that entrance is passive and then it is actively secreted . 

from the cell (Hodges, 1973; Mengel, 1974b), It is also thought that 

membrane resistance is affected by increasing potassium concentration 

with consequent effects on pump rates and electrogenesis, % Increasing 

potassium does result in depolarization ad predicted by the Goldman 

Voltage equation. From this it can be assumed that, an ion carrier com

plex would be. affected by the change in the electropotential gradient 
(Higinbotham, 1974; Mengel, 1974b),
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Absorption rates of divalent cations are less than those for 
monovalent.cationso Divalent cation absorption is more complex than 
that of monovalent cations because the divalent cations, especially 
calcium, greatly affect the cell membrane characteristics and therefore 
influence their own absorption. Calcium is the ion most responsible 
for this affect on the cell membrane, although other ions such as 

strontium, manganese, aluminum, magnesium and barium can at least 

partially substitute for calcium in stabilizing the cell membrane (Foy, 
1974). Calcium is probably the single most important factor in govern
ing a plant? s ionic status. . Calcium insures that the molecular con
figuration of an active transport site is conducive to a preferential 
fit for a specific ion such as potassium. Without calcium, the selec
tivity breaks down and there insues an indiscriminate, unselective and 
competitive uptake. Calcium is responsible for the "Viets effect", 
which is the effect of one ion to increase the absorption of another.

High calcium concentrations have caused a greater absorption of potassium 
and bromide ions by excised barley foots (Epstein, 1972). Calcium 
counteracts the inhibitory effects of hydrogen ions on potassium uptake 

and reduces ionic leakage from the roots in low pH solutions. Increased 
calcium levels also reduce the detrimental effects of salinity and ad

verse temperatures (320C-38°C and 21°C) on root growth. A reduced 
calcium level can .increase susceptibility to manganese and hydrogen . 

toxicity, and results in reduced uptake of phosphorus and nitrate- 
nitrogen. In acid soils, an aluminum-calcium antagonism may develop, 
and in other soils, high potassium concentrations may be antagonistic to



calcium which could be more detrimental to root development than equi
valent H/Ca ratios (Foy, 1974).

The hydrogen ion- concentration or pH, within a wide range, has 
no direct affect on the roots, but does affect the solubility of 

several constituents and the ionic form of several elements, thus af
fecting their rates of absorptiono As an example, in an aerated solu
tion of pH 8 , the ferric ion (Fe ) will precipitate as ferric hydroxide 
(FeCOH)̂ ) (Epstein, 1972). The. rate of absorption of primary phosphate

ions (Ĥ PÔ  ) at a pH of 4.8 is four to five times as great as the ab-
_2sorption of secondary phosphate (HPÔ  ) at a pH of 9.3 (Olsen, 1953b) •

In lower pH ranges, 3.5 to 5, potassium competes with hydrogen ions for 
absorption. Increasing the potassium concentration enabled better 
potassium competition (Olsen, 1953c). In dilute salt solutions, Olsen 
claimed that plants absorbed anions (chloride, nitrate and phosphate) at 
their maximum rate between pH values of 4 to . 5.5. Increasing the. pH 
inhibited anion uptake, especially for lower anion concentrations. It 
was felt, by Olsen that the inhibition of anion uptake in alkaline solu
tions was due to competition with bicarbonate ions formed from the 
carbon dioxide excreted by the roots. The concentration of bicarbonate 

formed is greater with increasing pH values» Olsen claimed that solu

tions free of bicarbonate exhibited anion absorption independent of the 

pH, so the pH affect is due to the influence of pH on bicarbonate status 
which in turn competes with anions for absorption COlsenv 1953c) .; How

ever, there is anion competition with hydroxyl anions also (Moore,.1974).
Arnon and Johnson (1942) observed fatal or very adverse effects 

on plants (tomato, lettuce and bermuda grass) with extreme pH values of
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pendent upon the other components of the nutrient medium« Good growth 
was obtained within the pH values of 4 and 8 if a favorable supply of 
nutrients was maintained» Special consideration must be given to 
calcium in the acidic ranges * and to the heavy metals such as manganese 
and iron in the alkaline ranges so that a proper nutritional balance may 
be maintained (Moore, 19.74) .

Calcium will decrease the competitive effects of hydrogen, due 
to calciumfs general regulatory effect on ion absorption. Though other 

multivalent ions may at least partially substitute in this role, calcium 

is unique because it is generally nontoxic. Calcium is not as effective 
in sand culture however, due to the less rapid equilibrium about the 

roots.

The physiological effects of pH on plant roots are diverse and 

complex because other changes in the system are associated with the pH. 
Roots affect their own soil solution and can create self feeding im
balances . For example, excess cation absorption may result in a re
lease of hydrogen ions from the root, or excess anion absorption, may 
result in the release of hydroxide and bicarbonate ions. These pH 
changes in the root environment are much more important in a soil solu

tion than in a liquid medium because the dissipation of hydrogen, hydro
xide and bicarbonate ions is very limited.

The change in pH is especially important in affecting phosphate
_2availability. At a pH of 9, 98.5% of phosphate is HPO^ . At a pH of 

4, 98.6% of phosphate is H2PO4 . These two forms are absorbed at
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separate sites, both of which are competitively inhibited by hydroxide 
ions (Moore, 1974).

It has been found that the pH does affect the roots. Wheat 
(Triticum aestivum) roots showed a 1 0% increase in root elongation and, 
a 40% increase in root hair, length when the pH of the solution was in
creased from 5.5 to 7.2 (Moore, 1974).

The most supported theory of nutrient uptake by.roots is the 
carrier theory,.. The carrier theory provides an explanation for three 
basic processes of active ion uptake; selective uptake, transport through 
a lipid medium and against an electrochemical gradient and the close re
lationship between ion uptake and metabolism (Mengel, 1974;. Higinbotham, 
1974; Epstein, 1972) . It has been suggested that there are two systems 
of ion uptake. System I will actively take up ions at low ionic con
centrations of 0.1 to 1 mM. System II contributes to ion uptake when 

the ion concentration exceeds approximately 1 mM. At or above 1 mM 
both systems I and II will operate, which makes it difficult to study 

system II independently. Some have, proposed that system II may ac-* 

tually be a result of diffusion of neutral salts due to Donnan phenomena 
(Hiatt and Leggett, 1974). System I absorption functions relatively in
dependently of counter ions, whereas there is much influence by counter 
ions in system II. In system II, there is a rough equivalence between 
the absorption of anions and cations. System I is responsible for very 
high accumulation.ratios in plant tissuesWhen a correction is made 

for the contribution of system I to absorption from a high concentration 
solution, the contribution of system II shows an accumulation ratio of 

less than one. This j.s what provides some evidence that system II may be
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Donnan phenomena. System II would be of little significance, under 
normal conditions, as the ionic concentration would be below the level 
at which system II would make any significant contribution (Hodges, 
1973; Hiatt and Leggetts 1974;Mengel, 1974b; Epstein, 1972)0

The idea that ion transport into the cells is accomplished by 
mobile carriers is based mainly on enzyme kinetics, ion uptake kinetics 
and the assumption that ions are accumulated against a concentration 
gradiento However, although ions are accumulated in plants at much 

higher concentrations than the growth media, the association of inor

ganic ions with organic ions reduces the activity of those ions in the 
cell. So. there may not be an activity gradient and therefore a mobile 
carrier would not be needed for ion accumulation, There does appear to 
be an upper limit to ion accumulation which is. determined by the avail
ability of charged sites supplied by organic ions. Therefore, it is 
the status of the internal organic ions that would determine the.inor
ganic ion accumulation CHiatt and Leggett, 1974)„ Higinbotham (1974) 
has stated that the interpretation of the kinetic data on which the 

carrier hypothesis is based is controversial. The present models are 
incomplete.

Epstein (1972) claims that it is likely that the carriers are 

proteins or at least directly related to proteins. The carriers must 

have the property of selectively binding ions. It appears that there 

are relatively few binding sites, but the rate of transport is very 

rapid. It is suspected that the location of systems I and II is in the 

plasmalemma.
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. Regardless of the theory which most accurately describes ion 

transport across the membranes, the interaction of inorganic and organ
ic ions is quite important in determining the accumulation levels and 
distribution of ions. Nitrogen and phosphorus are metabolized and in

corporated into organic compounds, so they are no longer part of the 
ion pool. Organic compounds containing phosphorus provide negative 
sites in the cell * As mentioned before, ammonium absorption instead of 
nitrate absorption will result in an enhanced anion uptake and reduced 
cation uptake. Inside the cell, cations will compete with each other 
for anionic equivalentso Therefore, a cation taken up at higher rates 
may replace other cation species, resulting in the efflux of the less 

concentrated species. When nitrate is absorbed, it is converted to a 

cation, ammonium, which has a great affect on ionic interactions in the 

plant. It is extremely important that a proper anion-cation balance be 

maintained as this can affect the plant quite radically. It has been 
observed that malic, citric and oxalic acids will change considerably as 
a result of the pH and electrical balance within the plant, which is due 
to anion-cation relations (Hiatt and Leggett, 1974)„

The cell membranes serve two main functions. One function is 
to retain the organic ions within the cell. The second function is 
to preferentially exclude ions. The main properties by which ions may 

be excluded are the hydrated radius and the charge. Univalent ions are 
absorbed faster than multivalent ions of the same hydrated radii, and 

ions of small hydrated radii are absorbed faster than larger ions of 
the same charge. Inhibition may occur if there is not a balance between 

the concentrations of ions having the same hydrated radii. For example.



22
there is evidence of competitive inhibition between potassium, ammonium9 
rubidium and cesium (Hiatt and Leggett, 1974)„

.. . In summary, the interactions and relationships of internal and 

external ions in the root and its environment, as well as the mechanisms 

of ion absorption are very complex and still an area of intense interest 
to which no theory fully explains all of the facts known about plants 
nutrient relationships at this time.

Soilless Culture Systems 
Justus von. Liebig’s book, "Chemistry in its applications to 

agriculture and physiology," served as a stimulus for the undertaking 

of experimental work in plant nutrition. The system by Sachs, as de
scribed earlier, in which seedlings were supported by perforated corks 

in a nutrient solution, was one of the first hydroponic culture, systems 

used. Most of the lab experiments such as this are controlled,; small 

scale systems that allow research on the.fundamental problems of plant 

nutrition and physiology. The results of these experiments have had 
a great impact on soil, management and the understanding of plant 

physiology.
Since SachTs first experiments, a large number of culture sys

tems have been designed. The name "soilless culture" is a general term 

encompassing all the methods and systems of growing plants without soil. 
Hydroponics is another word synonymous with soilless culture, although 
some have mistakenly used this word to describe water culture. Water 
culture is a system in which the roots of the plants are continuously 
of.discontinuously submerged in a nutrient solution. Examples of this
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system are floating hydroponics and nutrient films and pipes„ Aero— 
ponies9 another form of soilless culture, is sometimes called mist 
culture. The roots are suspended so as to be exposed to a continuous 

or discontinuous nutrient spray. Sand culture describes a system 
where the roots of plants are growing in a solid substrate such as sand, 

perlite, plastic or other inorganic materials having a diameter of less 
than three millimeters, There are many other systems, including gravel 
culture, vermiculaponics and rockwool culture (Steiner, 1977),

Aeroponies, or mist culture, was used 25 years ago in the United 
Kingdom for research with apple trees, Aeroponics is now exhibiting a 
potential for commercial use. A, Vincenzoni, of Italy, compared three 
systms: aeroponics, water culture and a clay soil. Using the eggplant

cultivar Ovale dfAmerica it was found that the plants grown aeroponical
ly flowered fifteen days before eggplants in the other culture systems, 
consumed, less water and produced 6% more fruit per plant. More impor

tantly , 1.5 times more plants could be grown in the same space as the 
hydroponic system, because verticle space was utilized also. Vincenzoni 

also pointed out that aeroponics had the advantage of quicker operations 

because of shorter growing periods, increased mechanization and reduced 

manpower (Vincenzoni, 1977).
In 1929, Professor Gericke of the United States set up a com

mercial water culture, method for tomato production. Despite much fan
fare, Gericke failed for several reasons. Three of these reasons were 

a poor oxygen supply, a high labor requirement- and the precipitation of 
iron (Steiner, 1977). Today, better oxygenation schemes, chelated iron 
and mechanization have overcome these.difficulties, and hydroponically
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grown vegetables such as sand culture for tomatoes and cucumbers are a 
commercial reality in the United States,

Professor Hoagland of the University of California at Berkeley 
contributed a great deal towards the understanding of hydroponic sys
tems and nutrient-plant relationships. Hoagland?s solutions are still 
quite popular among researchers today, despite the proliferation of a 

large number of nutrient solutions. Hoagland has helped to show that 
there is no "perfect" solution. Plants will alter their own nutrient 

solutions. As they grow, plants will absorb nutrient salts, thus chang
ing the nutrient ratios and causing the acidity of the solution to change 
(Hoagland and Arnon, 1950; Epstein, 1972).

Since HoaglandTs first nutrient solutions, there has been a 
great deal of study on the effects of light, temperature, the form of 
the nutrient, the pH and other factors. There has also been much study 
of the various culture systems. Some of the researchers use these sys
tems as a means to understand plant and soil solution relationships.

Other researchers are examining these systems as a feasible form of food 
production, especially in areas where environmental or economic pres
sures prevent more conventional crop systems. For whatever the focus 

of the research, the use of various hydroponic systems is becoming more 

common and remains an invaluable research tool.

Bibb Lettuce

Lettuce (Lactuca sativa) is one of the oldest and most impor
tant greenhouse crops. Greenhouse lettuce is often times grown in reten
tion with tomatoes. Lettuce is,usually not grown during the summer



months under glass because of the bolting tendency as well as competi
tion from field grown lettuce.

The Bibb cultivar is of the But ter head type of lettuce. There 
are four main types of lettuce grown in the United States, Crisphead, 
Cos or Romaine, looseleaf and Butterhead, which is usually grown for 
the local market.

Bibb lettuce was developed and introduced by Major John Bibb 
in 1870 in Frankfort, Kentucky. While Bibb lettuce is grown in green

houses in the northern United States,, the Europeans, however, do not . 

consider Bibb to be a good butterhead type due to its looseleaf charac

teristics.

Dr . Go J., Raleigh of Cornell University , introduced Summer 
Bibb, which is a lighter green and taller than regular Bibb., Summer 

Bibb grows slower than regular Bibb, but it bolts less rapidly. A 
problem with Summer Bibb is itfs susceptibility to tipbum, which will 
be discussed later. Summer Bibb is not currently grown in Michigan 
greenhouses, but it does show potential for late spring plantings.

Bibb lettuce is usually planted with a 6X6 inch spacing. Op

timum temperatures range from 58 F at night to 75 tF during the day. 
Light saturation occurs at 1200 foot candles or less, and good growth 

can be maintained at 500 foot candles, thus making Bibb a good winter 

greenhouse vegetable. Bibb is also sensitive to high soluble salts and 

a low pH (Wittwer, Honma and Robb, 1964) .

Bibb is greatly influenced by temperature and photoperiod. A 

temperature in excess of 85°F results in poor seed germination. The



b̂iggest problem is the stimulation of bolting, by warm temperatures and. 
long days. Rappaport and Wittwer (1956) noted that the flowering of 
Bibb lettuce was accelerated under a 16 hour photoperiod as compared to 
a 9 hour photoperiod. The number of days of visible flower parts did 
not vary with temperature when growing under a 16 hour day. However, 
during a 9 hour day length flower parts appeared 22 days earlier at 
70°F than at 60OF. Night temperatures of 70°F or more will hasten, 

flowering for both photoperiods. Flower induction of Bibb lettuce is 
governed by the photoperiod. Both the photoperiod and temperature in
fluence the rate of subsequent seed stalk development.

. ■' . • -- ■ ' ' ; ' ’Tigburn

Tip bum is a major concern to the growers of lettuce under 

glass as well as in the field. Tip bum affects other plants with latici- 
fers such as chicory (Cichorium intybus) and escarple (Cichorium endiva) 
and also some species not having laticifers including cabbage, potatoes 
and celery (Ashkar and Ries, 1971).

Visual symptoms of tipbum of lettuce include marginal necrosis 
of inner leaves, which is caused by the swelling and rupturing of 

laticifer cells, thus resulting in the release of latex. Tipbum is 
most severe when both environmental and nutritional factors permit rapid 
growth. Environmental factors such as high temperatures, humidity, light 
intensity and an abundant water supply affect the growth rate. Under 

these conditions there is rapid translocation and therefore, a rapid 

nitrogen uptake due to mass flow (Ashkar and Ries, 1971; Thibodeau and 
Minotti, 1969; Tibbitts, Struckmeyer and Rao, 1964). These same
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symptoms produce a high respiration rate, with limited protein synthesis 

and a rapid protein hydrolysis, thus resulting in a high amino acid 
concentration, which some suspect may be the toxic moiety causing tip- 
burn necrosis (Ashkar and Ries, 1971)« The young leaves experience 
rapid cellular division and enlargement, and the calcium level in these 

leaves is low during these conditions. Calcium's low mobility prevents 
its keeping pace with a high demand during periods of rapid growth.
Some feel that the high respiration rates produce more respiratory 
organic acids such as oxalate and citrate, which would further immobilize 
soluble calcium (Thibodeau and Minotti, 1969).

Calcium is an essential component of the pectinacious tissues 

which maintain the stability and functional integrity of cell walls 

and membranes. Grand Rapids greenhouse lettuce with tipbum was found 

to be low in calcium, magnesium, manganese and barium* while the total 

nitrogen, especially free amino acids, was much higher. When magnesium 
levels were increased, apparently there was an aggravation of the tip
bum. This indicates magnesium competed with calcium for uptake. When 
calcium levels were increased the incidence of tipburn would decrease 
(Ashkar and Ries, 1971). Foliar sprays of calcium nitrate and calcium 
chloride have controlled tipbum affecting a bibb type lettuce 
(Thibodeau and Minotti, 1969).

In conclusion, tipbum is a physiological disorder brought on 

by an environment conducive to rapid growth and respiration. There are 

many interactions and factors that play a role in tipbum, many of 
which are not fully understood.



MATERIALS AND METHODS

In. recent years, much interest and study has been devoted to 

nutriculture systems.. Valuable information on crop response to various 
conditions has been gained from the utilization of these systems. 
Hydroponic production of tomatoes and cucumbers is already a commercial 
reality. That possibility exists for other crops also, such as let
tuce. However, the system of interest concerning lettuce is aeroponics. 
The specific cultivar is Summer Bibb.

The main foci of the research is monitoring the nutrient solu
tion with time, monitoring environmental conditions and performing 
plant tissue analyses. With this information, a determination may be 
made as to the effects of the environment and nutrient solution on 
lettuce growth, development, yield and quality.

Two separate experiments were designed to enable an examina

tion of two different facets of a plant-nutrient relationship.

The purpose of the first experiment was to examine what effect, 
four different nutrient concentrations would have on the lettuce. Plant 
growth usually follows a pattern referred to as the Sigmoid growth curve 
It was hoped that a critical concentration could be determined by examin 
ing the relationship between the plant and the nutrient concentration in 

solution.

The purpose of the second experiment was to examine what effect 
the time exposure of. the roots to the nutrients would have on the plant.

28
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It was speculated that a system with reduced time exposure of the roots 

to nutrients would require a higher nutrient concentration than a con
stant root nutrient exposure system, in order to maintain equal growth 
and plant nutrient status.

The first experiment altered the concentrations of nitrogen, 
phosphorus, potassium, magnesium, calcium and sulfur. The micronu
trients iron, boron, manganese, copper, molybdenum and zinc were all 

maintained at the same concentrations in all four treatments.
In treatment number.one, there was established 133 ppm nitrate- 

nitrogen, 6008 ppm phosphorus, 153 ppm potassium, 47.5 ppm magnesium 
and 150.5 ppm calcium. These concentrations were obtained from a publica
tion by Ellis et al. (1974) which was currently in use at the Environmen
tal Research Laboratory in Tucson, Arizona, which was also the location 
of these experiments. Concentrations for treatments two,three and 
four were established at 25%, 50% and 150% respectively of the pre
viously described formulation. All four treatments included 2.5. ppm 

iron, 0.62 ppm manganese, 0.05 ppm copper, 0.03 ppm molybdenum and 0.09 

ppm zinc.

Each of the four aeroponic units was filled to hold 566 liters.
To establish the proposed concentrations of nutrients, the following 

table will define the gram weight of chemicals added to top in each 

unit.
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Amount in grams
Chemicals . 1 .50 .25 1.50

MgS 04 • 283 ■ .142 • 70.8 425

kh2po4 . : 153 76.4 38.2 229
Ca(N03)2 385 192 - 48.1 577
kno3 113 56.6. 28.3 170
Fe330 14.2 14.2 14.2 14.2

A stock micronutrient solution was made by adding 450 mis of water (and 
heating to dissolve) . 7,50 gms of 6.75 gms of Mn.Cl^^E^O, 0.37
gms of CuCl^'Z^O, 0.15 gms of Mo0^ and 1.18 gms of ZnSO^'TH^O. From 
this stock solution 85 mis were added to the nutrient solution of each 

of the four treatments.

Throughout the course of the experiments, the water levels of 

four.aeroponic treatments were adjusted in order to accurately determine 
and follow nutrient depletion from the solution. Solution samples were 

taken approximately every three days, frozen and stored for future

analysis. It could also be assumed that the water depleted was trans

pired, thus enabling an accurate record of water consumption by the crop 

under these conditions.
The second experiment involved the use of hydroponics, in ad

dition to the continued use of the aeroponic system. In the first ex
periment, the roots of the suspended, .lettuce were, misted by the nutrient

solution six seconds per three minutes. It was thought that a system 
employing an intermittent misting of the roots would require a higher 
nutrient concentration than a constant root exposure system, such as
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floating hydroponics, because a more constant exchange takes place« A 
plant exposed to a less than optimum nutrient concentration in solution 
should have a reduced nutrient concentration in its tissue, and there
fore should exhibit reduced growth.

For the second experiment, the nutrient concentration was set 
at 50% of the standard concentration used in the first experiment, as 

preliminary results indicated the 50% level was adequate for plant 
growth. The nutrient concentration in all four mist boxes and a hydro
ponic pool were at the 50% level. However* the mist intervals were 
altered, using the following schedule: 3 sec per 3 min, 6 sec per 3 min,
12 sec per 3 min and 24 sec per 3 min. In addition, a second hydroponic 
pool was established having a nutrient concentration of 25% of the 
standard.

Water levels were maintained and as in the first experiment,., 

nutrient solution samples were taken approximately every three days and 
then frozen for future analysis.

For the first replication of experiment two, aeration of the 

hydroponic pools was provided by Silent Giant aerators, which are the 

same type as used in aquariums. Two of these units supported one pool 

of 68 lettuce plants. Air lines with pipette tips were penetrated through 

the floating styrofoam board which supported the lettuce, in order to 
provide uniform aeration.

In the second replication of experiment two, both hydroponic pools 
had a 50% nutrient concentration. One pool was aerated by the two Silent 
Giant units, while the second pool was aerated by the fall box method.
The fall box method involves pumping the nutrient solution up, and then
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allowing it to fall about 30 centimeters through the atmosphere into a 
box, where it is fed back into the pool.

These experiments were all conducted at the University of 
Arizona Environmental Research Laboratory in Tucson, Arizona, The 
aeroponic units or mist boxes and hydroponic pools were all housed by 
an evaporation cooled greenhouse. Cheesecloth was suspended above and 

to the sides of the Bibb lettuce in order to encourage large tender 
foliage, .

Throughout the experimental period a hygrothermograph recorded 

relative humidity and temperature. Thermistors were placed in all of 
the nutrient solutions so that the solution temperature could be logged. 
The radiation was measured hourly for one day at. least once during each 
replication, using a Lambda Instruments LI-185 Quantum/Radiometer/Photo- 
meter. Light saturation (1 , 2 0 0 footcandles) was greatly exceeded, so 

the radiant flux per unit area of surface was measured in the form of 
watts per square meter. The spectral range of 400 my to 1200 my was 
measured, This represents a small portion of the ultraviolet range, all 
of the visible and some 25% of the infrared region, Though foot candle 
is a standard greenhouse measurement, it only represents that narrow range 

of energy that is observed by the human eye, A much broader spectra af

fects the plant in terms of photosynthesis and heat load. The measuring 

device that was used measures part of the infrared spectra, and it should 

be noted that the low infrared range is not very reactive upon the plant, 

because the plant is spectrally selective. The selectivity helps protect 

the plant from heat overload due to the large amount of radiant energy
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incident upon it in the near infrared range (Tuma, 1976; Gates et al„ 9 
1965). " T

All four mistboxes were of the same design and measurements.
Each unit measured 244 by 91 centimeters (8 x 3 ft.) . The units were 
rectangular to a height of 43 . centimeters CL 7 in.). The interior of 
the rectangular box was verathane coated, and contained the nutrient 
solution. A timer switched on a pump at set time intervals, which 

would pump the solution from the box up and through a PVC pipe and out 
through five fog nozzles onto the suspended root systems of the let

tuce. Above the rectangular box there was a framework upon which two 

boards of 2.54 cm (1 in.) thick styrofoam boards were placed. The 
boards were 244 by 122 cm. (8 x 4 ft.), and one was placed on each side, 

thus giving the outward appearance of a long tent. The total height of 

each unit was 155 cm. (61 in.). Photographs of the interior and ex
terior of the aeroponic units may be seen on Figure 1.

The lettuce seeds were germinated in peat briquettes called 
KYS cubes, sprayed with a nutrient solution, and at the second or third 
true leaf stage, about two weeks after planting, the briquettes were 

inserted into bored holes in the styrofoam boards. The briquettes were 
spaced 20 cm. (8 in.) apart in the boards, thus each board held 72 
briquettes, and each :unit supported 144 briquettes and plants. De
pending on conditions, the lettuce was ready for harvest approximately 

20 days after transplanting. Harvest conditions were reached when the 

leaves of adjacent plants began to touch each other. The average.time 
from seeding to harvest was 34 days. The actual dates and lengths of 

time for the various growth phases may be seen on Table 1.



Figure 3. Exterior and interior views of aeroponic units.



Table 1. Dates and time lapse of experimental phases.

Plant Thin Transplant Harvest

Crop 1 5-29 6-7 6-15 7-3
Crop 2 6-27 7-5 7-11 7-30
Crop 3 7-30 8-6 8-9 9-1
Crop 4 8-18 8-24 9—4 9-22

Days from Days from Days in Days from
plant to thin thin to trans. mistbox plant to harvest

Crop 1 9 8 18 35
Crop 2 . 8 6 20 34
Crop 3 7 3 23 33
Crop 4 6 11 18 35

wIn
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Harvesting involved determining the fresh green weight of the

lettuce according to its position on the board, and also weighing 
selected roots after their removal from the peat briquettes, Selected 
roots and tops were then dried at 65QC, ground to pass a 20 mesh screen 
in a Wiley mill, and stored in moisture proof containers for analysis.

Analysis of two tops and their corresponding roots from each 
side, east and west, from each treatment, was conducted for organic 
nitrogen, nitrate, phosphorus, potassium, calcium, magnesium, iron and 
zinc. Analysis of differences between sides as well as between treats 
ments was conducted in this manner.

To analyze for organic nitrogen, the standard micro-Kjeldahl 
procedure was used. To analyze the nitrate content of the tissues, a 
nitrate electrode was employed as described by Orion Research Incorpora
ted e In order to analyze for the other elements, a nitric acid- 

perchloric acid digestion was performed, as described by E. B. Earley 
(1950)o During the final stage of concentration by evaporation, the 

solution was reduced to two or three milliliters in order to keep the 

phosphorus in a form desirable for analysis.. By not heating the diges
tions to dryness, the analysis of the other elements was not adversely 
affected, as was determined by preliminary trials.

Analysis for phosphorus was performed by the molybdate blue or 
Murphy-Riley method, as described by Watanabe and Olsen (1965). The 
remaining elements were determined by the use of an atomic absorption .

The frozen nutrient solutions were thawed and analyzed for pH, 
total soluble solids, phosphorus by the Murphy-Riley method, nitrate
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by an auto analyzer, and potassium, calcium, magnesium, iron and zinc
by the use of the atomic absorption unit.

There were two replications of experiments one and two. For the
purpose of statistical analysis, the aeroponically grown lettuce and
hydroponically grown lettuce from experiment two were treated as two 
separate experiments. The assumption was made that all of the aeroponic 
units were identical. An analysis of variance was performed on all
three of the experiments. An F test was performed on all three of the
experiments. An F test was performed on the significance of the the 

replications, the treatments, the sides and the interactions. For some 
relationships, graphing methods were employed. Experiment two required 
the visual observation of aeroponic and hydroponic results, as conven
tional statistical methods would not apply in a comparison of these two 
separate systems.1



RESULTS AND DISCUSSION

General Discussion of Experiments I and II 

Upon examination of the collected data, one important fact im
mediately noticed was the, variance of some of the actual concentrations 
of the nutrients from the calculated concentrations. For all practical 
purposes, the mistboxes held equal, volumes of solution and calculations 
and weighing procedures were done with great care. Commercial grade 
fertilizers -were used as a source of macronutrients. These fertilizers 

were hygroscopic, they had differing solubilities and such a small amount 
of material was used that it might not contain the percentage of nutrient 

as indicated on the label. Micronutrients were present in the fertilizers
as contaminants. The tap water as analyzed contained 5.85 ppm nitrate,

• : V3 ppm potassium, 30 ppm calcium, 5 ppm magnesium, 0.09 ppm zinc and had

a total soluble solids content of 518 ppm. The remaining solids include
bicarbonate, chloride, sodium, sulfate and some carbonate ions/ Not only
did these ions add to the planned concentration, some complexed with
other nutrients. An example of this is the complexation of phosphorus
and bicarbonate, which may be demonstrated by the radical reduction of

the availability of phosphorus when the larger amounts of phosphorus were
added to the solution. An example of the opposite was demonstrated when
iron levels rose with time, as fresh tap water was added to replace that

which had transpired, in combination with a slow iron removal by the
lettuce. Not only was there replenishment of the nutrients in solution
by tap water, but the peat briquettes also adsorbed and released ions as

38 .
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they were sprayed by the nutrient solution. It could be that a non- 

representative sample was obtained, and that there were analytical 
errors, especially in the case of calcium.

It was hoped that a correlation could be made between plant 
consumption and nutrient depletion from the solution. This could not 
be done satisfactorily. Again, there is the problem of adsorption and 
release of nutrients by the peat briquettes. It must be remembered that 

the seedlings prior to transplant, were sprayed with a nutrient solu
tion. Some of these nutrients could be leached back into the solution 
from the peat briquettes without having been accounted for. It is 
possible that there were a few leaks in the systems that with time, 
would release nutrient solution. There was some algal growth in the 
solution which consumed some nutrients and, could not be accounted for.

It is for several reasons then, that a correlation between plant consump- 

tion and nutrient depletion from the solution can not be made. . .
It was observed that the greater the concentration of nutrients, 

the lower the initial pH. The initial pH values were as high as 7.9 and 
as low as 6.65. With time, the pH became more basic. Final pH values 
were as low as 7.15 and as high as 8.9. This is due to the consumption 

of the salts and the release of hydroxide and bicarbonate ions by the 
roots (Epstein, 1972; Olsen, 1953c; Mengel, 1974a). This would demon

strate the importance of renewing, the solution in order to maintain a 
more neutral pH. Phosphorus became less available due to complexation, 
competition and because its form HPÔ , was absorbed at a reduced rate, 
because of its affect on the ionic balance of the plant requiring two .



cation equivalents. Initial and final pH values may be observed on 
Table 2.

In both.experiments, the first replication consumed more water 
per plant per day than the second replication, which may be due to the 
photoperiod and the heat load on the plants. Water consumption is quite' 
important, as it not only maintains the plant’s systems and cools, but 
also is the major means by which anions and potassium, at times, are 

absorbed by the plantc It is thought, that though anions and potassium 
may be actively absorbed, 75% of the total anions and potassium are ab

sorbed by a passive component, namely transpiration (Jensen, 1962;
Devlin, 1975; Rosenberg, 1974). There are several factors which may 
affect plant water consumption, including the photoperiod, the air 
temperature, the radiant energy incident upon the plant and the relative 

humidity, which has a great affect on the moisture gradient between the 

stomata and the atmosphere. For both experiments, the first replications 
had a longer photoperiod than the second replication. The only other 
factor which would explain the water use, is that of the radiation upon 
the plants, which has a great affect on the heat load and therefore the 
transpiration of the plant. Since hourly readings were taken only one 

day out of each growing period, the data_are only a possible indication 

of the heat load on the lettuce during the growth period. The radio

meter readings for outside of the greenhouse are listed in Table 3.
Those readings indicate that there was a greater heat load on the plants 
for the first replication of each experiment.

The fresh weight of the Bibb lettuce was not always uniform . 
throughout the boards of each treatment. There are three reasons for
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Table 2. Initial and final pH value's.

: Treatments
Experiment 1 25% 50% 1 0 0% 150%

Replication 1

Initial 7.4 7.2 • : 7.2 6.7
Final 7.7 8 . 2 7.4 7.15

Replication 2
Initial 7.9 7.4 7.0 6.65
Final 8.9 8.65 8.05 7.4

Experiment 2 3 6 12 24 25% SG 50% SG'

Replication 1
Initial 7.45 7.45 7.55 7.35 7.5 7.45

. Final 8 .00 8.1 7.75 7.75 7.85 8.1

Replication 2 50% SG 50% FB
Initial 7.05 7.5 7.4 7.6 7.35 7.5
Final 8.3 8 .1 8.3 8.3 7.55 8.3

3 sec. per 3 min. misting
6 sec. per 3 min. misting
12 sec. per 3 min. misting
24 sec. per 3 min. misting
Silent Giant aerated floating hydroponics
Fall Box aerated floating hydroponics

3 = 
6 =  

12 =  
24 = 
SG = 
FB =
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Table 3. Radiation readings.

Crop 1 2 3 4
Date of reading 6-27 = 7-18/7-26 8-24 9-13
Outside radiation in watts per
square meter

Hour
0900 700 780 690 700
1000 8 8Q 825 800 680
1 10 0 960 920 890 790
1 2 0 0 1 000 665 950 900
1300 990 530 930 990
1400 120 0 466 ' 860 780
1500 155 389 750 730
• 1600 142 313 530 410

Crop , East Side West Side Outside

Comparison of radiation incident upon east
and west facing sides of mist boxes, (values
are an overall average)

1 292 235 753
2 282 223 611

3 315 288 800

4 315 291 748
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this. Differences in gram weight between the east and west facing sides 
of each treatment were noticed. In nearly all cases lettuce on the east 
facing side weighed more by at least 10% due to the radiation. In all 

cases, the east facing side received more total radiation throughout the 
day than the west side, as may be observed in Table 3. In one instance, 
the east side received 26% more radiation than the west side. With in

creased radiation, not only may there be increased photosynthesis, but 
more water is transpired to cool the plant. The nutrient sink created 
by photosynthesis and the passive mass flow via the transpiration flow 
contribute to increased growth of the lettuce on the east sides. This 
could be remedied, at least during the summer, by orienting the mist 
boxes so that the east facing sides faced a more northeasterly direction.

A second observation was that the weight of the lettuce on the 
bottom most horizontal row of the aeroponic units was significantly less
than that of the other rows. Again, radiation is less on the bottom rows,
as was determined by measurements, Another factor is that the bottom most 
roots were orientated such that they did not intercept as much nutrient 

spray as the roots placed higher up.
/ The third major cause of the nonuniformity of fresh weight was ob

served by the vertacle rows. The main reason was the construction of the
mistboxes was such that the frame work of the box could interfere with the

spray.
The radiation outside of the greenhouse was measured in watts per.. 

square meter on an hourly basis for one day of each.of the four growth 
periods (Table 3). Readings, not included here, were also made in the 
greenhouse at different locations. The radiation values inside the
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greenhouse ranged from 35% to 65% of.the values outside9 which includes 
the reduction by the cheesecloth. The cheesecloth reduced radiation in 
the greenhouse from 15% to 30%. Other environmental parameters are re
ported in Table 4» The values for air and solution temperatures and 
relative humidity show relatively little variance for the different 
crops.

. Discussion of Experiment I Results
Two replications of experiment I were conducted. Yield data may 

be observed on Table 5. For the first replication only, the 50% solution 
concentration gave a greater yield than the standard concentration by 
approximately 5%. Only the calcium and zinc concentration in the tissue 
was greater.for the 50% solution lettuce than the standard solution 
lettuce.

One may also observe, especially for the first replication, that 
the less concentrated solutions have a higher percent dry weight and 
generally consumed less water per dry gram,; The greater the fresh weight, 
the larger the amount of water consumed. This occurs because of a logical 
relationship. The plants having larger amounts of nutrients available 
will grow at a more rapid rate, as long as the nutrient levels are at or 

below the critical concentration. The larger the plant, the more radiant 

energy it will absorb. To reduce the heat load on the plant transpiration 
will increase, thus passively carrying more anions and potassium and re

sulting in more vegetative growth. Plants having limited nutrients avail
able had a higher percent dry weight, thus indicating a degree of stress. 
Stressed lettuce in a study by Zink and Yamaguchi (1962), had a higher



(Table 4. Environmental information.

Average Average High Average Low
Crop 1 2 3 4 1 2 3 4 1 2 3 4
Air 
temp. 24.6 26.4 24.1 25.0 31. 0 31.7 30.1 31.1 18.2 21.1 18.1 18.9
R.H. 69.7 72.0 68.1 65.0 95.8 96.0 93.3 92.3 43.5 48.0 42.8 37.8
Soln.
temp. 25.7 28.3 25.6 25.8 26.6 28.8 26.4 26.9 24.7 27.7 : 24.7 25.2
SG 26.4 27.3 26.7 28.4 26.0 26.1
FB 28.4 30.0 26.7

R.H. = Relative humidity
Soln. temp. = Solution temperature of aeroponic units
SG = Silent Giant aerated floating hydroponic pool solution temp.
FB = Silent Giant aerated floating hydroponic pool solution temp.

Crop 1 Crop 2 Crop 3 Crop 4 
Average photoperiod (hours) 14.00 13.75 12.50 12*00

4>
Ln



Table 5 * Yield results of experiment I replications 1 and 2.

Nutrient
Solution Water Total Fresh Average Fresh Top Dry Top Dry Transpiration

Concentration Consumed Top Weight Top Weight Weight/Liter Weight/Liter Weight Ratio

Replication 1 & % ml/g
8

0.25 291 8639 60 29.7 1.54 5.2 648
0.50 315 14788 103 46.9 1.92 4.1 520
1 .00 326 ' 14180 98 43.5 1.74 4.0 575
1.50 376 16532 115 44.0 1.71 3.9 583

Replication 2

0.25 243 5607 40 23.1 1.29 5.6 781
0.50 258 10280 71 39.8 1.51 3.8 666

1 .00 281 13157 91 46.8 1.50 3.2 667
1.50 324 14482 101 44.7 . 1.61 3.6 627

4>
O'
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percent dry weight. Less rapid growth gives a more concentrated nutrient
status in the plant.

The nutrient status of the roots and tops, according to the east 
and west sides, and according to replications and experimental treatments 
may be seen in the appendix. An analysis of variance and F test of the 
nutrient status of the lettuce tissue indicates there is some signifi
cance, as may be seen on Table 6 .

For all of the tissue analyses of the nutrients that indicated a 
high level of significance, replication one values were appreciably 
higher than replication two. An explanation of this would be that a 
change in the environment permitted less transpiration and less growth 
in replication two than in replication one, which may be supported by 
examining the water consumption during both replications.

Nitrate levels in the lettuce grown on the west side, for both 
roots and tops, were higher than lettuce grown on the east side. This 
might seem to be in contradiction with the higher fresh weight being on 
the east side. Perhaps the more concentrated fresh plant tissue would 
be found with a less rapid rate of growth.

Upon examination of the nutrient status according to treatment 

in the appendix, and the levels of significance of the treatments, it is 

apparent that not all of the nutrients were taken up in relation to their 
concentration in solution. Potassium and nitrate are the only nutrients 
which were taken up in increasing concentrations in relation to increasing 

concentration in solution. The other nutrients show more variance in up
take.



Table 6 , Levels of significance for the variation of nutrient concentration in plant tissue for 
experiment I.

K Ca Mg Fe Zn P NO3 N
Top Root Top Root Top Root Top 6.0 ot Top Root Top Root Top Root Top Root

Replication ' , . * / ** *

Treatment

Side

* * * * Aft **

** *

ft ft *

Levels of Significance 
* Significance at .05 level 
** Significance at .01 level

do
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According to Roorda van Eysinga and Smilde (1971), the healthy 

ranges for glasshouse lettuce are: phosphorus 7,800-13,000 ppm, nitrate
8,000^24,000 ppm, organic nitrogen 45,000-60,000 ppm, potassium 41,000-
100,000 ppm, calcium 10,700-21,400 ppm, magnesium 5,000-9,000 ppm, iron 
100-600 ppm, and zinc 30-300 ppm,

A table indicating nutrient deficiencies in the lettuce tops as 
a function of treatments and individual replications may be seen on Table 
7. Tissue samples from experiment one (both replications combined) indi
cate that the 25% nutrient concentration in solution produced lettuce 

deficient in nitrate, organic nitrogen, phosphorus, and magnesium. The 
50% solutions produced plants marginal in organic nitrogen and magnesium 
concentrations. The iron levels in the roots of all treatments were ex
tremely high. It is not known what the optimum iron levels in lettuce . 
roots should be. One replication showed 4,664 ppm iron, while the 
lowest was 949 ppm iron. In most cases, the iron in the lettuce tops 
was within the acceptable range, indicating a reduced translocation from 
the roots. All of the roots had a very high accumulation ratio, because 

the iron in the nutrient solutions never exceeded 2 ppm. It is not 

known what affect the iron has on the roots and their ability to absorb 

and translocate nutrients. Perhaps the iron interfered with the uptake 

of calcium and phosphorus, thus accounting for their inconsistent absorp

tion in experiment one.
The graph on Figure 2, depicting the total dry weight in grams 

as related to the increase of the nutrients in the solution, shows a 
plateau between the 50% and the standard nutrient solutions. There was
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Table 7. Evaluation of nutrient values in lettuce tops based on 

published data.

Organic
N°3 N P K Ca Mg Fe Zn

Experiment 1
Rep 1

25% X X X
50% X

1 0 0% ■ . T
150%

Rep 2
25% X : x X X
50% X

1 0 0% . X X
150% • . X . X

Experiment 2
Rep 1
1 sec./min. X ' X X T
2 sec./min. X .
4 sec./min. X
8 sec./min. X
25% SG X T
50% SG , X X X
Rep 2
1 sec./min. X X X X X
2 sec./min. X X - ' X T X
4 sec./min. ' X - X X
8 sec./min. X X X X
50% SG • X X T X
50% FB X % X X X . X X

X = deficiency
T = concentration above acceptable range
SG = Silent Giant aerated floating hydroponic lettuce
FB =.Fall; Box aerated floating hydroponic lettuce
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an increase,in dry weight produced with increasing nutrient concentra
tion in solution between 25% and 50% nutrient concentration and above 
the standard nutrient concentration„

The relationships between lettuce top and root nutrient con
centration as a function of the concentration of those nutrients in 
solution is shown graphically on Figure 3. Generally9 as the concentra
tion in solution of potassium and phosphorus increased9 the concentration 
of those nutrients in the tops also increased. The root levels of 
potassium showed a less rapid rise than the tops did, but phosphorus in 
the roots did show a rapid increase past the 50% solution level. In
creases in magnesium concentrations above the standard level of 47.5 ppm 
caused a decrease in concentration of the top and a corresponding in
crease in concentration in the roots. The calcium in the tops tends to 
follow the same pattern as magnesium, but the root concentration of 
calcium increases with increasing concentration in solution. Increases 
of nitrate in solution caused a rapid increase in tissue concentration 
of nitrate and organic nitrogen up to critical point and leveled off. 

These results indicate that perhaps a 75% concentration in solution 
would be satisfactory for magnesium, calcium and nitrate.

A general statement may be made about the relationship between 
the concentration of nutrients in the top tissue and the total dry top 
weight . The greater, the concentration in the tissue of potassium, 

calcium, phosphorus and nitrate, the greater the total dry weight. As 

the tissue concentrations of magnesium and organic nitrogen increased, 
the total dry weight also increased to a point. When magnesium and 

organic nitrogen concentration in the tissue exceeded 47 to 50 ppm and
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42,000 to 55,500 ppm respectively, there was a dramatic decrease in dry 
weight.. The reduction of dry weight by magnesium was 16% and the re
duction by organic nitrogen was 14% on an average basis.

An examination of the water consumption and the nutrient status 
of the tops reveals further support of the theory that a large part of 
the anions and potassium are passively absorbed and translocated by 
transpiration flow, while the other cations are excluded or actively 
pumped out of the root cells. As water consumption increased, the 
tissue concentrations of potassium, phosphorus and nitrate increased» 

However, increasing water consumption did not accompany a similar tissue 

increase in calcium, magnesium, iron and zinc, even though the plants in 

increasingly concentrated solutions used increasing volumes of solution. 
This relationship Tends support to the theories of active, passive and 
selective ion uptake as discussed in the literature review.

An interesting physiological disease became evident, especially 
during the final week of replication 2 of experiment I. Tipbum ap
peared as a necrosis of the inner leaves of the rapidly growing lettuce. 
There was a dramatic relationship between the increasing nutrient con
centrations and the incidence of the disease. Of the lettuce grown in 
the 25% nutrient solution, 15% exhibited symptoms of tipburn, while 43% 

of the lettuce in the 50% solution was affected, and 8 6% of the lettuce 
in the standard solution was affected and every head in the 150% solu
tion was affected. The severity of the tipburn also increased with in

creasing nutrient concentrations in solution.
The factors encouraging tipburn under these conditions were high 

humidity, high.temperature and rapid growth. 'Calcium, because of its



' - ' ' 55
slow mobility was deficient in localized areas of the lettuce, mainly 

the meristematic tissues, where the demand was great, Even though 
calcium was adequate in the nutrient solution and in the total tissue, 
it could not keep pace with the high rate of demand where cellular 
division and elongation occurred. This caused the rupturing of lati- 
cifer cells due to poor cellular integrity, thus resulting in lettuce 
of a poor marketability.

Discussion of Experiment II Results 
Two replications of experiment two were conducted. Yield data 

may be observed on Table 8 . Upon observation of the yield results and 
the statistical analysis of the tissue nutrient status on Table 9, it 
was apparent that there was little significance to the results, with the 
exception of the fresh weight yield of replication one. .

As was the case for experiment one, the west sides of the mist- 

boxes produced lettuce with higher concentrations of nitrate in the
roots and phosphorus in the tops than the east side produced

• 8 ' ' • ' 'Calcium in the roots and phosphorus in the tops was higher in

concentration, and in the roots nitrate and organic nitrogen was lower 
in concentration for replication 1 than for replication two.

It may be observed that the fresh weight of replication two was 
much less than that of replication one. Zinc, phosphorus and organic 
nitrogen in the lettuce tissue were low for all .the treatments of .repli
cation two. In replication two, only the lettuce misted four seconds 
per minute had adequate magnesium levels. All of the treatments in ex
periment two were low in organic nitrogen. The one second per minute



Table 8 « Yield results of experiment 2.

Spray
Intervals

Water Total Fresh 
Consumed Top Weight

Average 
Top Weight

Fresh Top 
Weight/Liter

Dry Top 
Weight/Liter

Dry
Weight

Transpiration
Ratio

sec/3 min- , £ . -- -— — — — — — — — ~ g — -- :-------;— — —    % ml/g
Replication 1

3 294 12043 84 41.0 1.64 4.01 609
6 339 13263 92 39.1 1.46 3.72 687

12 325 13365 93 41.1 1.63 3.96 614
24 393 13835 96 35.2 1.33 3.78 751

25% SG 145 6534 96 45.1 1.87 4.15 535
50% SG 134 5862 86 43.7 1.89 4.33 528

Replication 2
3 235 7724 54 32.9 1.39 4.22 721
6 204 6333 44 31.0 1.33 4.29 751

12 . . 239 6787 47 28.4 1.15 4.06 867
24 230 7165 50 31.2 1.37 4.41 728

50% SG 125 4682 69 37.5 1.61 4.31 619
50% FB 188 3136 44 16.7 .877 5.26 1140

All aeroponic treatments contained a 50% nutrient solution and supported 144 plants 
SG = Silent Giant aerated floating hydroponic pool supported 68 plants 
FB = Fall Box aerated floating hydroponic pool supported 71 plants

Lno\



Table.9. Levels of significance for the variation of nutrient concentration in plant tissue of the 
aeroponically grown lettuce of experiment II.

K Ca Mr Fe Zn P N03 N
Top Root Top Root Top Root Top Root Top Root Top Root Top Root Top Root

Replication ** ** *

Treatment *

Side * * *

Levels of Significance

-* Significance at .05 level 
^^Significance at .01 level
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misting showed a deficiency of nitrate and phosphorus. In fact, all of 
replication two lettuce was low in phosphorus.

The nutrient status of the lettuce was observed in relation to 
the spray intervals, and it was found that the best overall nutrient 
status would be obtained by using a spray interval of four seconds per 
minute.

The yield and analysis results reflected the importance of 
proper aeration. It was felt that the dissolved oxygen in the hydro
ponic pools was never quite adequate. The average weight of the 
hydroponic lettuce was not at variance with the aeroponic lettuce, ex
cept for the pool utilizing.the fall box method of aeration. However, 
the hydroponic pool lettuce had a higher percent dry weight and a lower 

transpiration ratio, indicating stress as a result of poor aeration which 
reduced plant respiration. The fall box method of aeration appeared to 

be inferior to the silent giant method. The fall box lettuce weighed 
less, had a very high transpiration ratio, had a higher percent dry 
weight than the other systems and some nutrient imbalances. The tops 
of the fall box lettuce were deficient in phosphorus, nitrate, calcium, 
magnesium and zinc. All the hydroponic systems produced lettuce low in 

organic nitrogenj and very high concentrations of iron in the roots. The 

tops of the lettuce grown in the silent giant aerated pools tended to 
have more iron than the other systems, exceeding acceptable levels. An 
interesting note is that the 25% floating hydroponic solution produced 

lettuce having the maximum weight and generally a higher nutrient con
centration than the other hydroponic and aeroponic lettuce. The trans
piration ratio and the percent dry weight were reasonable, so it could
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be conjectured that for some reason the aeration was better in that 
particular pool. Perhaps another reason may be that since there were 
fewer nutrients available9 the uptake and translocation of nutrients, was 
reduced and the growth rate was less, thus reducing the high rate of de
mand for oxygen. Since the oxygen renewal and utilization rates were 
about equal, maybe this would allow a constant rate of growth of the 

lettuce. There was insufficient replication of the hydroponic treatments, 
so any results can only be regarded as indications and not necessarily as 
the true situation.

A study of field grown Great Lakes lettuce by Zink and Yamaguchi 
(1962), reported that nitrate-hitrogen, potassium, calcium and magnesium 
were higher in the tops than the roots and that organic nitrogen and 

phosphorus were about equal in concentration in the tops and roots. The 
aeroponically grown lettuce in this study had more nitrate-nitrogen, 
potassium, calcium, organic nitrogen and phosphorus in the tops than roots 
and more magnesium, iron and zinc in the roots. The same held true for the 
silent giant aerated hydroponic lettuce, except that the potassium con
centration was equal in the roots and the tops and the nitrate-nitrogen 
was higher in the foots. The fall box aerated lettuce demonstrated poor 

translocation of ions as only magnesium was higher in the tops, phosphorus 
was about equal between the tops and the roots, while the others potassium, 
calcium, iron, zinc and organic nitrogen were all at higher concentrations 
in the roots than the tops.



SUMMARY

Several comments may be made in summary that will aid in the 
understanding of the results and also provide a basis for the improve
ment of nutriculture systems.

There was a variance between the calculated concentration and : 
the actual concentration as analyzed in the solutions. One of the main 
reasons for this was the use of commercial grade fertilizers, which may 
vary in the percentage of nutrients, are hygroscopic and contain micro
nutrients as contaminentSo Other factors were the addition of some 
nutrients by the tap water and the varying solubility of the various 
salts.

The water which was added to the systems to replace that which 
had transpired contained significant amounts of some nutrients, such as 
calcium, magnesium, potassium, nitrate and some iron, which served to 
replenish some of those nutrients which had been taken up by the lettuce. 

The system itself was too large to adequately measure the de

pletion of nutrients from the solution by plants, Though the system was 
closed there were leaks, algae grew in the solution, the peat briquettes 
could either adsorb nutrients or leach them back into the solution and 
the volume measurements themselves were somewhat awkward given the sheer 

size and construction of the mistboxes and hydroponic pools.

It is important to renew the nutrient solutions not only because 

of the depletion of the nutrients, but because the pH of the solution

- : '  60 ' ' ''' ' .. ; Y
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becomes increasingly basic, which would have a great affect on nutrient 
availability and uptakeo

The lettuce in the mistboxes was not uniform. One recommenda
tion is that the boxes be oriented in a more northeasterly direction in 
order to insure a more equal amount of radiation on both sides of the 
boxes, at least during the summer, Perhaps in the construction of fu
ture mistboxes the framework will be such as to not interfere with the 
path of the spray. The nozzles need, to be set so that a more uniform 
spray distribution is obtained, or perhaps more fog nozzles could be 
installed.

It appears that a high percent dry weight is an indication of 
stress as was also discussed by Zinc and Yamaguchi (1962).

The more concentrated the nutrients in solution, the greater 
the incidence and severity of tipbum of the lettuce grown in that solu
tion.

The environment played a major role in the nutrient status of 
the plants. The main environmental factors in the greenhouse affecting 
the lettuce were the air temperature, relative humidity and radiation. 

These factors greatly influence transpiration and photosynthesis, which 
in turn affects the absorption and translocation of nutrients. In 
fact, it was noted that in experiment one as water consumption in
creased the tissue concentration of potassium, phosphorus.and nitrate 

increased. This did not occur for the other cations. These data support 

the theory of passive uptake of anions and potassium, and either the ex
clusion or active efflux- of cations from the roots.
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The iron accumulation in the roots was quite high. . The iron 

levels in the top tissue usually were within the normal ranges. Since 
the root iron level of all treatments was high, there is no comparison 
available to see what affect these high iron concentrations actually 
have on the lettuce and its ability to absorb and translocate ions.
Perhaps the high iron levels in some way interfered with the selectivity 
of ion uptake, but that question remains unanswered.

As the concentration of the nutrient solution increased, the 
dry weight produced increased, except for a plateau between the 50% and 
1 0 0% nutrient concentrations.

It appears that the critical concentration of calcium, magnesium 
and nitrate was reached, as may be observed on the graphs of Figure 3.
The concentration of potassium and phosphorus in the top tissue, in rela
tion to concentration in solution did not reach a critical point. How
ever, on the basis of the critical concentrations of the other nutrients, 

it could be possible to use a 75% nutrient solution under these conditions 
to obtain an optimum nutrient status of the tissue.

It was observed that the greater the tissue concentration of 
potassium, calcium, phosphorus and nitrate, the greater the total dry 

weight. When magnesium and organic nitrogen exceeded 47 to 50 ppm and
42,000 to 55,500 ppm respectively, there was a dramatic decrease in the 
total dry weight produced.

There were few significant results obtained from experiment two. 

The alteration of mist Intervals in the mist boxes did not produce con
sistent yield or nutritional data except for replication one, where the



more frequently sprayed lettuce" produced more fresh top weight. It ap

pears that the best spray interval is four seconds per minute.
The floating hydroponic pools all exhibited varying degrees of 

poor aeration. The fall box method of aeration was the most inadequate, 
as was demonstrated by the fact that only magnesium levels were higher 
in the tops than in the roots, indicating poor translocation. The 
poorly aerated pools produced lettuce which had demonstrated a poor 
transpiration ratio, exhibited poor translocation of ions and had a high 
percent dry weight.

A more uniform distribution of nutrients and oxygen would be ob
tained if some means of agitation were employed in the floating hydro

ponic pools.
The floating hydroponic and especially the aeroponic system have 

the potential for commercial use, depending on economics »v When systems 
as large as these are used with the materials that were used, precision 

and accuracy are questionable when the subject of interest is plant- 
nutrient relationships.



APPENDIX A

AVERAGE NUTRIENT. STATUS AS PPM IN TOPS AND 
ROOTS OF LETTUCE TISSUE AS RELATED TO RE
PLICATION BY TREATMENT, EXPERIMENT BY 

TREATMENT AND SIDES BY TREATMENT

64



Experiment ___ K   . Ca Mr Fe 7-n I* NH'i __  ____ N ____
I. Top Root Top Root Top Root Top Root Top Root Top Root Top Root Top Root

' Rep. I
l.fSZ ' 46,200 31,825 14,072 6,948 3,938 5,375 208 1,139 38 84 8,317 7,169 2,688 781 31,354 16,213
2 507, 51,200 37,513 16,260 11,698 4,8.13 4,188 389 2,045 191 176 9,603 5,308 13,688 9,500 46,04.1 27,771

3 1.007 53,075 36,388 1.4,510 11,010 5,563 7,938 957 4,664 126 .244 9,760 5,886 13,938 6,031 47,800 24,434

4 1.507 .63,700 35,388 15,948 19,448 5,063 5,313 353 2,776 101 177 1.2,171 11,469 14,625 6,375 45,287 25,385

Rep. 2 -
1 257 45,575 43,700 13,073 7,010 3,938 4,875 349 760 169 87 5,923 7,755 1,594 563 24,476 15,978

2 5 0 7  54,950 40,575 15,948 8,948 5,000 4,125 289 1,539 25 110 8,288 6,304 8,844 4,625 42,050 28,751
3 1007 61,200 50,575 14,573 9,260 4,875 4,250 376 1,492 33 108 9,1.41 8,1.96 10,563 9,375 43,129 31,895

4 1.507 73,700 46,200 1.6,385 14,385 4,750 5,938 165 3,189 46 139 10,778 12,144 10,250 6,313 42,296 27,511

Exj). J. ' .
"l 25%' 45,888 37,763 13,573 6,979 3,938 5,125 279 949 103 86 7,1.20 7,462 2,1,41 672 27,915 16,094

2 507 53 , 07 5 3 9,044 16,1.04 10,323 . 4 , 906 4,15 6 3 39 1,792 1 08 1 4 3 8 , 94 6 5,806 11,2 6 5 7 , 06 3 44 , 04 9 28 , 261
3 1007 57,138 43,481 1.4,541 10,135 5,219 6,094 667 3,078 79 176 9,450 7,041 12,250 7,703 45,465 28,1 65
4 1507 68,700 40,794 .16,166 16,916 4,906 5,625 259 2,982 74 158 11,474 11,806 1.2,438 6,354 43,791 26,448



F.xpcr iinctiit K Ca I’e Zi\ P NO3 N
1. Hast West East West East West East West East West East West East West East West

Reps. 1 & 2
Comb ined 1
1 23% A 37 00 A 8 07 5 12823 14323 3688 4188 169 388 33 174 6800 7440 1656 2625 25082 29940

2 50% 55575 50575 16010 16198 4938 4875 339 339 33 183 8703 9189 10094 12438 44443 43654

3 100% 57 A 50 56825' 14448 14 635 5375 5063 732 60.1 38 12 L 9239 9662 9625 1.4875 45500 4 5350

A 150% 66825 70575 14885 17448 4813 5000 336 182 35 93 .11085 11864 10188 14688 43974 43608

1 25% 38075 37450 6260 7698 5750 4500 670 1229 80 " 91 7281 7642 53.1 813 14900 17279

2 50% 36825 41263 10385 10260 4000 4313 1520 2064 133 J 53 5856 5756 487 5 9250 27973 28 550

J 100% A 1.200 45763 9635 10635 7250 4938 3485 2670 236 117 6919 7163 6344 9063 26612 2 97 1 7

■A 150% 39138 42450. 16885 16948 7250 4000 3920 2045 134 183 11927 11686 6219 6625 2 74 32 25464

os
Gs



l-.xptir ImcitiL  __  K    B L ______ _ J ! l L ______ ___________  -______ ^ 1 — -  L   „  N„ ...........
2' ' Top Root Top Root Top Root Top Root Top Root Top Root Top Root Top Root

Sec .73 in In. 
Rep. I
3 sec./in in 56200 41825 15760 12385 5750 837 5 714 2964 38 113 7 585 6502 7563 1719 3987 9 21349
6 see./min 56200 36263 16135 9010 5188 5188 382 1920 44 113 9503 . 5194 9375 4875 42712 27002
12 see./m In 58075 50575 17135 10385 5125 8625 297 2645 33 108 8203 5559 1 0500 6125 42597 2 7203
24 see./inIn 53700 56200 17823 10010 5625 5063 303 2464 44 77 9364 7212 10938 6063 41111 22726

Rep. 2 

3 see. /inIn 48700 42450 12885 8135 4125 4875 266 1982 28 70 6313 4575 7875 6031 39410 25603
6 see./mIn 46825 45575 13885 8010 4750 3625 764 1707 23 97 6840 5159 9125 10313 42481 30794
.1.2 see. /m:l.n 54950 47450 15635 8510 5125 4438 327 2057 23 83 6482 4528 9313 12625 43426 2 94 67
24 , see. /min 51200 51200 14385 7322 4750 3375 321 1501 24 86 7165 5066 88.13 11125 43383 29806

3 see./in in 52450 42138 14323 10260 4938 6625 490 2473 33 91 6949 5538 771.9 3875 3964 9 2 34 76
6 see./m in 51513 40919 15010 8510 4969 4406 573 1814 33 105 8172 5176 9250 7594 42596 28898
12 see./min 56513 49013 16385 9448 5125 6531 312 2351 28 95 7343 5044 9906 9375 4.3011 28335
24 see./min 52450 53700 16104 8666 5.188 4219 312 1982 34 81 8264 6139 9875 7750 42247 26266

o>
•^J



ICxpiir Linen t   K   Ca Mr l?e Zn 1̂ ^ 3     N
2 ICast West East West East West East West East West East West East West East Wes t

Reps. 1 &  2 ' _ .
(,'omh Ined

3 see./mln. 49950 54950 13573 15073 4563 5313 379 601 25 41 6211 7686 6563 8875 36504 4 2784

() sec. /mln. 53075 49950 14260 15760 5063 4875 682 464 31 36 7621 8722 8188 10313 42813 42 380

12 sec./mln 56200 56825 16198 16573 5000 5250 329 296 33 24 7151 . 7 528 10313 9500 44493 41530

24 sec./mln 51200 53700 15323 16885 5125 5250 298 326 33 36 7762 8767 8313 11438 41825 42669

Average 52606 53856 14838 16073 4938 5172 422 422 30 34 7188 8176 8343 10031 41409 42341

Root

3 sec./mln. 41825 42450 10385 10135 7375 5875 2339 2607 97 86 4515 6561 2781 4 969 24492 224 59

6 sec./mln. 44325 37513 8385 8635 4250 4563 1489 2139 99 111 5039 5314 7344 7844 28184 29612

12 sec./mln 4 9950 48075 8760 10135 4438 8625 2189 2514 94 96 5206 4801 8375 10375 277 94 20076

24 sec./mln 53700 53700 8635 8698 3813 4625 1639 2326 81 81 6849 5430 8375 6500 28148 24 384

Average 47450 45434 9041 9400 4969 5922 1914 2396 93 93 5402 5546 6719 7554 27154 26333



Experiment 3-
Hydropon Lc K_______  Ca_____ _________Mg Fe  P____ _ ^^3     N     Zn__

Pools Top Root Top Root Top Root Top Root Top Root Top Root Top Root » Top Root

50% SC Rep 1 51200 53700 16073 6573 3563 3813 514 1457 10521 8093 7750 13250 39215 34038 38 73

50% SC Rep 2 53700 50575 16198 7448 5563 2875 75.1 1201 9774 7663 9250 12500 43995 34695 29 66
■ ' ’ ' , ■ . ' ' : • i
25% Silent
Clant 52450 53075 18698 7073 6313 3938 926 2051 11147 7229 10563 12000 42013 31587 50 60

50% Silent
Clant 52450 52138 16135 7010 4563 3344 632 1329 10148 7878 8500 13000 43 605 34366 33 69

50% Fall Box 42450 43075 9323 12385 4625 2938 370 1232 6765 5669 4375 7563 36014 30823 17 56



APPENDIX B

NUTRIENT DEPLETION FROM TREATMENT 
SOLUTION IN MG./PLANT

NO3 ■ K . Ca Mg P

Experiment 1
Rep .1 
25% 84 170 84 22 39
50% 140 211 109 23 92

1 0 0% 12 0 325 . 174 39 99
150% 242 401 236 60 189

Rep. 2 
25% 75 135 74 24 . . .50
50% 193 257 105 29 118

1 0 0% 222 273 153 49 1 2 1
150% 174 287 107 31 18.9

Experiment 2 
Rep. 1
3 sec./3 min. 132 174 128 67 96
6 sec./3 min. 2 0 0 288 94 43 53
12 sec./3 min. 196 262 103 62 94
24 sec./3 min. 223 256 .115 39 105
25% SG 245 347 119 22 1 1 0
50% SG 495 335 92 131 260

Rep. 2
3 sec./3 min. 162 209 69 32 82
6 sec./3 min. 99 1 81 98 19 85
12 sec./3 min. 131 194 77 59 116
24 sec./3 min. 2 1 2 209 72 16 63
50% SG 477 302 38 42 258
50% FB ' ' 139 118 , 59 10 86

SG = Silent Giant aerated floating hydroponic pool
FB = Fall Box aerated floating hydroponic pool
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APPENDIX C

HOURLY RADIATION READINGS OF EAST 
AND WEST SIDES OF KESTBOXES
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Hour

Crop 1
East
Side

(6-27)
West
Side

Crop 2 
East 
Side

(7-18/7-26) 
West 
S ide

Crop 3
East
Side

(8-24)
West
Side

Crop 4
East
Side

(9-13)
West
Side

0900 350 160 550 215 550 21 0 480 280
1 0 0 0 520 180 550 245 520 230 420 260
1 1 0 0 420 20 0 515 260 440 250 440 26 0

1 2 0 0 400 330 310 245 310 310 385 310
1300 240 370 156 384 22 0 340 290 400

1400 250 500 106 245 2 00 360 190 330

1500 . 88 75 82 212 150 250 195 270

1600 68 65 70 154 130 360 1 2 0 225

M



LITERATURE CITED

Amon5 Do lo and Co M» Johnson« 1942« Influence of hydrogen ion con
centration on the growth of higher plants under controlled 
conditions. Plant Physiol, 17: 529-39*

Ashkar, S, A, and S, Ko Pies, 1971, Lettuce tipburn as related to 
nutrient imbalance and nitrogen compositiono J, Amer. Soco 
Horto. Scio 96'C4) : 448-452e

Devlin, Ro M, 1975, Plant Physiology, D. Van Nostrand Company, New
York, pp, 325-352.

Earley, E. B, 1950. Oxidation of plant material with a mixture of
nitric acid, water and perchloric acid. Univ. of 111,, Dept,
of Agron. , Mimeo, AG 1476'.

Ellis, N. K. , M. Jensen, J * Larsen and N, F. Oebker, 1974, Nutriculture
Systems, Growing Plants Without Soil. Station Bulletin No, 44. 
Dept, of Hort. Agric, Exp. Sta. Purdue University, West 
Lafayetee, Indiana.

Epstein9 E. 1972. Mineral Nutrition of Plants: Principles and Perspec
tives . John Wiley and Sons, Inc., New York.

Foy, C. D, 1974. Effects of soil calcium availability on plant growth. 
The Plant Root and Its Environment. E. W. Carson, ed. University 
Press of Virginia. Charlottesville, pp. 565-600.

Gates, D. M., H. J. Keegan, J. C. Schleter and V. R. Weidner. 1965.
Spectral properties of plants. Applied Optics. 4(1) t 11-20.

Hiatt, A. J. and J. E. Leggett. 1974. Ionic interactions and antagonisms
in plants. The Plant Root and Its Environment. E. W. Carson,
ed. University Press of Virginia, Charlottesville, pp. 101-134.

Higinbotham, N. 1974e Conceptual developments in membrane transport. 
1924-1974. Plant Physiol. 54: 454-462.

Hoagland, D. R. and D. I. Amon. 1950. The water culture for growing
plants without soil. Calif. Agric. Exp. Sta. Circ. 347(Rev).

Hodges, T. K. 1973. Ion absorption by plant roots. Advances in
Agronomy.. Vol. 25, Academic Press, New York. pp. 163-207.

73



74
Jensen, G„ 19620 Active and passive components in ion uptake, pro

cesses. Physiol. Plant. 15: 363-367.
Mengel, K. 1974a. Ion uptake and translocation. The Plant Root and 

Its Environment. E. W. Carson, ed. University Press of 
Virginia, Charlottesville, pp. 83-100.

Mengel, K. 1974b. Plant ionic status. The Plant Root and Its Environ
ment. E. W. Carson, ed. University Press of Virginia, 
Charlottesville, pp. 63-81.

Moore, D. P. 1974. Physiological effects of pH on roots. The Plant 
Root and Its Environment. E. W. Carson, ed. University Press 
of Virginia, Charlottesville, pp. 135-152.

Olsen, C. 1950a. The significance of concentration for the rate of ion
absorption by higher plants in water culture. Physiol. Plant.
3: 152-164.

Olsen, C. 1953b. The significance of concentration for the rate of ion
absorption by higher plants in water culture II. Physiol. Plant«
6: 837-843.

Olsen, C. 1953c. The significance of concentration for the rate of 
ion absorption by higher plants in water culture. IV. The in
fluence of hydrogen ion concentration. Physiol, Plant, 6: 
848-858.

Rappaport, L. and S.. H. Wittwer. 1956. Night temperature and photo
period effects on flowering of leaf lettuce. Proc, Amer. Soc. 
Hort. Sci. 68: 279-282.

Roorda van Eysinga, J. P. N. L. and K. W. Smilde. 1971. Nutritional 
Disorders in Glasshouse Lettuce.* Centre for Agricultural 
Publishing and Documentation, Wageningen. The Netherlands,

Rosenberg, N. J. 1974. Microclimate: The Biological Environment.
Wiley and Sons. New York. pp. 32-38, 159.

Steiner, A. A. 1977. Nomenclature with hydroponics. IWOSC Proceed
ings at Las Palmas, 1976. Wageningen. The Netherlands, pp.
19-37.

Thibodeau, P. 0. and P. L. Minotti. 1969. The influence of calcium on 
the development of lettuce tipburn., J. Am. Soc. Hort. Sci. 94: 
372-376.

Tibbitts, T, W., B. E. Struckmeyer and R. Rama Rao. 1964. Tipburn of 
lettuce as related to release of latex. Amer. Soc. for Hort.
Sci. 86: 462-467.



75

Tuma, J. Jo 1976, Handbook of Physical Calculations• McGraw-Hill.
Book Company,* New York, pp, 246-249,

Vincenzoni, A, 1977, "Colonna di Coltura", a contribution to the de
velopment of aeroponics, TWOSC Proceedings at Las Palmas,
197.6, Wageningen, The Netherlands, pp, 99-105,

Watanabe, F, S, and S, R, Olsen, 1965, Test of an ascorbic acid method 
for determining phosphorus in water and NaHCOg extracts from 
soil. Soil Science Society Proceedings, 95: 677-678.

Wittwer, S, H,, S, Honma and W„ Robb, 1964. Practices for increasing 
yields of greenhouse lettuce. Mich. Agr. Expt. Sta. Research 
Report 22.

Zink, F. W. and M. Yamaguchi. 1962. Studies on growth rate and nutrient 
absorption of head lettuce. Hilgardia. 32: 471-500.




