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CHAPTER 1
INTRODUCTION
Problem Definition

Plants incorporate certain pigments within chloroplasts which are
capable of changing light energy into chemical energy. All 1ife depends
upon this photochemical phenomenon (13) and any factor such as nutrient
or water deficiency, or other than optimum environmental conditions
hinders the photosynthetic process. If all climatic factors are favor-
able for plant growth, the chemical status of the plant determines the
abnormality or normality of growth (17). In order for an agriculturist
to realize maximum production, it is important that the chemical status
of a plant be easily, quickly, and accurately determined.

Presently there is not a plant nutrient analysis method that is
entirely satisfactory from every aspect. To realize maximum benefit
from such an analysis, it should be convenient, rapid, inexpensive, and
reliable. It is important to have such an analysis method so each
crop's growth can be monitored continuously and its growing conditions
promptly modified as required for optimum production.

In an effort to meet the above criteria several methods of plant
analyses now exist. They are known as chemical and spectrographic
analyses and rapid tissue tests. The advantages and disadvantages of
these methods will be discussed in the fLiterature Review" section.

Each one falls short by not meeting the criteria stated above.



The interplay of light and leaves, being one of nature's most
common phenomenon, is affected when a plant, due to unfavorable chemical
balance, develops chlorosis, premature yellowing, mott]ing; necrosis; or
other abnormalities. There is a characteristic amount of light re-
flected, absorbed, and transmitted for a healthy leaf of a given
species. Further studies are needed to determine whether or not these
characteristic optical values are satisfactorily uniform and detectable
for analysis purposes.

Optical properties of plants are now commonly referred to in
literature and the usual meaning refers to the amount of Tight reflected,
absorbed and transmitted by leaves. These properties result largely
from the reflecting surface of the leaf and the absorption of leaf pig-
ments (43) and pure water (16). Since Coblentz's (9) early work in
checking the reflectance of some leaves along with other surfaces in
1908, many investigations have been directed toward finding the factors
that affect leaf reflectance.

The selection of phosphoru51 concentrations in cotton leaves for
reflectance studies does not imply a significance that is paramount in
plant growth. The criteria for selection were to have a broadleaf plant
and a nutrient that were readily accessible, and plant growth conditions
and nutrient availability that could be easily controlled. The reason-
ing as formally stated would be: If different levels of the éssentia]

element phosphorus were made available to a cotton plant which resulted

1The inorganic element phosphorus is normally absorbed by plants as
soluble phosphate ions (13) and use of the word phosphorus throughout
this study does not suggest otherwise.



in distinguishable leaf reflectance characteristics, then different
levels of availability of other essential elements to other plants would
likely give analogous results, in that similar reflectance studies could

be carried out.
Objectives

The motivation for this study was to find a relatively simple way
of determining the chemical balance of a plant by use of Tight.
Specifically the objectives are:

(1) To relate light reflectance characteristics of a cotton leaf
to its phosphorus concentration.

(2) To establish a signature reflectance curve in the visual
wavelength for a given cotton variety which is grown in a controlled
favorable environment without nutritional or moisture stress.

(3) To determine if leaves of different phosphate concentrations
have distinctive colorimetric dominant wavelengths, color purities and
lightnesses.

(4) To investigate the relationship between reflectance and leaf

thickness and between reflectance and specific weight.
Limitations of the Study

This study was made to determine if the diffuse reflected 1ight
from the upper (adaxial) surface of cotton leaves would indicate the
phosphorus level in the leaves.

Monochromatic 1ight between 400 and 700 nanometers wavelength as

directed by a Beckman Model DU-2 spectrophotometer was reflected from



leaf samples of Westburn 702 variety of upland cotton. The reflectance
measured was relative to the amount of reflectance from a magnesium
carbonate (MgCO3) standard. Only relative reflectance was used through-
out the study.

Leaves were from cotton plants that were grown under uniform con-
ditions except for the amount of phosphorus made available to the
plants. A1l plants were germinated and transplanted on the same dates
but were grown in containers of modified Hoag]and;s solution with four
different levels of phosphorus applied. Leaves of the same morphological
age were plucked and submitted to analysis.

The terms 1{ght, visual rangé, and visua] radiation are used to
designate radiant energy between 400 and 700 nanometers of the electro-

magnetic spectrum unless otherwise defined.

27 commercial variety of cotton jointly released in 1970 by the
Agricultural Experiment Station of Oklahoma State University and the
Crops Research Division of the USDA.



CHAPTER II
LITERATURE REVIEW

An object becomes visible when light reflected from it reaches the
eye. Reflected light has tremendous influence on our economy. By it,
foods are judged in part as to "goodness," paintings are appraised, and
“eye appeal" of clothing and residences are determined. Light is first
mentioned in the Bible in Genesis 1:3, and the effect of reflected light
is implied in Genesis 3:6 when Eve saw the Tree ofLKnowledge “was
pleasant to the eyes." She made an evaluation--as many plant producers

have done--of a plant by its appearance.
Plant Analysis

In a general sense, plant analysis is the study of the plant's
nutrient content as related to its growth (33). For example, studies of
phosphorus deficiency in plants generally conclude that this deficiency
results in stunted plants with purple veined, off-color green leaves (17).
For specific leaf samples it is desirable to not only note its appear-
ance, but be able to accurately detect amounts of nutrients present.
Available analytical methods are classified as either chemical or
physical.

The chemical methods of analyses are laboratory tests, and "rapid
tissue tests," which are usually carried out in the field. The labora-

tory chemical analysis of leaves measures the amount of an element in



tissue and in the plant sap whereas, the rapid tissue tests merely
measure the amount of nutrients incorporated into the tissue (33). The
laboratory method has proven to be reliable though somewhat laborious,

in that skilled technicians, elaborate equipment, laboratory quality
chemicals, and relatively long periods of time are required. The field
analyses methods appeal to the producer due to its simplicity and
apparent indication as to what is promptly required to improve chemical
balance in the plants. But this method has not been widely used for

" research due to inconsistent sampling techniques and lack of calibration.

The only developed physical method of tissue analysis now in use is
spectrographic. This method imparts energy to the elements in the
sample by either heat and high vb]tage or by X-ray after which each
element in the tissue then emits either characteristic light wave-
lengths or secondary X-rays according to the technique used. The amount
of emission indicates the amount of an element present (33).

Either of these methods are useful for certain analyses. Chemical
methods are most often used for determination of amount of one or two
nutrients whereas, the spectrographic method makes fast work of analysis
for several elements simultaneously. Plant analysis is based on the
idea that there will be a certain amount of an essential element present
in a certain plant part at a given time if the plant is thrifty (33).
Plant analysis is not an absolutely positive method of always being able
to determine exactly what is needed by growing plants for optimum
growth. There are limitations to an analysis' usefulness and often a
critical concentration standard has not been established for comparison.
A concentration standard for optimum yield is established for a given

variety when it is grown under a stated set of environmental factors and



the concentration of the required nutrient in plant parts is recorded.
Light

The ultimate source of all useful light for the earth is the sun.
By it, three of life's vital processes, photosynthesis, vision, and
photoperiodism are controlled. In spite of its universality and its
seemingly timelessness, 1ight has never been fully explained.

No complete review of the lTiterature on light and its nature will
be attempted, but merely a brief summary of the theories by which re-
search has progressed will be noted. Feinberg (14), in reviewing the
theories of light, presented the following information. Sir Issac

Newton, in his Optics of 1704, suggested that 1ight was corpuscular in

nature, in that it came from a source in discreet bundles of energy
(corpuscles) in straight rays. This theory fitted very well into the
explanation of reflection but did not lend itself to explaining dif-
fraction, refraction, or interference. Christiaan Huygens, who 1lived
during Newton's time, offered an alternate explanation that 1ight was of
wave form--much like the surface waves on water radiating out from a
pebble dropped into a pool. This fitted so nicely in explaining all of
the known actions of 1ight that Newton's theory was relegated to dis-
favor for many years. The wave theory was further strengthened by James
Clerk Maxwell who proposed that 1ight was merely a portion of a whole
family of radiations which included invisible rays such as X-rays and
radio waves. Al1l of these radiations, Maxwell explained are composed of
electric and magnetic waves oriented normal to each other and traveling

10

at 2.998 x 10'" centimeters per second through space. Only during this

century have the wave-particle theories been re-examined and reconcili-



ation achieved. Light is associated with wave phenomena of polarization
and interference, while it interacts with matter in a manner that sug-
gests that it is made of individual bodies called photons. Therefore,
it would appear that radiation has a dual character and its interaction
with matter cannot be fully described by using only the corpuscular or

the wave theory Separate]y (14) (15).
Reflection of Light

When Tlight arrives at the interface between mediums with different
refraction indices (the speed of 1ight in one medium is different from
the Tight speed in the other) some of the energy is turned back and is
termed reflection. By reflection, materials appear either as white,
black, colored, transparent, translucent, or opaque according to the
response of electrons which are driven by light to vibrate at the
atomic and molecular structural level (40). |

The vast majority of the objects perceived by the eye are by re-
flection, with lamps and fire as exceptions, as they are sources and
furnish Tight for reflection by other objects. Light causes the surface
electrons of a material to vibrate and emit light. Therefore, reflec-
tion is not as descriptive of the process whereby Tight is turned back
and perceived as the word "re-emission." A simplified concept of the
process is that electrons act as small oscillators and are driven to
oscillate by electric waves of a specified length. The vibrations,
though extremely small in magnitude, account for all the light and
color we see.

Reflection takes place at an interface which is described as being

either optically flat or rough. Light reflected and refracted at an



optically flat or smooth interface obeys Snell's law (39) as shown in
Figure 1 (7).

Light strikes a "rough" surface under two possible circumstances.
In the first instance the interaction of a plane electromagnetic wave
with particles equal or larger than its length can be accounted for by
either reflection, refraction, or diffraction. A collection of these
particles into a surface (such as a crystal powder) provide randomly
oriented reflecting facets which reflect 1ight in all possible angles
into the hemisphere from whence the impinging ray arrives. This iso-
tropic angular distribution of specular reflection is termed "diffuse."

In the second case the particles are equal to or smaT]er than the
wavelengths of the impinging 1ight. Reflection, refraction, and dif-
fraction are not distinguishable components of intensity in this case
though the reflected 1light appears diffuse, the term “scattered 1ight"
is used to describe this phenomenon.

In both cases the surfaces may be termed as dull or "mat" and the
reflection from both deviates very 1little from Lambert's Cosine Law (27)
which is shown in Figure 2 (7).

Clouds and snow appear white because they reflect sunlight without
altering the spectral composition. Objects with color selectively
absorb certain wavelengths and reflect the rest.

Most natural surfaces such as leaves are "matf. Light refracted
at a mat surface may sometimes impinge on a second rough surface and
after being reflected and refracted several times with some absorption,
re-emerge from the surface on which the light source originally impinged.
The intensity of the diffuse light is a combination of the surface re-

flection and 1light from the interior, and is a mixture of specular and
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Figure 2. Lambert's Cosine Law. After Birth, G. S. (7)
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scattered light. A gloss or sheen from a mat surface is an indication
of specular reflectance. The situation described is shown in Figure 3
(7).

To restate, light is reflected whenever it impinges on an inter-
face between two different materials. Electrons are caused to vibrate
which normally send forward a strong refracted wave. There is a re-
flected wave, however, caused by the thin layers of oscillators (about
as deep as half a wavelength) whose back radiation is not cémp]ete]y

cancelled by interference (40).
Structure of Cotton Leaves

Leaves are generally the most obvious plant part. Loosely, they
are those flattened green structures which protrude from stems and are
the main centers of photosynthesis. They are highly diverse and dif-
ferences commonly occur in the: presence of a petiole, arrangement on
the stem, pattern of blade attachment to the petiole, venation, shape
of leaf bases and tips, type of leaf margin, size, and internal
structure.

Cotton Teaves from Gossypium hirsutum are described as large, cor-

date, relatively thin, palmately veined, and papery (8). See Figure 4
for a picture of a typical leaf from the Westburn 70 variety. The sur-
face of cotton leaves rangé from being very hairy to glabrous or almost
so, whereas this variety has few hairs and has a relatively smooth
surface.

Sketches representing transverse sections of cotton leaves at dif-
ferent stages of leaf maturity are presented in Figures 5 and 6 (21).

The sandwich structure of the leaf contains three distinct layers with



Figure 3. Two Lambertian Surfaces Approximating Transverse Leaf Sections.
After Birth, G. S. (7)

€l









16

the mesophyll comprising the majority of the leaf. The mesophyll is
between the upper and lower epidermises. The thin colorless typically
transparent cuticle acts as a cover on both upper and lower leaf
surfaces and is made primarily of cutin and helps preyent direct
evaporation from the underlying cells. The epidermal layers formed of
cells one layer thick may thicken with age or with shortages of
moisture. These cells typically do not contain chlorophyll and their
function appears to be to protect the mesophyll underneath. This coyer-
ing is punctured by openings (stomata) that permit leaf-air interchange
of gases. The number of stomata vary considerably per unit of leaf

area with the lower surface of a leaf usually having more than the upper
surface.

The mesophyl1l of leaves is comprised of the palisade and spongy
zones. The palisade tissue contains one to four layers of compact cells
whose major axes are generally oriented perpendicd]ar to the upper leaf
surface, while the spongy mesophyll is a lacunose structure of cells
which fills the lower portion of the leaf. The cells of the mesophyll
contain the rounded bodies of chloroplasts which give the characteristic
green appearance to leaves.

According to Gausman, Allen, and Cardenas (20) é transection of a
cotton leaf reveals that it consists of an upper epidermis of brick-
like structure; palisade tissue of a single layer of long cells perpen-
dicular to the leaf's upper surface; spongy parenchyma of four or five
layers of cells; and the Tower irregular surfaced epidermis. See
Figure 6.

The palisade cells of a leaf are about 15000 x 15000 x 60000 nano~

meters, whereas, the spongy parenchyma and cuticle cells are about
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18000 x 15000 x 20000 nanometers. The 50 or more chloroplasts of a cell
range from 5000 to 8000 nanometers in diameter with a thickness of about
1000 nanometers. The granum within the chloroplasts maylbe 500 nano-
meters in length and as small as 50 nanometers in thickness (18) (38).
Joham (24) determined that a typical leaf blade of cotton contains
about 0.17 to 0.19 percent phosphorus before'flowering started, after
which there was a sharp decrease in phosphorus concentration. He also
detected that the amount of each element in the stems, petioles, or
leaves varied directly with the amount in the substrate level. Amounts
of petiole phosphorus was also inversely related to the amount of nitro-

gen and calcium in the substrate.
Light-Leaf Interaction

The interaction of light and leaves is one of nature's most common
occurrences when light either directly or indirectly comes from the sun
and impinges on leaf surfaces. More specifically, light of nearly all
wavelengths strikes the mat surfaces of leaves to be reflected, trans—r
mitted or absorbed.

A11 1ight incident on a leaf is either transmitted, absorbed, or
reflected. Rabideau (30) reviews and concurs with the expression
1=A+R+ T, where A, R, and T account for the fractions of light

absorbed, reflected, and transmitted, respectively.

Spectral Properties of Leaves

Figure 7 depicts the amount of radiant energy reflected, absorbed,
and transmitted by a cotton leaf between 500 and 2500 nanometers (26).

Outside the spectral range shown, in the ultraviolet, and in the far
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infrared and radio waves of the long wave lengths, the optical proper-
ties remain about constant, with a reflectance of approximately five
percent. As has been stated before, optical properties of leaves result
largely from relatively high absorptance in the visual and far infrared,
due to pigments and liquid water‘p1us the reflecting characteristics of
the leaf surface. Notice that transmittance and reflectance curves are
the same shape and have approximately the same values, whereas absorp-
tion is the opposite of the other two. In the visible range and above
1300 nanometers, reflectance and transmission are low but they account
for nearly all the energy between 700 and 1300 nanometers. They absorb
well in all wavelengths of the visual range but have highest absorption
in the blues and reds. Highest reflectance of approximately 10 percent
occurs at approximately 500 nanometers which explains the green color of
leaves. The specific absorption of the exfracts of chlorophylil A and B
are shown in Figure 8 (43). The absorption spectra beyond 1300 nano-
meters appears to be due to the presence of water in the leaves, since
the absorption curve for water and for leaves beyond that point are
quite similar, as shown in Figure 9 (16).

Gates (18) describes the leaf as being wonderfully adapted to its
environment. It is an efficient absorber of the visual light wave-
lengths from whence energy is used for photosynthesis, but it is a
poor absorber in the near infrared where the majority of the sunlight
energy exists. Absorption of these wavelengths would lead to high leaf
temperatures and protein denaturization. The leaf is once again a good

absorber (and emitter) in the infrared kegion above 1300 nanometers.
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Reflectance of Leaves

In the visual range there are several leaf characteristics that
influence reflectance. Knowing the reflectance and transmission which
can be directly measured, gives an indirect method for calculating the
absorptance. Absorbed Tight is that portion of light that is utilized
by the plant in photosynthesis, whereas reflected light facilitates
vision and hopefully can indicate the internal conditions of a plant.
For example, plant diseases, which will not be detailed in this study,
do affect the reflectance and thereby dictate the amount of useful
absorptance by a given plant. It is believed that healthy leaves of
the same age and of a given plant variety which are grown under optimum
conditions will have a characteristic reflectance (signature) curve

which can be used as a standard for comparison.

Leaf Structure

Generally thick leaves reflect light less than thin leaves.
Rabideau (30) found that pineapple leaves reflect less than Morning
Glory leaves and less than the leaves of cabbage and lettuce. Moss and
Loomis (28) determined that a fig leaf reflected less than bean,
spinach, swiss chard, or tobacco leaves as shown in Figure 10. For
thick Teaves the transmitted component is diminished as leaf thickness
increases. Investigations (29) on reflectance of stacked leaves con-
cluded that the energy of the visual 1ight waves was reflected by the

surface of the top leaf.
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Pubescence

Shull (31) and Coblentz (9) fodndvthat hairs on mullein did not
markedly increase reflectance over glabrous leaves nor was reflectance
particularly enhanced by the shiny cuticle of the red mulberry. It was
found, however, that the hairs on the leaves of white popular and
cucumber tree did increase reflectance. Later, Billings and Morris (5)
- noted that white sage, a desert p1aht with dense stellate hairs had
higher reflectance than other desert plants in the visual wavelengths.
Gausman and Cardenas (19) continued along this line of investigation by
measuring the reflectance of a velvet plant before and after the removal
of leaf hairs. They found 1ittle differences in the amount of diffuse
reflectance in the visual range but did note a small increase in reflec-
tance for the shaved leaf in the infrared beyond 1300 nanometers as

shown in Figure 11.

Turgidity

Studies in Russia relate reflectance from small leafed linden,
English Oak, and flax leaves to the moisture content of the soil in
which the plants were growing (12). Highest reflectance was recorded
for plants on soil at 20 percent of total capacity, whereas the lowest
occurred with soil moisture at 60 and 80 percent of capacity. Thomas,
Myers, Heilman, and Wiegand (36) found that reflectance at 540 nano-
meters wavelength increased as water content of the leaf decreased.
This increase in reflectance may be due to solute concentration within

the cell as the moisture escapes. The results are given in Figure 12.
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5

Young Teaves evolve from the plant's apex with the result that
leaves are progressively more mature downward along the stalk. The
majority of investigations conclude that reflectance decreases with
leaf age. Shull (31) associated the decreasing reflectance of leaves
with age with the increase of chlorophyll concentration in the cells
which increases very rapidly at first and then more gradually for about
two months or until the final mature deep green has been reached.
Tageeva, Brandt, and Derevyanko (34) demonstrated that as the chloro-
phyll content increased in the leaves ofvbirches and lindens in the
Spring, the Tight absorptance coefficient also increased until the

2 of leaf area was reached.

optimal chlorophyll content of 2 mg/100cm
Absorptance remained rather constant from that time until in the Fall,
when the chlorophyll content fell below the optimum amount. A record of
the reflectance of white oak leaves through the growing season by Gates,
Keegan, Schleter, and Weidner (18) show the variance of optical proper-
ties during this period. The young leaf displays very little
chlorophy11l absorption; but as chlorophyll developed in the leaf, re-
flection decreased and remained almost constant until late in the
growing season when senescence started. A more detailed study con-
ducted later on the reflectance of ]eéveS from the time they became
macroscopically visible up to 12 days of age revealed that reflectance
in the 500 to 700 nanometer range increased moderately with leaf age up

to about 10 days of age, after which the reflectance curve was slightly

lower (21). Gausman, Allen, Cardenas and Richardson (22) confirmed
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previous results that young leaves (second node from apex) reflect
slightly less in the visual range than do more mature leaves from nodes
further down the stem. Thomas, Myers, Heilman, and Wiegand (36) found
that the reflectance for the same leaf over a 30 day period at 550 nano-
meters plotted against leaf area decreased from about 15 to 9 percent as

2 in area.

the Teaf grew from 20 to 100 cm
Very young leaves which apparently absorb more and reflect less
than older leaves are characterized by compact mesophyl1. One theory
attributes reflectance to cell wall-air interface of the spongy meso-
phy11 which is most developed in mature leaves (41). This theory is
somewhat contradicted by recent findings of Sinclair (32) who hypothe-
sized after a thorough investigation that leaf reflectance is not so
much a result of cell wall-air interface as>it is the result of light
striking plant cell walls which have diffuse characteristics. A shift
to this hypothesis would give more importance to the compact palisade
parenchyma with its greater barrier of cell walls than the Tacunose
spongy parenchyma layer and explain the lower reflectance of young

leaves. Figures 13 and 14 depiét theories of light-leaf cell inter-

action as discussed.

Geographic Location

The variance of reflectance with geographic location is pronounced.
Billings and Morris (5) made a study of plants from five different
environments of the western Great Basin. Reflectance was highest for
desert species and lowest for shaded species in the visible radiation.
Dadykin, Stanko, Gorbunova, and Igumnova (11) conducted studies on

“optical adaptability" by comparing optical properties of plants from



Figure 13. Schematic Drawing Depicting One Theory on

the Pathway of Light Through Leaves.
After Willstatter, R., and A. Stoll (41)
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Figure 14. Schematic Drawing of the Pathway for Hypothesized Diffusive
Reflected and Transmitted Radiation from Cell Walls.
After Sinclair, T. R. (32)
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Yakutsk (62°N) and Tikso (71.6°N). Plants of the same species and age
on comparison showed that the plants from the more severe climatic
conditions were more efficient absorbers and reflected less radiant
energy. Dadykin and Bedenko (12) on further investigation of optical
adaptation selected two longitudes (3Z°E and 128°E approximately) with
three different latitudes stretching from approximately 50°N to 70°N.

In every case the plants of a species grown in the northernmost Tatitude
reflected least, those grown at the intermediate latitude reflected next
least, and those of the southernmost position'ref]écted the most in the

visual range.

Surface Characteristics

Coulson (10) reviews and summarizes the research into the polariz-
ing characteristics of natural surfaces. Reflected 1ight from leaves
in the visual range is highly polarized. Much of this investigative
work has been done for better interpretation of data gathered in remote
sensing programs. Though the light is polarized, it continues to be

diffuse, and, therefore, has no influence on this investigation.
Nutrition

A leaf's reflectance curve is influenced by anything environmental
or genefica] that causes a morphological change in leaf structure.
Nutritional factors are of importance and a few have been studied.
Recently, Thomas and Oerther (35) were able through reflectance studies
to determine the nitrogen content of field grown sweet peppers. The
pepper leaves continuously reflected more light as the nitrogen content

of the leaf dropped. Earlier work by Benedict and Swidler (4), in trying
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to find ways to estimate chlorophyll content by nondestructive methods,
found there was a close correlation between reflectance and chlorophyll
content of soybean and orange leaves. The reflectance reading for a
given chlorophyll content changed with species and varieties of plants
under study. The cohcentration of chlorophyll (to a lesser degree the
other pigments) and the amount of water in leaves has an indirect in-
fluence on 1light disposition by the leaf.

Characteristic reflectance and transmittance curves for a cotton
lTeaf without apparent deficiencies in nutrition or moisture are given in

Figure 7.



CHAPTER III
METHODS AND MATERIALS
Cotton Plant Propagation

Seeds of Westburn 70 (Gossypium hirsutum L.) were germinated in

vermiculite and transplanted to modified Hoagland solution in a con-
trolled environment chamber. The recipe for the solution is given in
Table I. The basic recipe was from Zyngas (44) with modification as
suggested by Dr. Glenn Todd (37). Distilled water was used to make the
solution and the pH was maintained at 6.0. The environmental chamber
was scheduled for 12 hours of darkness at 26.6°C. (80°F.) and 12 hours
of Tight at 29.4°C (85°F.).

Two cotton plants were grown in each of 26 alphabetically desig-
nated containers. Treatments 1, 2, 3, and 4 were randomly applied to
the plants. The treatments represented 10, 5, 2.5 and 1 milliliters
respectively, of sodium phosphate stock solution added to the 10 liters
of solution in the containers. A sketch of container placement within
the chamber and the treatment for each is presented in Figure 15. A
picture of the arrangement is presented in Figure 16.

The plants were supported with their roots in solution by inserting
the stem through a 1.3 cm hole in a small piece of wood attached to the
1id of the container. A small steel bolt was vertically inserted in

the wood to provide additional plant support, as shown in Figure 17.

33
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MODIFIED HOAGLAND'S SOLUTION USED FOR

GROWING COTTON PLANTS
Chemical Stock Solution Quantity of Stock
Concentration Solution/10 Titer H20
(mg/1iter)
CA(N03)2‘4H20 472.00 10 ml
MgSO4-7H20 246.00 10 ml
KN03 250.00 25 ml
NaH2P04'7H20 123.00 10,5,2.5, 1 ml
H3803 ———1 2.40 ——
MnSO4-H20 1.20
ZnSO4-7H20 0.36
— Trace — 10 ml
CuSO4'5H20 Minerals 0.03
CoC]2'6H20 0.06
Na2M004'2H20 0.20
Fe-HEEDTA — (2 ppm Fe) — 10 ml

A11 chemicals except the Fe-HEEDTA were reagent grade.

Leaf Sampling

According to Gausman, Allen, Cardenas, and Richardson (22) there is

a definite change in the reflectance of cotton leaves with age due to

decrease in compactness of the internal cellular structure. Furthermore,

a pronounced lacunose condition develops in the mesophyll of an aging

leaf. Therefore, leaves were sampled from the fourth node down in
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attempting to sample leaves of the same age. The leaf at the growth
point was counted as leaf number one if it was approximately two centi-
metefs or more in width. A leaf was plucked from each plant, the
petiole clipped under water in order to eliminate the possibility of
bubb]e;‘that might inhibit the uptake of water when the petiole was
inserted into a test tube of water. The test tubes were supported up-
‘right in a bed of vermiculite contained in a common styrofoam container.
This technique was used to prevent the loss of turgidity that occurs
when leaves are removed from their source of moisture--the stem. The
styrofoam container also permitted the easy transport and handling of
samples with the betio]es constantly immersed in water and the leaves
protected from ambient temperatures. Moisture in the vermiculite bed
supplied moisture to the air around the leaves, stabilized the material
so it would support the test tubes, and mafntained a lower than ambient

temperature.
Measurement of Leaf Thfckness

Leaf thickness was measured immediately after co]]ectién and while
leaves were near full turgidity. Thickness was measured with a linear
variable displacement transducer (23) with the signal recorded by a
Sandborn Recorder Model 321. The recorder's indicator was displaced
one centimeter on the chart for each one-tenth millimeter of leaf
thickness. For thickness measurements a leaf Was positioned so that
the venation on the abaxial side was up and the probe could be placed
so as not to receive an inflated thickness value due to the heavy veins.
The round probe was designed so that its diameter would be small enough

to allow it to fit between the prominent rib-1like veins. The probe had
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a diameter of 0.558 cm and a cross-sectional area of 0.244 em?. Figures

18 and 19 show location of typical thickness samples and measurement

method.
Sampling for Chemical Analysis

The check for this series of tests was to be the chemical analysis.
In order to run a chemical analysis for phosphorus, a sample, 2.550 cm
in diameter was cut from each leaf. The sample was taken between the
characteristic main rib-1ike veins as shown in Figure 18. The samples
were dried 24 hours at 100°C before being transferred to the Soil and
Water Service Laboratory, Agronomy Department, Oklahoma State
University, for analysis. The results were reported in micrograms per
sample which were divided by sample dry weight to result in micrograms
of phosphorus per gram of dried leaf sample. The data included sample
dry weights, micrograms of phosphorus per sample (laboratory report),
and phosphorus concentration in micrograms per gram (ppm) in the dried
samples.

The average fresh leaf thickness for each sample was multiplied by
the sample area and divided into the oven dried weight of the sample to

give grams of dry material per cubic centimeter of green leaf tissue.
Leaf Reflectance Measurements

After each leaf was measured for thickness and a portion removed
for chemical analysis, reflectance was measured on the remainder. The
circular sample for chemical analysis was cut from one side of the
leaf's mid-rib while the reflectance was measured on the upper surface

of the opposite side of the leaf. The leaves were kept in the insulated
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Figure 18. Sample Locations for: Four Leaf Thfckness Measurements
(1); Chemical Analysis (2); and Reflectance (3).
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chests with their petioles immersed in water until their reflectances
were measured.

A Beckman DU-2 Spectrophotometer with a reflectance chamber attach-
ment was used to measure the relative amounts of diffuse reflectance of
each leaf between 400 and 700 nanometers. The instrument is designed to
permit measurement of relative diffuse reflectance of each wavelength
either by automatic or manual scanning as selected by the monochromator.
A diagram of the optics of the monochromator is given in Figure 20.

Path of its 1light beam through the reflectance chamber is shown in
Figure 21, with a picture of the instrument and the recorder shown in
Figure 22. Technical data, instrument descriptions and specificatfons
are given in Beckman Preliminary Instructions 1291 (3). The light
source used was the tungsten lamp, since all testing was to be in the
visible range. It is used as one of the standards in spectrophotometry
and is designated as CIE Source A which operates at a color temperature
of 2854%K.

The beam of radiant energy from the standard source A is reflected
from either the sample or reference. Those diffuse rays reflected
between 35° and 55° from the vertical are focused by an ellipsoidal
mirror ring segment to strike a frosted quartz diffusing screen before
reaching a phototube which measures the amount of energy that has
at the screen (Figure 21). A1l reflectance measurements were relative,
since the amount of reflected 1light was being compared to the amount
reflected by a magnesium carbonate reference standard. Reflectance
values from this instrument are different than those taken from the
integrating-sphere method, in that the indicated values are relative and

not absolute.
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Figure 21. Optical Diagram for Reflectance Attachment (3).
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In order to get a reflectance curve from a sample, it was placed in
the sample drawer along with the magnesium carbonate reference (Figure
23). The instrument was adjusted to read 100% reflectance for the
reference standard at 550 nanometers, as this is the wavelength at which
maximum reflectance occurs for cotton leaves.

‘The recorded response from the spectrophotometer was a curve giving
the amount of refTectance of visual 1light from a cotton leaf, wavelength
by wavelength as compared to the 1ight reflected (100%) from a magnesium
carbonate block at 550 nanometers.

After the reflectance curve was determined for each sample the
relative percent reflectance was determined for the sample at selected
wavelengths by manual operation of the spectrophotometer. At each
selected wavelength and with the reference standard in position, the
null meter was balanced at 100% reflectance. The sample was then moved
into the beam and the null meter was again balanced to give a direct
reading of relative percent reflectance on the instrument. The wave-
lengths selected were: 400, 495, 505, 525, 536, 550, 562, 610, 625, 675,
and 700 nm. These wavelengths were selected after studying the reflec-
tance curves of several cotton leaves and noting the positions of
rapidly changing slope.

This method of determining reflectance for these speéific wave-
lengths was more sensitive than the first described method whereby a

continuous reflectance curve was constructed.

The CIE Colorimetric System

The presence or absence of a nutrient, specifically phosphorus, may

affect a leaf's color (13). An effort was made to relate lightness,
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purity, and the dominant waveléngth of a cotton leaf's color to the con-
centration of phosphorus in the leaf tissue.

One system of orderly specification and description of color is the
CIE! system (2) (25). It is similar to other systems in that color
determination is based on reflected Iight detected by a standard
observer. The reflected 1ight is from a standard source lamp. Products
of the energy of the lamp, the percent reflectance, and the color match-
ing functions (42), for wavelengths at a stated interval throughout the
visual range are summed together to yield tristimulus values. These
values constitute an intermediate step toward color specification.

Color matching functions are measures of the amount of three
primary colors required to match a given spectral color. For con-
venience, the color matching functions, Xx, y, and z have been multiplied
by the spectral energy distribution (E,) of CIE source A and 1isted by
wavelength in three columns in Table XXI of Appendix D (42). To com-
pute the tristimulus values X, Y, and Z, reflectance values at given
wavelengths must be multiplied by the values of the respective columns

of Table XXI. The equations for X, Y, and Z are as follows:

X = ZXEA X R (1)
Y= Z,Ep VR (2)
Z = ZXEA Z R (3)

]Originally recommended in 1931 by the International
Commission on I1luminations and designated in English-
speaking countries generally as the ICI system, the
system is now designated by the official abbrevia-
tion CIE adopted in 1951 from the French name,
Commission Internationale de 1'Eclairage (2, p.934).
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Xy Yy Ze=em=mum Tristimulus values

EA ------------ Spectral energy distribution, or relative energy
at each wavelength for CIE Source A (color
temperature of 28549K)

Xy Yy Zmmmmmmm Color matching functions
Remmmmmmme e Percent reflectance
) N TR — Over all wavelengths in the visual range at a

specified interval
The tristimulus values are an intermediate step in deriving useful
values to specify color. Only Y which is a measure of brightness
(Tuminance) has immediate use. The three values are used to calculate
chromaticity coordinates x, y, and z for the CIE chromaticity diagram

of Figure 24.

X = X (4)
THY+Z

y= _Y (5)
XY+Z

z = Z (6)
X+Y+Z

Since xty+z = 1, only two of the coordinates, usually x and y, are
used to locate a sample color on the chromaticity diagram. The locus of
the diagram.is a line connecting the points representing the coorainates
of spectrum colors and is characteristically horseshoe in shape. The
coordinates for the CIE standard source A are x = 0.448 and y = 0.408
(42). When the reflectance values of a surface are known for several
wavelengths across the visual spectrum, the calculated chromaticity
coordinates locate the surface's color on the diagram. A line is drawn
from source A, through the point to locus intersection. At the inter-
section the dominant wavelength can be read and color purity

calculated as demonstrated in Figure 24.
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CHAPTER IV
ANALYSIS AND PRESENTATION OF DATA

Raw data consisted of measurements of leaf thickness, quantitative
analyses of phosphorus in leaf samples, weights of dried leaf samples
before being subjected to chemical analysis, and relative light reflec-
tances for selected wavelengths. Two sets of data were collected for
the latter; one being compiled from readings directly from the spectro-
photometer, and the second taken from curves of the instrument's
readout. Data from leaves of plants growing in the same container were
averaged for mean values.

Statistical analyses were daone using the Statistical Analysis

System, SAS, on the IBM 360-65 digital computer.
Chemical Analysis

The Soil and Water Service Laboratory reported that the phosphorus
content of the cotton leaf samples varied from 860 to 27,555 ppm. The
array of analyses revealed that the top four values (27,555, 19,034,
15,669 and 12,555 ppm) were separated from the rest of the data, with
12,555 being 4,898 ppm above the next lower reading. These four data

were discussed with the Head of the Analysis Laboratory], who advised

]Personal communication with Dr. John Baker, Soil Specialist,
Cooperative Extension Service, Oklahoma State University, Stillwater,
Oklahoma.
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that these readings be dropped as being aberrant.
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These four analyses

were not only isolated from the main body of data but were well outside

the range of phosphorus content values as reported in other research

(24). The phosphorus

due to miscalculation of sample dried weight.

content value for sample F2 was not available

The remaining data ranged

in phosphorus content from 0.086% to 0.76%, or'860 to 7657 ppm respec-

tively.

in Figure 25.

These data, arranged by treatment, are graphically displayed

During plant growth, it was hypothesized that a decrease of

phosphorus concentration in the substrate would be accompanied by a.

decrease of phosphorus concentration in the leaf tissue.

An analysis of

variance of the sample values is given in Table II.

TABLE II

ANALYSIS OF VARIANCE OF PHOSPHORUS CONCENTRATION

Source of Degrees of

Variation Freedom Sum of Squares Mean Square
Treatment 3 31624740 10541580
Error 21 48890214 2328105

F = 10541580/2328105 = 4.53

Probability > F = 1.33%
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The variance between the treatments is 4.53 times larger than the
variance within the mean. Only 1.3% of similar comparisons would
result in F values equal to or greater than this one; therefore, the
null hypothesis of identical populations is rejected.

Although the means did not continuously decrease with reduced

amounts of NaH2P04 added to the substrate as shown in Table III, it
appears that the availability of phosphate did have an overall influ-
ence on phosphorus concentration, as there was an apparent shift of
quantity values to lower amounts with decrease in availability,

although treatment 4 does not fit smoothly into the trend.

TABLE III

PHOSPHORUS CONCENTRATION, TREATMENT
AND OVERALL MEANS

' Mean Difference
Treatment (micrograms/gm)  (micrograms/gm)
1 4187
1612
4 2575
298
2 2277
297
3 1980

Overall 2667 2207
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Seventy-three percent of the difference between treatments was be-
tween treatments 1 and 4. The remainder was evenly apportioned to the
differences between treatments 4 and 2 and treatments 2 and 3. Plants
grown in the solution of least available phosphorus had the second
highest concentration of phosphorus present in their leaf tissue. These

results are not without precedence, as similar results were reported
by Johan (24). In general, the decreasing phosphorus concentration in
leaf tissue was associated with lower amounts of available phosphorus,
with the exception noted. The relatively high phosphorus content for
leaves produced under treatment 4 caused further investigation. An
analysis of variance of plant height based on phosphorus availability
resulted in an F value of 9.75. This statistic indicates that phos-
phorus availability did control plant height, but due to the small
growth under treatment 4, the small leaves were richer in phosphorus
than those of treatments 2 and 3. Plant heights of treatments 2 and 3
favorably compared with plants grown under treatment 1.

Means of the treatments are listed in Table IV. These values in-
dicate that little relative difference in height was experienced for
treatments 1, 2 and 3 but plants of treatment 4, with the second highest
phosphorus content, were on an average 18.6 cm shorter than plants from
treatment 3. The plants' growth was inhibited by the low phosphorus
application.

Statistical analyses of variance of other selected dependent vari-
ables whose regression on phosphorus content were inspected, are
summarized in Table V. Those variables considered were reflectance
values at 550 nm and the highest reflectance encountered under auto-

matic spectrophotometer operation, luminance (Y), dominant wavelength,



and color purity. The latter three variables resulted from the pro-

cessing of curve reflectance data to arrive at CIE colorimetric system

values.
TABLE IV
PLANT HEIGHT MEANS
(cm)
Treatment 1 Treatment 2 Treatment 3 Treatment 4
52.0 56.1 49.3 30.7
TABLE V

REGRESSION OF DEPENDENT VARIABLES ON
CHEMICAL ANALYSIS (CHEM)

Dep. Var. F. Value Prob. > F Corr. Coeff. Mean S. D.

R550 0.002 95.3% 0.000 11.1 1.18
HREF 0.002 96.7% 0.000 1.1 1.17
Y 0.092 76.3% 0.002 6.2 0.76
DWL 2.847 9.9% 0.061 557.92 5.75

PUR 1.896 17.6% 0.041 0.573 0.05
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A11 of the F values and correlation coefficients are low and indi-
cate that none of these variables regress on the phosphorus content of
the leaves. Each of these relationships will be discussed further

under appropriate later sections.
Reflectance

A11 raw reflectance data are given in relative percentages as the
reflectance of the leaves are compared to a standard as described under
"Methods and Materials." Two sets of data were recorded for each leaf
sample. One was read from reflectance curves which were automatically
drawn by the recorder attached to the spectrophotometer, while the
second set of data was created by taking individual reflectances of

selected wavelengths impinging on the samples.

Reflectance Values at Selected Wavelengths

The reflectance data as recorded from individual observations for
eleven selected wavelengths are 1isted in Table XX of Appendix C. From
these data, Table VI gives the means for treatments for the selected
wavelengths and gives the overall mean for each of them. Three curves
are drawn to display the data, with a curve for treatment 1, a curve
for treatment 4, and a curve for treatments 2 and 3, and the overall
mean. These curves are shown in Figure 26. The curve representing the
two treatments and the overall mean is drawn without discernible dis-
tortion as the maximum reflectance difference between the three sets of
means is 0.15%. The reflectance curves of treatments 1 and 4 represent

the maximum and minimum reflectances encountered respectively.
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TABLE VI

MEANS OF MONOCHROMATIC REFLECTANCE CURVES FOR COTTON
LEAVES GROWN WITH DIFFERENT LEVELS OF PHOS-
PHORUS AVAILABLE IN THE SUBSTRATE
(% REFLECTANCE)

Wavelength Overall
(nm) Trt. 1 Trt. 2 Trt. 3 Trt. 4 Mean
400 5.01 4.83 4.86 4.58 4.81
495 4.74 4.55 4.51 4.58 4.60
505 | 5.40 5.07 5.00 . 5.00 5.12
525 9.27 8.41 8.46 8.04 8.54
536 11.25  10.17 10.19 9.55  10.29
550 12.06  10.96 10.96 10.14  11.03
562 11.29  10.18 10.21 9.54  10.31
610 6.39 5.71 5.71 5.62 5.86
625 5.85 5.24 5.22 5.18 5.37
675 4.53 4.27 4.24 4.28 4.33
700 8.01 7.55 7.41 7.27 7.56

The leaves from the substrate with the highest application of phos-
phofus (treatment 1) also had the highest reflectance, whereas, the
substrate with the lowest phosphorus application produced plants whose
leaves reflected the lowest amounts of all wavelengths.

The relationships between reflectances and treatment means are

shown more distinctly in Figure 27. In every case, the reflectance for
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Percém Reflectance
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Figure 26. Light Reflectance Curves for Cotton Leaves, Spectro-
photometer Under Manual Operation.
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treatment 1 was highest of all treatments. Al1 wéve]ength reflectance
means for treatment 2 and 3, except that for 700 nm, were within 0.07%
of each other. They were of equal value twice, while treatment 2
exceeded treatment 3 values five times and the reverse occurred four
times. Treatment 4 had the lowest values in every case, except for
wavelengths 495, 505, and 675 nm, in which case they exceeded values of
treatment 2 twice by a maximum of 0.03% and exceeded treatment 3, three
times with a maximum of 0.07%.

It is not known under which treatment the cotton plants would have
been the most productive, but according to data of this study, only
plants of treatment 4 showed height deficiency. High, intermediate and
low phosphorus applications can be detected by inspecting plant heights
and comparing reflectance levels. As evidenced by treatments 2 and 3,
there is a range of phosphorus availability that does not correspond-
ingly cause a change in the magnitude of reflectance values. If later
tests should show that treatments 1 and 4 are excessive and deficient in
phosphorus availability, respectively, the data displayed here indicates
that these levels could be reflectively detected. Likewise, reflectance
that falls within the values spanned by treatments 2 and 3 would
indicate that a sufficient level of phosphorus is available for satis-
factory production.

An analysis of variance was carried out on the selected wavelength
reflectance data to compare the treatment means with the pot means.

The pot means were comprised of data from each of the two plants grow-
ing in the pot. The results are listed in Table VII.
A study of the F ratios reveals there is no evidence that the

treatments positively affected the reflectance at 495 and 675 nm since



ANALYSIS OF VARIANCE FOR SELECTED
WAVELENGTH DATA

TABLE VII
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Wavelength Source S.S. D.F. M.S. F Ratio Prob.> F.

(nm)

400 Between Trt. 1.15 3 0.38 2.99 5.2%
Within Trt. 2.82 22 0.12

495 Between Trt. 0.32 3 0.11 0.69 57.0%
Within Trt. 3.42 22 0.16

505 Between Trt. 1.14 3 0.38 2.04 13.6%
Within Trt. 4.09 22 0.18

525 Between Trt. 8.98 3 2.99  3.85 2.3%
Within Trt. 17.10 22 0.77

536 Between Trt. 16.94 3 5.65 5.41 0.6%
Within Trt. 22.93 22 1.04

550 Between Trt. 21.44 3 7.15 6.60 0.3%
Within Trt. 23.85 22 1.08

562 Between Trt. 18.01 3 6.00 5.45 0.6%
Within Trt. 24.23 22 1.10

610 Between Trt. 4.14 3 1.38 3.13 4.5%
Within Trt.