
GRADUATE STUDIES 
TEXAS TECH u,~N~I~~.,....._._-.c· 

Plant Leaf Optical Properties in 
Visible and Near-Infrared Light 

No. 29 February 1985 



TEXAS TECH UNIVERSITY 

Lauro F. Cavazos, President 

Regents.-John E. Birdwell (Chairman), J. Fred Bucy, Jerry Ford, Rex Fuller, Nathan C. 
Galloway, Larry D. Johnson, Wesley W. Masters, B. Joe Pevehouse, and Anne Sowell. 

John R. Darling, Vice President for Academic Affairs and Research 

Editorial Committee. - Clyde Hendrick (Chairman), Dilford C. Carter, E. Dale Cluff, John R. 
Darling, Monty E. Davenport, Oliver Hensley, Clyde Jones, Stephen R. Jorgensen, Janet Diaz 
Perez, Richard E. Peterson, Marilyn E. Phelan, Rodney L. Preston, Charles W. Sargent, Jeffrey 
R. Smitten, Carl H. Stem, Idris R. Traylor, Jr., and David A. Welton. · 

Graduate Studies No. 29 
78 pp. 

4 February 1985 
Paper, $10.00 
Cloth, $25.00 

Graduate Studies are numbered separately and published on an irregular basis under the auspices 
of the Vice President for Academic Affairs and Research and in cooperation with the International 
Center for Arid and Semi-Arid Land Studies. Copies may be purchased from Texas Tech Press, 

Sales Office, Texas Tech University, Lubbock, Texas 79409, U.S.A. 

ISSN 0082-3198 
ISBN 0-89672-131-0 (paper) 
ISBN 0-89672-132-9 (cloth) 

Texas Tech Press, Lubbock, Texas 

1985 



GRADUATE· STUDIES 
TEXAS TECH UNIVERSITY 

No. 29 

Plant Leaf Optical Properties in 
Visible and Near-Infrared Light 

Harold W. Gausman 

February 1985 



TEXAS TECH UNIVERSITY 

Lauro F. Cavazos, President 

Regents.-John E. Birdwell (Chairman), J. Fred Bucy, Jerry Ford, Rex Fuller, Nathan C. 
Galloway, Larry D. Johnson, Wesley W. Masters, B. Joe Pevehouse, and Anne Sowell. 

John R. Darling, Vice President for Academic Affairs and Research 

Editorial Committee.- Clyde Hendrick (Chairman), Dilford C. Carter, E. Dale Cluff, John R. 
Darling, Monty E. Davenport, Oliver Hensley, Clyde Jones, Stephen R. Jorgensen, Janet Diaz 
Perez, Richard E. Peterson, Marilyn E. Phelan, Rodney L. Preston, Charles W. Sargent, Jeffrey 
R. Smitten, Carl H. Stem, Idris R. Traylor, Jr., and David A. Welton. 

Graduate Studies No. 29 
78 pp. 

4 February 1985 
Paper, $10.00 
Cloth, $25.00 

Graduate Studies are numbered separately and published on an irregular basis under the auspices 
of the Vice President for Academic Affairs and Research and in cooperation with the International 
Center for Arid and Semi-Arid Land Studies. Copies may be purchased from Texas Tech Press, 

Sales Office, Texas Tech University, Lubbock, Texas 79409, U.S.A. 

ISSN 0082-3198 
ISBN 0-89672-131-0 (paper) 
ISBN 0-89672-132-9 (cloth) 

Texas Tech Press, Lubbock, Texas 

1985 



PREFACE 

The enhanced understanding and additional knowledge about the 
interaction of electromagnetic radiation with plant leaves and other plant 
constituents has helped to form the foundation for the relatively new science 
and technique that has developed called remote sensing. This "tool" is 
becoming useful in many fields, such as agriculture, geology, forestry, and 
oil exploration, to help sustain or increase the production of energy, 
minerals, food, and fiber. 

This book attempts to review and explain in a nonpedestrian mode the 
basics about the interaction of electromagnetic radiation with plant leaves 
and to discuss, in a general , unbiased, abbreviated, and nonpedantic 
manner, the many factors that affect this interaction. If the text might be 
deemed too succinct, the citations made throughout the book should 
provide the reader with adequate references, many of which have superb 
reviews of pertinent literature. Moreover, it is anticipated that the book will 
be a useful source of information to students interested in the remote 
sensing discipline and to researchers involved in either fundamental or 
applied aspects of remote sensing research. 

It is impossible to give adequate credit to those who directly or indirectly 
have helped develop this book by their encouragement. Furthermore, my 
very fortunate association with many outstanding scientists has helped 
greatly in my research efforts. In this regard, I thank Drs. Craig L. 
Wiegand, Ray D. Jackson, and Jerry E. Quisenberry for their help in 
various phases of my career. Additionally, specific recognition must be 
given to Mr. David E. Escobar and to Mr. Romeo R. Rodriguez, who helped 
eagerly to conduct many experiments referred to in this book. Moreover, I 
am greatly indebted to Dr. ]. Rex Johnston who was instrumental in 
providing an excellent research environment and who has been a source of 
inspiration to me for many years. 

Mrs. Linda Graves graciously, diligently, and carefully typed the 
manuscript, which was reviewed with much effort and time by Mr. Arthur 
]. Richardson, Mr. Paul R. Nixon, Dr. Dale Pennington, and Dr. Henry 
Yokoyama. Their assistance is greatly appreciated. The author extends special 
thanks to Ms. Julia K. Kveton, Editorial Assistant, Texas Tech Press, for her 
interminable patience and inimitable help and guidance in editing and 
developing the manuscript, and to Dr. Robert C. Albin, Director, Institute 
for Research in Plant Stress, College of Agricultural Sciences, Texas Tech 
University, for his encouragement and guidance. 

I would be very negligent, however, if I did not give special thanks to 
my wife, Laura Ellen, for her unusual devotion, patience, and understand
ing. I dedicate this book to her with my utmost appreciation and respect. 
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INTRODUCTION 

SIGNIFICANCE OF LEAF- LIGHT INTERACTIONS 

An intensive understanding about the optical characteristics of plant 
leaves and other plant components is mandatory to apply the principle of 
remote sensing to the survey of the earth's resources, to detect forage and 
grain production, and to investigate the interaction of radiation with the 
ecosystem. 

Plant leaf responses dominate most signals that reach remote sensors. 
Even though plant appendages such as stems, branches, bracts, inflorescen
ces, heads, etc., affect the signals, their contribution is minor. Leaf 
characteristics such as pubescence and pigmentation, however, may have a 
major influence on the remote sensor signals. Therefore, it is important to 
consider the optical properties of leaves in relation to observed or recorded 
sensor signals. (The term "light" will be used here to include both visible 
and near-infrared radiation.) 

When a leaf intercepts incoming radiation at a critical angle, a portion 
of the light is absorbed. The amount of absorption depends on the energy 
(wavelength) of the photons involved; photons with the shortest wavelength 
(high energy ultraviolet and visible light) are involved in photosynthesis 
and photochemical reactions such as photomorphogenesis, phototropism, 
and chlorophyll synthesis, whereas photons with the longest wavelength 
(low-energy infrared light) affect heating processes, evaporation, and 
transpiration. Consequently, changes in the concentration of leaf chloro
plasts' pigments and tissue water content are largely responsible for 
inducing variability in plant tissue light absorption. 

A portion of the incoming photons are also reflected when they impinge 
on a leaf at a critical angle. Specular reflectance occurs at the leaf cuticle, 
whereas diffuse reflectance originates from light sca ttering (multiple 
reflection) mainly within the leaf mesophyll. Light that is neither absorbed 
nor reflected is transmitted. In a plant canopy, therefore, transmitted light 
usually interacts with subtended leaves or with the soil, giving many 
ramifications to the understanding of spectral characteristics of diverse types 
of plant canopies. 

IMPORTANT LITERATURE SOURCES 

Reviews of the interaction of light with plant leaves, with other plant 
appendages, and with stems ~re available, including remote sensing 
applications, remote sensing instrumentation, and the physics of light 
interaction: Shull, 1929; Seybold, 1931, 1932; Seybold and Weissweiler, 1942; 
Mestre, 1935; Billings and Morris, 1951; Moss and Loomis, 1952; Gates and 
Tantraporn, 1952; Ga tes et al., 1965; Aboukhaled, 1966; Knipling, 1967, 
1969, 1970; Pearman, 1966; Weber a.nd Olsen , 1967; Thomas et al., 1967; 
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8 GRADUATE STUDIES TEXAS TECH UNIVERSITY 

Allen and Richardson, 1968; Scott et al., 1968; Sinclair, 1968; Myers and 
Allen, 1968; Allen et al., l970b; Gausman and Cardenas, l969a; Wiegand et 
al., 1966, 1969, 1972, 1979; Carlson et al., 1971; Methy, 1972; Gausman et 
al., l97la, 1974a; Woolley, 1971; Kumar, 1972; Tucker, l977a, l977b, 1979, 
1980; and Bunnik, 1978. 

Leaf reflectance has been related to yield (Thomas et al., 1967); leaf 
anatomy has been related to photosynthetic activity (Hesketh and Baker, 
1969) and to optical constants (Gausman et al., l970a, l970b, 1973a); leaf 
optical properties have been related to their energy balance and water-use 
efficiency (Aboukhaled, 1966) and soil moisture (Dadykin and Bedenko, 
1961); and leaf spectra have been compared with spectra of leaf extracts, 
potato tuber tissue," glass beads in water, and frozen leaves (Woolley, 197 l ). 
Also, light relations in plant canopies have received attention (Allen et al., 
1970c; Idso and DeWit, 1970; Suits, 1972, 1983; Suits and Safir, 1972; Guyot 
and Chasseray, 1981; Bunnik, 1978; Chance and LeMaster, 1978; Jackson et 
al., 1982; and Hatfield, 1983). Moreover, the importance of proper 
instrument calibration in making single-leaf reflectance measurements has 
been addressed (Allen and Richardson, l97lb). 



LEAF VISIBLE AND NEAR-INFRARED 
LIGHT SPECTRA 

REFLECTANCE, ABSORPTANCE, AND TRANSMITTANCE 

Most spectral measurements reported on here were made over the 0.5 to 
2.5-µm waveband on single plant leaves in the laboratory by using a 
spectrophotometer with a reflectance attachment. To facilitate interpretation 
of data, the 0.5 to 2.5-µm waveband, which includes most of the visible 
light region (0.4 to 0.75-µm) and the infrared region (0.75 to 2.5-µm), has 
been divided into three categories as depicted in Figure l. These are: ( 1) the 
0.5 to 0. 75-µm visible light absorptance region, dominated by pigments
primarily chlorophylls a and b (chlorophyll c occurs in brown algae), 
carotenes, and xanthophylls; (2) the 0.75 to l.35-µm near-infrared waveband, 
a region of high light reflectance and low absorptance that is affected 
considerably by internal leaf structure; and (3) the l.35 to 2.5-µm waveband, 
a region influenced some by leaf structure, but affected greatly by water 
concentration in the tissue-strong water absorption bands occur at the l.45 
and l.95-µm wavelengths. The peaks following these bands at l.65 and 2.2-
µm wavelengths, respectively, decrease as leaf tissue water content increases. 

An example of a very general interpretation of the results of leaf spectra 
obtained over the 0.5 to 2.5-µm waveband follows based on Figure 2. This 
figure charts the reflectance, transmittance, and absorption spectra for a 
citrus (Citrus sinensis) leaf, which typifies a dictotyledonous leaf with 
dorsiventral structure-palisade parenchyma cells on the dorsal side and 
spongy parenchyma cells on the ventral side of the leaf. Here the 
reflectance, transmittance, and absorptance were about 10, 40, and 90 
percent, respectively, .at the 0.55-µm wavelength green light peak within the 
0.5 to 0.75-µm waveband. Absorption was primarily caused by leaf 
pigments. Within the 0.75 to l.35-µm waveband, there was about 55 percent 
reflectance, 40 percent transmittance, and 5 percent absorptance. Above the 
l.35-µm wavelength, absorptance increased greatly because of water 
absorption of light energy. 

REFLECTANCE MECHANISMS 

Willstatter and Stoll (1918) explained leaf light reflectance and transmit
tance on the basis of critical reflection of visible light at the cell wall-air 
interface of spongy mesophyll tissue. Sinclair ( 1968) hypothesized that leaf 
reflectance derives from the diffuse characteristics of plant cell walls. 
Gausman et al., (1969b, 1969c, 1970a) quantitatively related near-infrared 
light reflectance to number of intercellular air-spaces, because diffused light 
passed more often from a high to a low refractive index. 

Reflectance of light from leaves occurs internally, because it was reduced 
by infiltrating leaves with water (Pearman, 1966; Moss, 1951) or with oil 
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Fie. !.-Light reflectance, transmittance , and absorptance over the 2.5-µm waveband of the 
upper surface of a citrus leaf, which was representative of a dicotyledonous-type leaf. 

mixtures (Woolley, 1971). Vacuum infiltration of citrus (Citrus sinensis) 
leaves reduced the reflectance markedly over the 1.35 to 2.5-µm waveband 
by eliminating the role of hydrated cell wall-air interfaces (unpublished 
data). Woolley (1971) , however, predicted that internal discontinuities other 
than air-cell interfaces were responsible for a part of the near-infrared light 
reflectance by a leaf. His premise was confirmed in that refractive index 
discontinuities among cell membranes, crystals, cell walls, and surrounding 
protoplasm did increase the reflectance of near-infrared light at the 0.85-µm 
wavelength (Gausman, 1977a). 

An experiment to determine the refractive index of plant leaves by 
vacuum infiltration (Gausman et al., 1974b) is responsible for Figure 3. 
Leaves of blackeye pea (Pisum sativum), cucumber (Cucumis sativus), string 
bean (Phaseolus vulgaris), and tomato (Lycopersicon esculentum) plants 
were vacuum infiltrated with distilled water and various mixtures of oil and 
hexane that provided several refractive indices. Infiltrated leaves reflected 
less light than noninfiltrated leaves over the 0.5 to 2.5-µm waveband because 
cell wall-air interfaces were partially eliminated. Minimal reflectance should 
occur- when the average refractive index of plant cell walls is matched by 
the infiltration fluid. Although refractive indices that resulted in minimal 
reflectance differed among the four plant genera, an average value of 1.425 
approximated the refractive index of plant cell walls for the four plant 
genera. 
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Fie. 2.-Partitioning of the light reflectance of the 0.5 to 2.5-µm waveband into three general 
areas: visible, near-infrared , and infrared water absorptance regions. 

Diffuse reflectance and transmittance of a compact leaf such as corn (Zea 
mays), a leaf impregnated with water, and an immature cotton (Gossypium 
hirsutum) leaf (Gausman et al., I 969b) was predicted from a plate theory 
(Allen et al., 1969). Cotton leaf maturation is characterized by cell division 
and expansion that increased light reflectance and reduced light transmit
tance of the leaf. Generalization of the plate theory (flat-plate model) to 
include the effect of intercellular air spaces led to the void area index (VAi) 
concept of a leaf. When a leaf is regarded as a pile of N compact layers 
separated by infinitesimal air spaces, the VAi is given by N-1. The VAi of 
a compact leaf is zero. The VAi is roughly the average number of air cavities 
penetrated by a ray passing through a leaf. Gausman et al. , (I 970a) used the 
VAi to measure the intercellular air spaces in both compact and 
noncompact leaves. The VAi was strongly correlated with laboratory 
measurements of intercellular air in mesophylls of leaf transections 
(Gausman et al., I970a). 

Allen and Richardson (1968) used the Kubeika-Munk (K-M) theory 
(Kubeika and Munk, 1931) to describe near-infrared light reflectance and 
transmittance of leaves measured on a spectrophotometer. Basic entities in 
the application of the K-M theory to leaves are the reflectance and 
transmittance of a single leaf. 

Parameters that emerged from the flat-plate theory included a measure of 
the leaf water and air content, the effective index of refraction n, and the 
absorption coefficient k. The effective index of refraction of a typical leaf 
tends to be like the refractive index of epicuticular wax. The effective 
absorption coefficient of a typical leaf is a superposition of the absorption 
coefficients of chlorophyll and pure liquid water. The leaf plate model is 
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FIG. 3. -Light reflectance over the 0.5 to 2.5-µm waveband of noninfiltrated (air) and 
infiltrated (water, oi l , oil -hexane mixtures) leaves of (A) blackeye pea (Pisum sativum), (B) 



GAUSMAN-PLANT LEAF OPTICAL PROPERTIES 

..... z 
w 
(.) 
0:: 
w 
a.. 

w 
(.) 

z 
~ 
(.) 
w 
_J 
LL 
w 
0:: 

~ 
z 
w 
(.) 
a:: 
w 
~ 
w 
(.) 
z 
~ 
(.) 
w 
_J 
LL w 
0:: 

608 

50 

40 

30 

600 

50 

40 

30 

20 

0 

.5 

1.0 

1.0 

CUCUMBER LEAVES 

--- AiR (R.I. l.000) 
------WATER (R.I. 1.333) 

-·-·-·- 25% OIL, 75'Yo HEXANE (R.1.1.414) 
---50% OIL,50'Yo HEXANE(R.1.1.436) 

----·-- 75% OIL,25% HEXANE (R.1.1.454) 
................. OIL (COTTON SEED)( R.1.1.472) 

1.5 

WAVELENGTH, µm 
2.0 2.5 

TOMATO LEAVES 
__ AIR (R.I. 1.000) 
______ WATER (R.I. 1.333) 

-·-·-·-25% OIL, 75% HEXANE (R.I. 1.414) 
_50% OIL,50%HEXANE (R.1.1.436) 

--·--·--75% OIL, 25%HEXANE (R.I. 1.454 
............... OIL (COTTONSEED) (R.I. 1.472) 

1.5 

WAVELENGTH, µm 

2.0 2.5 

13 

cucumber (Cumber sativus), (C) string bean (Phaseolus vulgaris), and tomato (Lycopersicon 
esculentum) plants. 
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used to determine moisture content from reflectance and transmittance 
measurements. The absorption of a compact leaf can be simulated closely 
over the 0.35 to 2.5-µm waveband by absorption of an equivalent water 
thickness. The flat-plate model has been generalized to include the effect of 
intercellular air spaces in the leaf. Consequently, a typical plant leaf can 
be specified by four optical parameters: (1) the equivalent water thickness 
(EWT) , a number that specifies the amount of water in a leaf; (2) the void 
area index (VAi), a measure of the intercellular air space in a leaf; (3) the 
effective index of refraction , n; and, ( 4) the effective absorption coefficient, 
k (Allen et al. , 1969, l97la; Gausman et al., 1970a, 197la). Over the 1.35 
to 2.5-µm waveband, the absorption spectra of leaves are like that of pure 
liquid water. Leaf reflectance differences among plant leaves over the 0.5 to 
1.35-µm waveband are caused principally by Fresnel reflections at external 
and internal leaf surfaces and by plant pigment absorption. Reflectance over 
the 1.35 to 2.5-µm waveband is influenced largely from Fresnel reflections 
and water absorption. The leaf's effective index of refraction can be 
approximated by a cubic equation. 

A leaf with an EWT specified by D can be subdivided conceptually into 
N compact layers of individual thickness DI N which are subsequently piled 
back to the original thickness D. The thickness of the air plates that 
separate these compact layers is a matter of indifference but will be taken 
as infinitesimal to facilitate calculations. 

A leaf of EWT specified by D will be regarded as a pile of N compact 
layers of individual thickness DI N. Transmittance t and reflectance r of a 
single leaf can be expressed at a given wavelength by the relations, 

-I a-a 

r 

b-b- 1 ab-a- 1b- 1 ' 

(l) 

where a and b are parameters to be determined by experiment. If the single 
leaf described by Eq. (1) is considered to be a pile of N layers, Eq. (l) 
becomes 

r (2) 

where ao and bo are new parameters to be determined. As indicated by Allen 
and Richardson (1968), equations (2) were derived by Stokes in 1862 on the 
assumption of an integral number of piled transparent plates, and Ingle in 
1942 showed that N need not be confined to integral values. The 
transformation between a, b and ao, bo of Eqs. (l) and (2) can be written 
from inspection by the relations 

a= ao, 

(3) 

The transmittance to and reflectance ro of a single compact layer can be 
obtained by setting N = 1 in Eq. (2). Thus 
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to ro (4) 

Eliminate ao and bo from Eq. (4) by means of Eq. (3) to obtain the relations, 

to 
--_-! 
a-a 

ro (5) 

Generalization of the plate theory to a leaf with intercellular spaces is not 
complete provided that the quantity N can be determined. Unfortunately, 
the effective index of refraction n and the quantity N are confounded; that 
is, unless the effective index of refraction n is assumed, the number N 
cannot be determined and vice versa. 

The scattering coefficients of a single leaf and an individual compact 
layer can be specified by the respective relations , 

s = [2a/ (a2-l)]log b, 

so= [2ao/ (ao2-l)]log bo. 

Substitute Eq. (3) into Eq. (6) and combine to obtain the relation 

sl so = N. 

(6) 

(7) 

The value N is obtained in practice by the quotient s/S0 , where s of a 
given leaf is the average value of s measured over the 0.75 to l.35-µm 
waveband spectral range and so = 0.61823 is the average value of five 
infiltrated citrus leaves measured over the same spectral range. The VAi 
calculated by the value N-1 obtained from Eq. (7) is arbitrary. The 
procedure is justified only by consistency of the results obtained. 

Optical parameters can be subjected to statistical pattern recognition 
techniques to discriminate among kinds of leaves. Moreover, the electromag
netic signatures predicted from measured optical constants can be tested 
against quantitative reflectance measurements from ground or airborne 
sensors. Also, single-leaf spectral data can be used as an input in 
mathematical models to predict multiple-leaf reflectance with reasonable 
accuracy (Lillesaeter, 1982). Birch (Betula) leaf-to-leaf variations in 
reflectance were about 2 percent for green leaves in the visible spectrum and 
up to 5 percent in parts of the near-infrared spectrum, depending on the 
leaf water content. 



BIOLOGICAL FACTORS AFFECTING LEAF 
OPTICAL PROPER TIES 

LEAF PIGMENT CONCENTRATION 

The chlorophyll of green leaves usually absorbs 70 to 90 percent of the 
light in the blue (about 0.45 µm) or red (about 0.68 µm) part of the 
spectrum (Kleshnin and Shul 'gin, 1959). Absorptance is smallest in the 
green-light region around the 0.55-µm wavelength, where a reflectance peak 
of usually less than 20 percent occurs from upper (adaxial) leaf surfaces. 
Low pigment content often results in higher reflectance, particularly at the 
0.55-µm wavelength (Rabideau et al., 1946; Carter and Myers, 1963; Myers 
et al. , 1963; Benedict and Swidler, 1961). For example, Rabideau et al. 
(1946) found that light green leaves of cabbage (Brassica oleracea) and 
lettuce (Latuca sativa) had 8 to 28 percent higher reflectance than the 
average of leaves of six darker green species. 

Early work on leaf pigments was done by Colbentz (1913) and Shull 
(1929). Shull used a prism spectrophotometer to measure the visible spectra 
over the 0.42 to 0.70-µm waveband. He showed that there was a depression 
in the reflective curve at the 0.68-µm wavelength, which was caused by the 
absorption of red light by chlorophyll. 

Hoffer and Johannsen (1969) illustrated that there were marked differences 
in spectral responses caused by different leaf pigments in Coleus leaves. A 
green leaf with dominant chlorophyll pigmentation had a peak at the 0.55-
µm wavelength (green color), a low reflectance in the red (chlorophyll 
absorption), and then a sharp increase at about the 0. 70-µm wavelength up 
to the near-infrared plateau. The white Coleus leaf without any apparent 
pigmentation had a high level of reflectance throughout the 0.5 to 0.9-µm 
waveband. All of the leaves had similar responses over the 0.9 to 2.6-µm 
waveband. 

Spectra for two types of succulent tuliptree (Lirodendron tulip/era) leaves 
were measured (Hoffer and Johannsen, 1969). One leaf was a normal deep 
green color, and the other was a bright yellow color. The yellow coloration 
was caused by the normal autumn breakdown of the leaf chlorophylls, 
which were not reformed, thus allowing the manifestation of the carotene 
and xanthophyll pigments. The carotenoid pigments were present before the 
chlorophyll degradation, but they were masked by the chlorophylls. The 
spectra had the typical curve for a green leaf, but the yellow leaf had a very 
sharp increase in reflectance starting at the 0.55-µm wavelength and then 
continued with high reflectance throughout the red and green portion of the 
visible spectrum. In the near-infrared waveband, the yellow leaf had 2 to 3 
percent lower reflectance than did the green leaf. 

Kleshnin and Shul'gin (1959) studied 80 plant species and measured 
reflectance, transmittance, and absorption of radiant energy over the 0.5 to 
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0.8-µm waveband. The red and blue regions of the spectra had very similar 
values. The green 0.54 to 0.56-µm waveband had a maximum of 15 percent 
reflectance with a decrease at the 0.68-µm wavelength caused by chlorophyll 
absorptance and a sharp rise in reflectance in the near-infrared region. A 
later paper by Shul'gin et al. (1960) reported on measurements of many of 
these same plant species that were made with a light source at angles that 
ranged from l 0 to 80 degrees. 

Leaf pigments also include carotenoids (carotenes and xanthophylls) and 
anthocyanins, and they markedly affected the light absorptance and hence 
reflectance of plant leaves (Gausman, l982a). Spectrophotometrically 
measured light reflectance and transmittance, and calculated absorptance 
over the 0.45 to 0. 70-µm waveband of four differently pigmented cotton 
(Gossypium hirsutum) leaves were compared (Figure 4). Leaf color 
appearances were green (G), common red (CR), light red or bronze (B), and 
yellow-green (YG). The G and YG leaves (chlorophylls and carotenoid) had 
about the same reflectance and transmittance peaks at the 0.55-µm 
wavelength although YG leaves had much higher reflectance and 
transmittance than G leaves. Anthocyanin pigment manifestation in CR, B, 
and YG leaves occurred at about the 0.60-µm wavelength. The red light 
(0.65-µm wavelength) absorptances of leaves in decreasing magnitude were 
CR, G , YG, and B. There was little effect on blue light (0.45-µm 
wavelength) absorptance. Thus, spectral responses of cotton leaves were very 
sensitive to either their masked or predominant pigmentation over the 0.45 
to 0. 70-µm wavebands. 

Lin and Ehleringer (1982) found that papaya (Garica papaya) leaf 
absorptance and reflectance changed in the 0.4 to 0.7-µm waveband with 
leaf age. Leaf absorptance increased to reach a maximum in the 0.5 to 0.624-
µm waveband and then decreased with leaf age. Absorptance was correlated 
with the total chlorophyll content and chlorophyll alb ratio of different 
aged leaves. 

Practically, reflectance measurements can be used to: follow changes in 
leaf chlorophyll content (Benedict and Swidler, 1961), quickly estimate the 
nitrogen status of sweet pepper leaves (Capsicum annum) (Thomas and 
Oerther, 1972), evaluate turf color (Birth and McVey, 1968), measure 
amounts of green and dry biomass (Tucker et al., 1975), and possibly 
evaluate leaf chlorophyll concentrations among cotton strains (Gausman et 
al., 1984). Tucker reported that the carotenoids (carotenes and xanthophylls) 
were useful in measuring dry phytomass. He also found that the 0.45 and 
0.68-µm wavelengths were more sensitive than the 0.55-µm wavelength to 
evaluate the chlorophyll concentrations of a short grass prairie with in situ 
measurements. 

Laboratory-measured hemispherical reflectance of leaves of six crops was 
inversely related to each crop's leaf total chlorophyll and carotenoid 
concentrations (Thomas and Gausman, l977a). However, of the 0.45, 0.55, 
and 0.67-µm wavelengths tested, the 0.55-µm wavelength seemed superior 
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for individually relating the two pigments to leaf reflectance. Later in the 
growth period (advanced phenological stage), however, carotenoid may 
become more effective in determining reflectance. For example, Sanger 
( 1972) found during leaf senescence that the total chlorophyll concentration 
decreased more rapidly than did the carotenoid content. 
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LEAF STRUCTURE 

Fie. 5.-Drawing depicting the cross section (right) and paradermal view (left) of a cotton 
(Gossypium hirsutum) leaf that is representative of a dicotyledonous-type leaf. Note the 
prevalent air space among the cells in both examples. 

Optical properties of etiolated plant tissues have also been investigated 
(Mandoli and Briggs, 1982). They reported that internal reflectance occurred 
in tissues, such as coleoptilar tips, which was analogous to coherent 
multifiber optic bundles. However, each tissue had an angular dependence 
or acceptance angle that was characteristic for a given plant. 

INTERNAL LEAF STRUCTURE 

The cross-sectional leaf structure of a typical dicotyledonous plant such 
as cotton (Gossypium hirsutum) is shown in Figure 5. The upper and lower 
epidermises are separated by the mesophyll, which includes the palisade 
parenchyma cells (columnar type) and the spongy parenchyma cells, 
commonly referred to as the spongy mesophyll. A leaf of this type has many 
air spaces among the cells, either in a cross-sectional (transectional) view or 
in a paradermal (face parallel to the leaf surface) view. 

The structure of a leaf from a typical monocotyledonous plant such as 
corn (Zea mays) is different from the dicotyledonous leaf. As shown in 
Figure 6, the monocotyledonous leaf is more compact (few air spaces) than 
the dicotyledonous leaf shown in Figure 5. Also, this type of leaf does not 
have the columnar-type cells below the upper epidermis. The structural 
difference between dicot and monocot-type leaves is generally responsible for 
a large difference in their near-infrared light reflectance, as will be discussed 
below. 
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GRASS LEAF 

Fie. 6.-Drawing of the cross section (transection) of a typical monocotyledonous-type leaf 
such as corn (Zea mays). Note the absence of intercellular air voids. The larger cells on the 
leaf's upper surface are billiform cells that function in leaf rolling when plants are drought 
stressed. 

Leaf mesophyll air spaces usually develop schizogenously (separation of 
neighboring cell walls) (Fahn, 1967), although in banana (Musa) leaves, 
development may be lysigenous (disintegration of a number of cells in the 
place where the air spaces develop). Unless a stress is present, intercellular 
air spaces usually develop rapidly after a leaf is one-fourth to one-third of 
its final size. In tobacco (Nicotinia tabacum) leaves, for example, epidermal 
cells continue to enlarge after cells of the middle and lower mesophyll have 
stopped growing (Avery, 1933 ). Leaf enlargement causes a stress that pulls 
the mesophyll cells apart, giving rise to spongy parenchyma mesophyll 
tissue with intercellular spaces. Palisade parenchyma (upper leaf mesophyll) 
are also pulled apart by enlarging.epidermal cells. 

As indicated previously, palisade parenchyma cells appear to be compact 
in leaf transections (cross sections), but paradermal sections (parallel to the 
leaf) show that the palisade parenchyma cells' surface areas are exposed to 
air (Slayter, 1967). The leaf's internal surface area is usually greater than its 
external surface area, and the palisade parenchyma region of the leaf 
mesophyll usually has a larger internal exposed surface than the spongy 
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parenchyma region (Turrell, 1936; Esau, 1965). The air space volume is less 
in xerophytic than in mesophytic leaves. However, Fahn (1967) found that 
the ratio between the internal free surface of the leaf and its external surface 
was small in a mesophytic leaf and larger in a xerophytic leaf. The ratio 
of the leaf's intercellular space volume to its total volume is between 77:1000 
and 713:1000 (Sifton, 1945). 

Dorsiventral (Figure 5), compact (Figure 6), and isolateral-type leaves will 
be considered below. As indicated before, a compact leaf has a mesophyll 
comprised of relatively compact chlorenchyma cells (chloroplast-containing 
cells) with a few, large intercellular spaces (air voids); a dorsiventral leaf has 
palisade parenchyma cells (cells of an elongated form perpendicular to the 
leaf surface) on the upper (adaxial) side of the blade (lamina) and spongy 
parenchyma cells on the lower (abaxial) side; and an isolateral leaf, such 
as the river-red-gum eucalyptus (Eucalyptus camaldulensis), has palisade 
parenchyma cells on both sides of the blade. 

The leaf's spongy mesophyll arrangement is very important in remote 
sensing because it affects the scattering of near-infrared light. For a mature 
leaf, about 55 percent of the incoming near-infrared light is reflected 
(specular plus diffuse reflectance) from the leaf, 40 percent is transmitted 
through the leaf, and 5 percent is absorbed within the leaf. Sinclair ( 1968) 
showed that the pathway of light transmitted through leaves was affected 
by the cellular structure. Gates and Tantraporn (1952) studied the near
infrared radiation spectrum from the 1.5 to 2.5-µm waveband of many 
plants: wavelengths beyond the 2-µm wavelength reflected more radiation 
from the leaf's upper surface than from its lower surface, older leaves 
reflected more radiation than younger leaves, and shaded leaves reflected 
more radiation than sunlit leaves. Previous work by Billings and Morris 
( 1951), however, showed that the inverse was true for visible light, 
apparently because of the absence of palisade parenchyma cells on the leaf's 
lower side. 

Shull ( 1929) measured the reflectance of monochromatic radiation of 
different wavelengths from the upper and lower surfaces of leaves of a 
number of plant species. He reported that the lower surfaces reflected more 
radiation than the upper surfaces of the same leaves. This was verified by 
Moss and Loomis (1952) with poplar (Populus) leaves. Shull also showed 
that a leaf had decreased visible light reflectance with maturity, which was 
attributed to an increase in chlorophyll concentration as leaves matured. 

Spectral effects of structural differences between monocotyledonous and 
dicotyledonous leaves were studied by Hoffer and Johannsen (1969). The 
dorsiventral structure of the dicotyledonous leaves usually gave a higher 
reflectance than did the compact structure of the monocotyledonous leaves. 

Monteith (1959) reported that light reflection coefficients for the same 
crop varied, and that soil reflectance and effects of stages of crop maturity 
were the primary causes of these variations. Pearman (1966) measured the 
visible light reflectance of leaves of 32 Western Australian plant species, and 
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he concluded that crop maturity greatly affected the results. Leaves of plants 
that reached their late stages of maturity had less chlorophyll and higher 
visible light reflectance than younger plant leaves with more chlorophyll. 

A good review of physiological factors that affect light reflectance 
(Knipling, 1970) indicated that when physiological stresses affect the 
reflectance properties of leaves , the most pronounced initial changes often 
occur in the visible spectral region rather than in the near-infrared spectral 
region because of the absorptance of visible light by chlorophyll. 
Sometimes, however, recognition of a stress condition may be caused by a 
reduction in total leaf area rather than a change in leaf pigmentation or 
chlorophyll concentration. 

Shul'gin et al. (1960) related light reflectance over the 0.4 to 0.6-µm 
wavelength to leaf surface morphologies of many plant genera to measure 
the angular distribution of light scattered off of leaf surfaces. Shiny, 
xeromorphic leaves had maximum reflection at small angles (to 15°), 
pubescent leaves at lO to 15° and 60 to 70°, and wrinkled and dull leaves 
at 70 to 80°. Rao et al. ( 1979) reported that crops have a different leaf 
orientation when viewed at a low-oblique angle (<45°) than when viewed 
vertically. Howard (1966) studied spectral relations of isobilateral eucalyptus 
leaves, but other types of leaves were not included. 

Leaf mesophyll among 30 plant species have been compared with (1) 
spectrophotometrically measured percent reflectances and transmittances, 
and calculated absorptances [100 - percent reflectance + percent transmit
tance] of the leaves over the 0.5 to 2.5-µm waveband, (2) percent leaf water 
contents, (3) leaf thickness measurements, and (4) optical and geometrical 
leaf parameters. For each species, data are given as averages of lO leaves 
(Gausman et al., 1970b, l973b). These studies are summarized below. 

Lower leaf surfaces of dorsiventral leaves had higher reflectance values 
than did their upper leaf surfaces, indicating that the spongy parenchyma 
cell region (spongy mesophyll) contributed more to light scattering than did 
the palisade parenchyma cell region of the leaf mesophyll. This was 
substantiated by equal reflectance values that were recorded for upper and 
lower surfaces of compact leaves. 

Spectrophotometrically measured transmittance values were lowest when 
light was passed from the top through the leaves, as compared with values 
when light was passed from the bottom through the leaves. The difference 
in transmittance was caused by greater light diffusion by upper leaf 
surfaces, because the spectrophotometer used irradiated the specimen with 
direct light. 

At the 0.55-µm visible light wavelength, reflectance was greater from the 
lower than from the upper surface of dorsiventral leaves, indicating that the 
chloroplasts in the palisade parenchyma cells absorbed visible light. Lower 
and upper leaf surface reflectance values were the same for compact leaves. 
At the l.0-µm wavelength, reflectance values from upper and lower leaf 
surfaces were essentially alike. 
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Leaf mesophyll arrangements had the most influence on light reflectance, 
transmittance, and absorptance over the 0. 75 to 1.35-µm waveband, 
represented here by the 1.0-µm wavelength. An array of different types of 
leaf mesophylls of ten plant species is shown in Figure 7. These leaf 
transections show that many variations of mesophyll structure exist in 
nature. Most crop plants, however, usually have either the dorsiventral or 
compact type of leaf mesophyll structure. In general, plant leaves with 
compact mesophylls, as compared with leaves with thick dorsiventral 
mesophylls, had the lowest reflectance and highest transmittance. 

Experimental values of leaf reflectance and transmittance for the species 
were transformed into effective optical constants; optical constants are useful 
to predict reflectance phenomena associated with leaves either stacked in a 
spectrophotometer or arranged naturally within a plant canopy. The index 
of refraction n was plotted against wavelength to obtain dispersion curves. 
The values for the absorption coefficient k were tabulated for the various 
crops. 

The dispersion curves of most of the plant leaves were remarkably similar. 
They were characterized by similar shapes and relatively close confidence 
bands. 

Most of the plants were analyzed to get the equivalent water thickness 
(EWT). There was not a significant difference statistically between water 
values obtained experimentally and determined theoretically. 

The limiting value of reflectance from leaves piled sufficiently deep is 
characterized by infinite reflectance, Rex:. (Infinite reflectance is often 
referred to as asymptotic reflectance.) Infinite reflectance was tabulated at 
the 1.65-µm wavelength for each of the crop species. 

LEAF WATER CONTENT 

Young leaves contain less water than mature leaves because the immature 
cells of young leaves are primarily protoplasmic with little vacuolate water 
storage (Lundegardh, 1966). During cell growth, cell water-filled vacuoles 
develop that may later coalesce to form a central sap cavity, and the 
protoplasm covers only the inside of the cell wall in a thin layer. 

Moss and Loomis ( 1952) measured the effect of leaf water content on leaf 
spectra by infiltrating selected leaves with water. Water infiltration decreased 
absorption throughout most of the visible region, and apparently sharpened 
the band encompassing the 0.68-µm wavelength. Pearman (1966) reported a 
decrease in reflectance from intercellular water infiltration: decreased water 
content increased leaf reflectances for 32 Western Australian plant species. 
In general, normal drying of leaves increased reflectance for the visible 
wavelength, and this indicated that special care must be taken to minimize 
water loss after collection of leaves for spectral measurements. Also, 
Rabinowitch ( 1951) reported that light scattering within leaves was 
decreased by water injection into their air spaces. This result is very 



GAUSMAN-PLANT LEAF OPTICAL PROPERTIES 25 

c D E 

F G H 

FIG. 7.-Photomicrographs of leaf transections of ten plant species showing relative 
differences in leaf thickness, mesophyll arrangement, and other gross structural characteristics: 
A = Corn (Zea mays), B = begonia (Begonia cucullata), C =eucalyptus (Eucalyptus 
camaldulensis), D = crinum (Crinum fimbriatulum), E= banana (Musa acuminata), F = ficus 
(Ficus elastica), G = oleander (Nerium oleander), H= ligustrum (Ligustrum lucidum), I = 
hyacinth (Eichhornia cassipes) , and J =rose (Rosa, var. unknown). 
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important, because fully turgid leaves have a lower reflectance than 
nonturgid leaves. 

An understanding of the interaction of light with plant leaves of different 
moisture contents helps to predict their leaf water status from reflectance 
measurements. Leaf dehydration increases greatly the spectrophotometrically 
measured light reflectance over the 0.5 to 2.5-µm waveband (Figure 8). 
Thomas et al. ( 1966) found that reflectance increased as relative turgidity 
(Namken, 1965) decreased below values of 80 percent at selected 0.54, 0.85, 
1.65, and 1.45-µm wavelengths. Relative turgidity is used to measure plant 
water stress. It is the actual leaf water content expressed as a percentage of 
the turgid or saturation water content. Regression equations were calculated 
(Thomas et al., 1971) to express the incident light reflectance from the 
upper (adaxial) single leaf surfaces as a function of relative turgidity and 
water content. Reflectances at the 1.45 and 1.95-µm wavelengths were related 
to the leaf relative turgidity or water content. Because of variations in 
internal leaf structure associated apparently with water availability during 
leaf development, however, the ability to predict leaf water status from 
reflectance measurements was poor. With cotton, the greatest reflectance 
change occurred when the relative turgidity was below 70 percent, and the 
leaves were visibly wilted. Within the relative turgidity range from 70 to 80 
percent, reflectance changes were small, and they were not always definable 
for predictive purposes because of variation among leaves of field-grown 
cotton plants caused by age (maturation) differences and osmotic stresses. 
Carlson et al. (1971) found that corn (Zea mays), grain sorghum (Sorghum 
bicolor), and soybean (Glycine max) leaf reflectances were highly linearly 
correlated with relative water content at two strong water-absorbing 
wavelengths, 1.45 and 1.95 µm, and two wavelengths of lower absorptivity, 
1.1 and 2.2 µm. 

In general, the linear correlation of leaf water content with reflectance is 
strongest in the near-infrared region. In this respect, Sinclair (1968), 
believed that tissue of dehydrated leaves collapses in such a manner that the 
number of air voids increase in the leaf mesophyll, and therefore, near
infrared reflectance increases. Dadykin and Bedenko (1961), however, related 
oak (Quercus) leaf reflectance to different moisture regimes in the 0.4 to 0.8-
µm waveband. Knipling (1969) reported that any physiological disturbance 
to a leaf usually results in increased visible light reflectance. 

Effects of leaf pigment and moisture changes are closely related and 
sometimes cannot be separated. Johannsen (1969) measured the reflectance 
of corn and soybean leaves from plants grown at decreasing soil moisture 
contents. He showed that the water absorption bands centered at the 1.45 
and 1.95-µm wavelengths were inversely related to leaf moisture. The green 
color and chlorophyll absorption responses (0.53 and 0.64 µm, respectively) 
also showed a high negative linear correlation with leaf moisture. This 
indicated that changes in leaf moisture content quickly affected the leaf 
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FIG. 8.-The effect of leaf dehydration (water loss) on increasing light reflectance over the 
0 .. 5 to 2.5-µm waveband of the upper surface of cotton (Gossypium hirsutum) leaves. The leaf 
water content progressively decreased from the first measurement, 3-4-68 , to the last 
measurements , 3-11-68. 

spectral responses to pigment concentrations. Cotton leaf au volume also 
affected visible light reflectance (Gausman, et al., 1975b ). 

Hoffer and Johannsen (1969) also showed that there was a close relation 
between water absorption and reflectance for a healthy, turgid green leaf. 
In wavelengths where water absorption was high, leaf reflectance was low. 
This was most apparent in the primary water-absorption bands centered at 
the 1.45 and 1.95-µm wavelengths. There were also slight increases in water 
absorption at about the 0.96 and 1.2-µm wavelengths. 

Light reflectance peaks at the 1.65 and 2.2-µm wavelengths following the 
1.45 and 1.95-µm wavelength water absorption bands, respectively, had 
decreased leaf reflectance with an increased leaf water content (Gausman et 
al. , 1977 b ). These peaks are useful for estimation of leaf water content, 
plant species identification, and separation of soil from vegetation, as 
indicated below. 

Succulent plants have water-storage tissue in their mesophyll (Fahn, 
1967). Therefore, they have a higher water content and consequently absorb 
more radiation in the near·-infrared water-absorption region (l.35 to 2.5-µm 
waveband) than nonsucculent plants. Peperomia (Peperomia obtusifolia) is 
an example of a succulent plant that has water-storage tissue called the 
hypodermis (Figure 9). This water-storage layer absorbed energy and caused 
the absence of the typical near-infrared light reflectance peak at about the 
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F1G. 9.-Transection of Peperomia obtusijolia leaf showing the hypodermis layer. The main 
function of the hypodermal cells is to store water. 

2.2-µm wavelength from the upper (adaxial) leaf surface of Peperomia 
(Gausman et al., l977b). Practically, this phenomenon may be useful to 
distinguish succulent plants from crop and woody plants (Gausman et al., 
1978a) by using a sensor band to encompass either the 1.65 or 2.2-µm 
wavelengths (Figure IO). These wavelengths were predicted by Richardson 
et al. (1969) to be useful in the future for plant species discrimination by 
remote sensing. Also, Leamer et al. (1978) showed that they were useful to 
distinguish soil from vegetation because the soil was more reflective than 
the vegetation. Moreover, either the 1.65 or 2.2-µm wavelength is promising 
to evaluate freeze damage to cell membranes (Peynado et al., 1979) or to 
assess leaf water content (Walter et al., l 982). A novel approach was used 
by Tucker et al. (1973) who reported that leaf water content accurately 
estimated the amount of functioning or physiologically active vegetation 
that was present in a blue grama (Bouteloua gracilis) grass canopy. Because 
leaf water content was highly associated with the amount of functioning 
vegetation in the canopy, Tucker found that the regression of leaf water 
content on spectral reflectance of the canopy was also significant in the 0.45 
to 0.50, 0.63 to 0.69, and 0.74 to 0.80-µm wavebands. 

Results of spectrophotometric, leaf water, and leaf thickness measure
ments were quite similar for greenhouse and field-grown leaves. Growth 
chamber-grown plant leaves, however, had a larger water content and less 
reflectance than did the leaves from greenhouse and field-grown plants. 
This effect was caused by shade-type leaf development on the growth 
chamber-grown plants, apparently resulting from low light intensity. The 
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FIG. 10.-Measured over the 0.5 to 2.5-µm waveband, (A) laboratory spectrophotometric 
reflectances for leaves of six succulent and and four nonsucculent plant species , and (B) field 
spectroradiometric reflectances for succulent prickly pear and nonsucculent sugarcane and 
honey mesquite plant canopies. (Texas tuberose = Polianthes variegata, Peperomia = 
Peperomia obtusifolia, possum-grape = Cissus incisa, pricklypear = Opuntia lindheimeri, 
spiderwort =Tradescantia micrantha, wolberry = Lucium berlandieri, cotton = Gossypium 
hirsutum, sugarcane = Saccharum officinarum, cenizo = Leucuphyllum frutescens, honey 
mesquite = Prosopus glandulosa). 
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shade-type leaves were very thin and large in area, with poor palisade 
parenchyma development in their mesophyll. Therefore, care should be 
taken in extrapolating growth chamber results to greenhouse and field 
conditions, unless it is known that environmental conditions in the growth 
chamber closely simulate greenhouse and field environments. 

LEAF MATURATION (AGE) 

Theoretically, a leaf has one continuous air space (maze or labyrinth 
effect), but here the air space will be considered compartmentalized among 
leaf mesophyll cells to give intercellular air spaces (air voids). 

Maturity of leaves is related to their phyllotaxis-arrangement on the axis 
or shoot (Hammond, 1941). Young leaves at the plant apex have compact 
mesophylls, primarily with small protoplasmic cells, while full-grown 
leaves further down the stem are lacunose (loosely arranged mesophyll 
structure) with large vacuolated cells. Young leaves are compact with few 
air spaces in their mesophyll, while older leaves are "spongy" and have 
many air spaces (Figure 11 ). Typically, a spongy mesophyll of a mature leaf 
such as a mature citrus orange leaf (Citrus sinensis), as compared with that 
of a compact younger leaf, has about 5 percent less reflectance in the visible 
light region (0.5 to 1.35-µm waveband) and 15 percent more in the near
infrared light region (0. 75 to 1.35-µm waveband). The "spongy" effect in the 
mature leaf increased reflectance because there were more intercellular air 
spaces. Scattering of light within leaves occurs at cell wall (hydrated 
cellulose)-air cavity interfaces that have refractive indices of about 1.425 and 
1.0, respectively (Gausman et al., l974b). 

A leaf with intercellular air spaces can be regarded as a pile of N compact 
layers separated by air spaces (Allen et al., 1969; Gausman, et al., 1970a). 
The void area index (VAi) of a leaf with intercellular spaces (a noncompact 
leaf) is given by N - 1 where N is not necessarily an integer. An equivalent 
water thickness (EWT) is the thickness of a water layer of thickness D that 
would yield the same reflectance and transmittance of the leaf. A young 
nonexpanded cotton (Gossypium hirsutum) leaf, for example, has a DI N 
value of about 180 µm, which is essentially the leaf thickness. As 
intercellular air spaces develop during leaf expansion, DI N decreases to 
about 130 µm. Finally, the leaf cells increase in size with essentially no 
increase in intercellular air spaces; this phase is characterized by a DI N of 
about 140 µm. During the leaf expansion period, reflectance increased about 
5 percent for laboratory-grown plants and about 15 percent for field-grown 
plants over the 0. 75 to 1.35-µm waveband. Maximum reflectance corres
ponds to a minimum value of DI N. 

Leaf maturation or age is an important factor that influences photosyn
thetic capacity (Lin and Ehleringer, 1982). Leaf age affects stomata! 
conductance, transpiration, and chlorophyll concentration. Also, maturity 
differences might become useful to predict "biological maturity" of plant 
components such as head lettuce (Brach et al., 1982b). 
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Fie. I !.-Cotton (Gossypium hirsutum) leaf transections showing the compact leaf 
mesophyll structure of a young leaf (upper photo) as compared with the lacunose mesophyll 
arrangement of an older leaf (lower photo). 

LEAF NODAL POSITION 

Phyllotaxy is the arrangement of leaves on the stem (Fahn, 1967). Two 
or more leaves may be found at the same stem node. When there are more 
than two leaves at one node, the arrangement is whorled; two leaves at each 
node are opposite; and when there is a single leaf at each node and the 
leaves are arranged spirally on the stem, the phyllotaxy is alternate. 
Phyllotaxis is often expressed with the so-called genetiC spiral and the 
angular divergence of the leaves succeeding one another along this spiral 
(Esau, 1965 ). The plastochron index is also used to characterize leaf 
development of a plant. According to Esau's review (1965), a leaf IO mm 
long is used as a reference. Then if a plant has n leaves, it is n plastochrons 
old when leaf n is IO mm long. The important connotation for this review, 
however, is that leaf maturation usually decreases progressively proceeding 
from the bottom stem nodes to the top stem nodes (acropetally). 
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F1G. 12.-Effect of leaf nodal position on the cotton (Gossypium hirsutum) plant stem on 
spectrophotometrically measured reflectance over the 0.5 to 2.5-µm waveband. Leaf age 
progressively increased from the youngest leaf at node no. 2 to the oldest leaf at node no. 6. 

Youngest leaves of cotton plants (Gossypium hirsutum), for example, 
second node down from plant apices, had about 10 percent less leaf 
reflectance over the 0. 75 to 0.35-µm waveband than did the older leaves. 
However, reflectance of the older leaves increased 2 to 3 percent as the leaves 
aged from the upper node three down to node six (Figure 12). There was 
little change in reflectance among all leaves in the visible range (0.5 to 0. 75-
µm waveband) and among leaves of nodes three to six above the 0.85-µm 
wavelength. 

The effect of leaf position on reflectance is important because stacking 
leaves against a soil background within a plant canopy (Myers and Allen, 
1968) or over the port of the spectrophotometer's reflectance attachment 
(Allen and Richardson, 1968) increased reflectance as the number of leaf 
layers increased (because of multiple transmission and reflection from 
leaves) until a relatively constant value called infinite (asymptotic) 
reflectance, Rex, was reached. Infinite reflectance is analogous to infinite 
thickness. 

Infinite reflectance was determined by stacking four cotton leaves of 
different maturity from nodes 2 through 6 for the 0.5 to 2.5-µm waveband 
(Gausman et al., 197la) (Figure 13). Within the 0.5 to 0.75-µm waveband 
and within the 1.35 to 2.50-µm waveband, Rex was reached for a full-grown 
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FIG. 13.-Effect of leaf nodal position on the cotton (Gossypium hirsutum) plant stem on 
infinite reflectance Rex: over the 0.5 to 2.5-µm waveband of leaves that were stacked over the 
spectrophotometer's port. Leaf age progressively increased from the youngest leaf at node no. 
2 to the oldest leaf at node no. 6. 

leaf in the visible region (0.5 to 0. 75-µm waveband) when one or two leaves 
were stacked on a spectrophotometer's port for measurement or by the time 
plants growing in the field reached a leaf area index of 2. The leaf area 
index is the cumulative one-sided leaf area per unit ground area projected 
from the canopy top to a point at a given distance above ground level 
(Wiegand et al., 1969). In the near-infrared (0.75 to 1.35-µm waveband as 
shown in Figure 13)"; stacking of six to eight leaves on the spectrophotome
ter's port was necessary to attain Ro:. Youngest leaves (second node) had the 
lowest Ro:, particularly over the 0. 75 to 1.35-µm waveband; Ro: increased 
about 5 percent for older leaves of the third node, and then progressively 
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increased at a slower rate for leaves of the fourth, fifth, and sixth nodes. 
Apparently , upper plant leaves of a plant canopy have a lower Rec than 
successively lower leaves of the same dimensions. 

Infinite reflectance, Rec, is being used for crop discrimination procedures, 
yield prediction, and modeling in remote sensing (Wiegand et al. , 1979). 
Crop reflectance increases as numbers of leaf layers increase within a plant 
canopy until the stable reflectance value Rec is reached. In the 0.5 to 0.75, 
0.75 to l.35 , and l.35 to 2.5-µm wavebands, leaf area indices of 2, 8, 2, are 
required to reach Rec, respectively. A typical mature cotton leaf , for 
example, reflects about 48 percent of the incident light in the 0. 75 to l.35-
µm waveband, and transmits about the same amount of light to leaves 
below it in the plant , that in turn, reflect about half and transmit about 
half of the light. Multiple transmission and reflection from leaves in a plant 
canopy, therefore, results in an approximate 75 percent reflectance of 
incident light in the 0. 75 to l.35-µm waveband. 

Allen et al. (1970a; 1970b) found that the absorption spectra of leaves did 
not differ appreciably from the spectrum of pure water over the l.35 to 2.5-
µm waveband. Absorptance increased over the l.35 to 2.5-µm waveband, as 
the water content of a leaf increased. Hence, Rec may be considered a 
quantity that is influenced by the internal leaf structure in subdividing 
water. 

SUN vs SHADE LEAVES 

Sharma and Sen ( 1971) reviewed research on differences between sun and 
shade leaves. Shade leaves are thinner than sun leaves with a greater volume 
of air space, thinner palisade cells, and fewer stomata (Figure 14). Leaves 
differentiating in the shade have weaker development of palisade tissue 
(Esau, 1965) than leaves exposed to light during differentiation (sun leaves). 
Thus, differences in mesophyll structure occur in leaves at different levels 
of the same plant because of variable light conditions that occurred during 
leaf development. 

The influence of sun and shade leaves from an avocado (Persea 
americana) tree on near-infrared light (0. 75 to l.35-µm waveband) 
reflectance was studied (unpublished). At the l.0-µm wavelength , old sun 
leaves with well-differentiated mesophyll had the highest reflectance (50. 7 
percent), new shade leaves had intermediate reflectance (43.9 percent), and 
new sun leaves with a compact mesophyll had the lowest reflectance (30.0 
percent). Differences were also present in the 0.50 to 0. 75-µm visible light 
waveband. At the green reflectance peak (0.55-µm wavelength), new shade 
leaves with a low chlorophyll concentration had the highest reflectance as 
compared with that of the old and new sun leaves which had higher 
chlorophyll concentrations. Reflectance of the old and new sun leaves were 
about the same at the 0.55-µm wavelength. 

Further evidence of the importance of sun vs. shade leaves is given in a 
study on leaves of Valencia orange (Citrus sinensis) trees (Gausman , l984a). 
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Fie. 14.-The maple (Acer) leaf mesophyll arrangement for sun leaves (upper photo) as 
compared with that of shade leaves (lower photo). 

Sun and shade leaves were collected to evaluate comparative effects of their 
leaf chlorophyll concentration, water content, thickness, and mesophyll air 
volume on visible light reflectance, specifically the 0.45, 0.55, and 0.65-µm 
wavelengths. Reflectances at the 0.45, 0.55, and 0.65-µm wavelengths of sun 
leaves but not shade leaves were negatively correlated with total chlorophyll 
concentration. This difference in reflectances between sun and shade leaves 
over the 0.4 to 0. 7-µm waveband (visible light) is depicted in Figure 15. 
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FIG. 15.-Reflectance spectra over the 0.4 to 0.7-µm waveband of sun and shade leaves of 
Valencia orange (Citrus sinensis) trees. 

Reflectance at the 0.45-µm wavelength was affected by leaf water content for 
both sun and shade leaves. Sun leaf reflectance at the 0.45-µm wavelength, 
but not shade leaf .reflectance, was affected significantly by leaf mesophyll 
air volume. The effect of leaf thickness on reflectance was apparently of less 
importance than that of the leaf chlorophyll content, air volume, and water 
content. The influence of shade and sun leaves on visible light reflectance/ 
absorptance of at least Valencia orange tree canopies probably should be 
considered in modeling canopy reflectance and growth. 

LEAF PUBESCENCE 

There are inconsistencies in the literature concerning the effects of 
pubescence (hairiness) on light reflectance. Shull (1929) concurred with 
Coblentz (1913) that hairs on Verbascum thapsus (common mullein) did not 
increase light reflectance to any marked extent in comparison with that of 
leaves on nonhairy plants. Shull also found that this was true with 
Abutilon theophrasti (velvet leaf). Tomentose hairiness, however, on the 
under surface of Populus alba (silver-leaf poplar) and Magnolia acuminata 
(cucumber tree), increased reflectance. Moss (1951) found that the hairy 
lower surface of P. alba leaves, as compared with that of their upper surface, 
reflected about 15 percent more incident light in the 0.4 to 0. 7-µm 
waveband. 
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Billings and Morris (1951) studied the leaf reflectance of Eurotia lanata 
(white sage), whose leaves are densely covered with white, stellate hairs. 
They concluded that leaf hairs are of great importance in the reflectance of 
visible light, but they are not necessarily of as much value in reflecting 
near-infrared light, as compared with that of other epidermal characteristics. 

Gates and Tantra porn ( 1952) thought that, generally, if a glabrous leaf 
surface has a high reflectivity, the presence of leaf hairs would decrease 
reflectivity because of the scattering and entrapment of radiation within the 
leaf's hairy envelope. This mechanism was thought to be more effective in 
the near-infrared than in the visible light region. Three of the plants they 
used were Verbascum thapsus (mullein), Asclepias syriaca (milkweed), and 
Elaeagnus angustifolia (Russian olive). 

Pearman (1966) measured light reflectance from the upper surface of 
leaves of Arctotheca nivea (sand dune species) before and after leaf hair 
removal. Hair removal reduced the average leaf reflectance from 31. 7 to 15 
percent, when measured at 0.02-µm wide intervals over the 0.34 to 0.62-µm 
waveband. He concluded that hairs present many interfaces to incoming 
radiation which scatter light and decrease the amount of light entering the 
leaf, thereby decreasing absorption. 

Gausman and Cardenas (1969a) removed hairs from upper surfaces of 
leaves of Gynura aurantiaca (velvet plant) with an electric razor. The leaves 
of the velvet plant are covered with velvet-like, purple hairs containing 
anthocyanin. The hairs are multicellular and unbranched. Hairiness 
increased total and diffuse reflectance over the 0. 75 to 1.00-µm waveband, 
but decreased total and diffuse reflectance over the 1.0 to 2.5-µm waveband. 
Hair removal had little, if any, influence on total or diffuse reflectance in 
the visible light waveband ranging from 0.5 to 0. 7-µm. This did not agree 
with the results of Billings and Morris (1951) or Pearman (1966), whose 
studies indicated that leaf pubescence enhanced the reflectance of visible 
light. However, hairs of Gynura aurantiaca as compared, for example, with 
white, stellate hairs of Eurotia lanata (Billings and Morris, 1951), are purple 
in color because they contain anthocyanin. According to Gilliam et al., 
(1962), the absorption band of the anthocyanin, although somewhat pH 
dependent, usually occurs within the 0.50 to 0.55-µm waveband. Thus, light 
absorption by anthocyanin may modify the spectrophotometrically mea
sured reflectance of light, which normally reaches its maximum peak in the 
visible portion of the spectrum at the 0.55-µm wavelength. 

Hair removal by shaving with the eletrical razor increased absorptance of 
near-infrared light over the 0.75 to 1.00-µm waveband. The maximum 
increases were 4.4 and 4.2 percent at the 0. 75 and 0.80-µm wavelengths, 
respectively. Theoretically, unshaven leaves were highly transparent to near
infrared light in the 0. 75 to 1.00-µm waveband. After hair removal, leaves 
apparently became more opaque and light absorptance was increased. The 
increased opacity was caused probably by exudate discoloration on the cut 
stumps after hair removal. Apparently, the discoloration or browning of the 
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exudate was caused by phenol oxidase (Bonner and Galston, 1952). This 
effect also causes rounding of the near-infrared plateau, which will be 
considered in a later section, "Plant Maladies." 

Pubescence may become important in the use of remote sensing to detect 
plants with pubescent leaves such as the silverleaf sunflower plant 
(Helianthus argophyllus) (Gausman et al., l977c). In the United States, this 
plant is a weed in the sandy soils of south and southeast Texas. The 
appendages of a young silverleaf sunflower plant are densely white
tomentose that is caused by hairiness. This pubescence greatly increased 
reflectance over the 0.5 to 2.5-µm waveband as compared with that of the 
sparsely hairy leaves of common sunflower (Helianthus annuus). The 
increased reflectance caused silverleaf sunflower's image on Eastman Kodak 
Aerochrome infrared color type 2443 film to be very "pinkish" as compared 
with that of the darker magenta images for other plant species. Therefore, 
aerial photography and/ or satellite imagery may be useful to distinguish the 
silverleaf sunflower plant from other plant species so as to locate its 
endemic areas, monitor its spread, and delineate areas needing weed control. 

A study by Szwarcbaum (1982), provides additional evidence that leaf 
pubescence has an important influence on spectral properties of leaves. 
Three Mediterranean shrubs were used: Salvia tribola, Cistus salviifolius, 
and Cistus incanus. Since transpiration cannot overcome the plant's heat 
load sometimes, the three shrubs have apparently developed leaf character
istics to help to cool the plants. These include a decrease in leaf surface area 
by the production of smaller leaves and by folding of the leaf margins, a 
difference in leaf properties caused by different hair densities (a sparse cover 
on the upper (adaxial) leaf surface and a dense cover on the lower (abaxial) 
leaf surface) , and the ability to expose the lower leaf surface under 
conditions of water stress. 

Szwarcbaum found that the more pubescent leaves of C. incanus absorbed 
more energy in the 0.4 to 0.5-µm waveband than did the less pubescent 
leaves of C. salviifolius, even though their reflectance was similar. 

LEAF SENESCENCE 

Signals that indicate the beginning of senescence processes in leaves and 
other plant appendages and cellular constituents are many and varied 
(Thimann, 1980). Senescence is ~e deterioration in plant leaves, flowers , 
fruits , stems, and roots that ends their functional life (Salisbury and Ross, 
1969). In many perennial plants, the above-ground vegetation dies yearly, 
but the crown and roots remain viable. Most herbaceous annual plants have 
a progressive senescence of their leaves from the older to the younger, 
followed by death of both stems and roots. 

During leaf senescence, starch, chlorophyll, and protein and nucleic acid 
(RNA) components are degraded, and the catabolic products may be 
translocated to anabolically active areas of plants. The fall coloration of 
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leaves is caused partly by the unmasking of yellow and orange carotene and 
red anthocyanin pigments when the green chlorophyll pigments are lost. 
Leaf senescence is hastened by high temperature, drought, short photope
riod, nutrient deficiency, and other stresses. 

As leaves senesce, their light reflectance usually increases markedly in the 
green part of the visible light spectral region, peaking at the 0.55-µm 
wavelength because of chlorophyll degradation (Knipling, 1967). If an 
abundance of anthocyanin or carotene pigments are present after the loss of 
chlorophyll, there may be relatively high reflectances in the red and near
blue region of the visible spectrum. 

Leaf senescence also decreases near-infrared light reflectance (Knipling, 
1967) over the 0.75 to 1.35-µm waveband. The decrease in near-infrared light 
reflectance, however, is not nearly as great as the increase in visible light 
reflectance. With some plant species, particularly leaves of forest trees and 
cereal crops , the near-infrared plateau, at about the 0.75-µm wavelength, is 
reduced and rounded-off considerably. This is characteristic of leaves with 
damaged cells (Cardenas et al., 1969-1970). 

It is mandatory to use caution in judging (a priori) when leaf senescence 
occurs. Leaf color changes may be induced by stresses such as nutrient 
deficiency or toxicity. Although stresses hasten senescence, they can lead to 
incorrect conclusions. Moreover, leaf senescence begins before the human 
eye can perceive a leaf color change. 



BIOCHEMICAL FACTORS AFFECTING LEAF 
OPTICAL PROPER TIES 

Remote sensing is usually defined as a technique that is used to make 
measurements at some distance from an object such as a plant. If this 
definition is applicable, then measurements other than those used 
commonly to evaluate or to measure spectral and temperature responses may 
be useful. At least, they should receive consideration for exploration and 
should be tested experimentally. Two examples of research results that 
suppor t this contention are summarized below. 

ULTRAVIOLET LIGHT INTERACTIONS 

Ultraviolet light or radiation is also reflected, transmitted to a limited 
extent, and absorbed by plant leaves. Partial destruction of the stratosphere's 
ozone layer by human-induced pollutants like nitrogen oxides and 
chlorofluromethanes would increase the amount of solar ultraviolet 
radiation that reaches the earth's surface (Vu et al. , 1982). Increased solar 
ultraviolet-B radiation (0.28 to 0.32-µm waveband) could cause detrimental 
effects on different plant species, including a decrease in growth, 
photosynthesis, and forage or grain production (Biggs et al., 1982). 

Crop plant leaves usually absorb more than 90 percent of ultraviolet 
radiation reaching their surface, with essentially no transmittance and less 
than IO percent reflectance (Gates et al., 1965; Caldwell, 1968; Allen et al. , 
1975 ). 

Plants have apparently developed mechanisms to compensate for 
potentially harmful sunlight ultraviolet radiation (Caldwell, 1968). These 
include pigment formation, photoreactivation, movement of cell organelles 
to other positions, and shifting of ultraviolet-sensitive metabolic processes 
from day to night. However, ultraviolet radiation is apparently essential for 
flavonoid synthesis , and this includes a sequence of many anabolic activities 
(Wellman, 1976). As portrayed in Figure 16, thick epidermises attenuated 
more ultraviolet radiation than thinner epidermises (Gausman et al., 1975, 
l 982b ). Accordingly, it was surmised that thick epidermises have more 
compounds such as the flavonoids to enhance ultraviolet-radiation 
absorptance than thinner epidermises. 

Solar ultraviolet-radia tion distribution in terrestrial plant communities 
have been reviewed (Allen et al. , 1975), and model predictions have been 
developed that describe the range of ultraviolet-B radiation regimes expected 
in plant communities under present and under 25 percent stratospheric 
ozone content (Allen et al. , 1975 ). Moreover , it was reasoned that a 
technique was needed to remotely detect ultraviolet radiation-damaged 
plants (Gausman, 1982b). Consequently, cotton plants (Gossypium hirsu
tum) at the third true leaf stage were exposed to ultraviolet radiation for 
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FIG. 16.-Ultraviolet radiation measurements of six plant epidermises over the 0.26 to 0.36-
µ.m waveband. Reflectance is represented by left ordinates, transmittance is represented on right 
ordinates, and absorptance is represented by hatched areas. (Century plant = Agave americana , 
onion = Allium cepa, peperomia = Peperomia obtusifolia, yucca =Yucca treculeana, 
balanchoe = Kalanchoe laciniata , pricklypear = Optunia lindheimeri.) 

seven days and compared with controls that received only natural light. 
Light reflectance was spectrophotometrically measured in the laboratory 
over the 0.5 to 2.5-µm waveband on nonexcised leaves immediately after 
treatment and again seven days later. Spectral measurements were also 
conducted on plant leaves that received only natural light. Leaves of cotton 
plants exposed to ultraviolet radiation had less near-infrared reflectance at 
the 0.85-µm waveleng th than did the control leaves. This was apparently 
caused by altered leaf size and internal structure. The ultraviolet radiation
treated leaves were thinner, smaller in area, and had a different mesophyll 
structure than did the control leaves. 

It was concluded, therefore , that reflectance measurements made at the 
0.85-µm wavelength in the near-infrared band might be useful to detect 
ultraviolet radiation-damaged cotton plants. However , a deh ydra ted leaf's 
spectrum in the near-infrared reflective region could be confused with the 
spectrum of an ultraviolet radiation-damaged leaf. 
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Fie. 17.-Reflectance of citrus (Citrus sinen
sis) leaves with no, light, medium, and heavy 
sooty-mold deposits associated with (A) citrus 
blackfly, (B) brown soft scale, and (C) citrus 
mealybug. (Citrus blackfly = Aleurocanthus 
woglumi, brown soft scale = Coccus hesper
idum, citrus mealybug= Planococcus citri.) 

SOOTY MOLD DETECTION 

Hart and Meyers (1968) measured total diffuse reflectance of citrus (Citrus 
spp.) leaves that were lightly, moderately, or heavily coated or free of sooty
mold fungus, Capnodium citri, over the 0.5 to 2.5-µm waveband. Citrus 
leaves that were free of sooty mold reflected 58 and 53 percent of the light 
at the 0. 77 and 1.3-µm wavelengths, respectively, whereas leaves that were 
heavily coated with sooty mold reflected 9 and 23 percent at the respective 
wavelengths. A light coating of mold reduced reflectance values 14 percent 
at the 0.77-µm wavelength and 2 percent at the 1.3-µm wavelength; a 
medium coating reduced reflectance values 29 and 10 percent, respectively. 

The reduction in reflectance induced by sooty-mold deposits _QD citrus 
leaves provides for the detection of insect pests such as brown soft scale, 
Coccus hesperidum, with infrared aerial color photography. The brown soft 
scale and a number of other homopterous insects produce honeydew that 
serves as a host medium for the sooty-mold fungus that blackens citrus 
foliage. 

Attenuated total reflectance of citrus leaves heavily coated with or free of 
sooty-mold fungus was also measured over the 2.5 to 40-µm waveband with 
a spectrophotometer equipped with a multiple reflection unit (Gausman 
and Hart, 1974c). It was found that citrus leaves free of sooty-mold fungus 
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deposit reflected less radiation (Figure 17) than did leaves that were heavily 
coated with sooty-mold at the 3.0 and 3.5-µm wavelengths and at every 
wavelength within the 6.0 to 40-µm waveband. Apparently, sooty-mold 
deposits are lower in amides, amines, and methylated compounds than 
"clean" leaves, which may have caused the reflectance differences between 
them at the 3.0 and 3.5-µm wavelengths. Moreover, a very strong absorption 
band was found within the 6.0 to 40-µm waveband; this absorption was 
caused probably by the CH2-0 bond. Although absolute reflectance of 
infrared radiation from leaves is low (0.05 to 0.10 percent) from a range of 
3 to 25 µm (Gates and Tantraporn, 1952), discrimination may be possible 
between citrus leaves with and without sooty-mold fungus deposits by 
making infrared radiation measurements at the 3.0 and 3.5-µm wavelengths 
and at every wavelength interval from 6 to 40 µm. Thus, multispectral 
scanners that use the 3.5 and 10.0-µm wavelengths, where atmospheric 
windows are present, may be useful to detect citrus leaves infested with 
honeydew-producing insects. 



DETECTION OF STRESSES AFFECTING LEAF 
OPTICAL PROPER TIES 

Effects of stresses on plants threaten the world's crop production, 
particularly stresses from extremes of temperature and water availability. 
Therefore, water-use efficiency and temperature tolerance of plants must be 
improved. To this end, the detection of plant stress at its onset is a research 
goal so that stress-resistant plant genotypes can be selected and so that stress 
conditions can be remedied by desirable management practices. Drought or 
temperature stress probably begins at the climax of cell division (Turner and 
Kramer, 1980). 

It is extremely important to consider leaf maturity if spectrophotometric 
measurements are to be made comparing the reflectance of stressed with 
nonstressed leaves. For example, leaves were sampled fourth from the apex 
of salinity-stressed and nonstressed cotton plants. Spectrophotometric 
measurements showed that salinity-stressed leaves had higher reflectance 
than nonstressed leaves. However, nonstressed plants were growing more 
rapidly than stunted, salinity-stressed plants. Hence, leaves fourth from the 
apex of nonstressed plants were younger or more compact than more porous 
leaves fourth from the apex of stressed plants. If leaves were sampled at the 
same chronological age, stressed leaves had lower reflectance than 
nonstressed leaves because stressed leaves were stunted or more compact than 
the more porous, nonstressed leaves of the same chronological age. Thus, 
if leaf maturation was not considered, stressed leaves had higher reflectance 
than nonstressed leaves; if leaf maturation was considered, stressed leaves 
had lower reflectance than nonstressed leaves. Stressed leaves usually have 
lower reflectance than nonstressed leaves if stressed and nonstressed leaves 
are the same age. 

WATER AND TEMPERATURE 

Water and temperature stresses are insidious culprits and have been 
included in the same section because it is very difficult, if not impossible, 
to separate their effects on plant growth under field conditions with an 
extremely variable environment. For example, as plant leaf temperature 
increases, transpiration generally decreases. 

As summarized by Nixon et al. (1973), plant temperatures increased with 
decreasing availability of soil moisture. For example, plant canopy 
differences up to 6° C existed between the most and the least water-stres~sed 
cotton fields . This temperature difference was very easy to detect with 
various remote sensing instruments in the thermal infrared spectral region, 
especially at a waveband encompassing the 10.3-µm wavelength. Spectral 
reflectance at shorter wavelengths, 0.60 to 0. 70 and 0.80 to 1.10-µm 
wavebands, can be used to predict yields (Printer et al., 1981 ). 
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Fie. 18.-Reflectance of (A) frozen and 
nonfrozen; (B) water-infiltrated and noninfiJ. 
trated; and (C) nonfrozen, frozen watersoaked 
(WS), and frozen but watersoaking not visible 
on upper surfaces (WSD) of sour orange 
(Citrus aurantium) leaves over the 0.5 to 2.5-
µm waveband. 

An example of the mechanism for detecting freeze injury (Peynado et al., 
1979) is shown in Figure 18. Frozen sour orange (Citrus aurantium) leaves 
had lower reflectance over the 0.5 to 2.5-µm waveband than nonfrozen leaves 
because freezing apparently destroyed the semipermeability of their cell 
membranes, and intercellular sap migrated to intercellular spaces. Filling of 
air spaces with sap decreased the number of light-scattering, hydrated cell 
wall-air interfaces; consequently, reflectance was decreased. Reflectance 
measurements showed significant differences between noninjured and freeze
injured leaves, regardless of their watersoaked or nonwatersoaked appear
ance. It was concluded, therefore, that reflectance measurements should be 
useful to detect cell membrane leakage, supposedly injury, in citrus leaves. 

In general, thermal leaf temperature measurements are superior to 
spectrophotometric measurements to evaluate plant water status. Thermal 
measurements will be considered briefly in a later section, "Irrigation 
Scheduling." 



GAUSMAN-PLANT LEAF OPTICAL PROPERTIES 

60 

~ 50 
z 
l&.I 
(,) 
a: 
l&.I e. 40 

~ 

~ 30 
(,) 

~ 
IL 

~ 20 

10 

0 

.5 

i\ 
~ 

\ (', 
\\ .. 
\\". 
·~ 

1.0 1.5 

WAVELENGTH, µm 

47 

2.0 2.5 

Fie. 19.-Reflectance over the 0.5 to 2.5-µm waveband of progressively dried (laboratory 
temperature) cotton leaves (Gossypium hirsutum) from 3-4-68 at the time leaves were collected 
until 3-11-68, seven days after leaf collection. 

Effects of drought and/or temperature stress can be also evaluated within 
the 1.35 to 2.5-µm waveband water-absorption region. Wavebands around 
the 1.65 or 2.2-µm wavelengths can be used to evaluate leaf water content 
(Walter et al., 1982), detect general leaf freeze damage (Escobar et al., 1983), 
and detect cell membrane freeze damage (Peyando et al., 1979). 

Early research by Hoffer and Johannsen (1969) showed that drying 
(dehydration) of soybean and corn leaves caused marked increases in their 
reflectance throughout the 0.5 to 2.6-µm waveband, particularly in the 1.3 
to 2.6-µm waveband. Moreover, they compared reflectance spectra of corn 
leaves with sandy and clay soils of varying moisture contents and recognized 
quickly the differences in differentiating plant leaf spectra from soil spectra 
at certain moisture contents. 

Leaf dehydration increases greatly the spectrophotometrically measured 
light reflectance over the 0.5 to 2.5-µm waveband (Figure 19). Thomas et al. 
(1966) found that reflectance increased as relative turgidity (Namken, 1965) 
decreased below values of 80 percent at selected 0.54, 0.85, 1.45, and 1.64-
µm wavelengths. Relative turgidity is used to measure plant water stress. It 
is the actual leaf water content expressed as a percentage of the turgid or 
saturation water content. Regression equations were calculated (Thomas et 
al., 1971) to express the incident light reflectance from the upper (adaxial) 
single-leaf surfaces as a function of relative turgidity and water content. 
Reflectances at the 1.45 and 1.95-µm wavelengths were related to the leaf 
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relative turgidity or water content. Because of variations in internal leaf 
structure associated apparently with water availability during leaf develop
ment, however, the ability to predict leaf water status from reflectance 
measurements was poor. With cotton, the greatest reflectance change 
occurred when the relative turgidity was below 70 percent, and the leaves 
were visibly wilted. Within the relative turgidity range from 70 to 80 
percent, reflectance changes were small, and they were not always definable 
for predictive purposes because of variation among leaves of field-grown 
cotton plants, caused by age (maturation) differences and osmotic stresses. 
Carlson et al., (1971) found that corn (Zea mays), grain sorghum (Sorghum 
bicolor), and soybean (Glycine max) leaf reflectances were highly lineaily 
correlated with relative water content at two strong water-absorbing 
wavelengths, l.45 and l.95-µm, and two wavelengths of lower absorptivity, 
1.1 and 2.2 µm. 

As alluded to previously, it is usually very difficult, if not impossible, to 
distinguish between temperature and water stress effects on the reflectance 
of single leaves because temperature and water relations. are so closely 
related. 

SOIL SALINITY 

Morphological studies indicated that plants from saline environments had 
thicker leaves, more developed palisade parenchyma, smaller intercellular 
spaces, and fewer stomata per unit area (Lesage, 1890; Harter, 1908; 
Chermezon, 1910; Wuhrmann, 1935; Hayward and Long, 1941; Uphof, 
1941; Hayward and Bernstein, 1958) than plants from nonsaline areas. 
Salinization also depressed cell division in leaves of cotton ( Gossypium 
hirsutum) (Strogonov, 1964), and reduced the rate of cell enlargement and 
of protein and ribonucleic acid (RNA) synthesis in bean leaves (Phaseolus 
vulgaris) (Nieman, 1965). Spectrophotometric studies showed that leaves of 
cotton plants affected by soil salinity had reduced light reflectance and 
increased light transmittance (Figure 20) as compared with that of 
unaffected leaves of the same chronological age (unpublished). The salinity
stressed leaves were stunted with a more compact cell arrangement than 
nonstressed leaves. 

Cotton plants affected by soil salinity appeared darker red on Kodak 
Ektachrome Aero 2443, color-infrared transparencies and prints as compared 
with those of "normal" -appearing plants. This was caused by a higher 
chlorophyll concentration in high-salt than in low-salt leaves. Leaves with 
high chlorophyll content induced a darker red magenta tone than did leaves 
with low chlorophyll, because high chlorophyll increased red light 
absorptance, decreased its reflectance (less radiation impinging on the film), 
and caused a more saturated image in the magenta dye layer, which allowed 
less green light transmittance, and thus, produced a darker appearance. Less 
chlorophyll caused higher red light reflectance, less magenta dye, and a 
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Fie. 20.-Effects of low (essentially 0.0 atm osmotic pressure (0.P.), medium (3.0 atm 0 . P.) 
and high (6.0 a tm 0.P.) salt trea tments on the transmittance over the 0. 35 to 0.75-µm waveband 
of cotton (Gossypium hirsutum ) leaves. 

lighter appearance. To understand this, the basics of color-infrared film 
must be reviewed. The color-infrared film has three image layers 
individually sensitized to green, 0.5 to 0.6-µm waveband; red, 0.6 to 0. 7-µm 
waveband; and near-infrared radiation, 0. 7 to 0.9-µm waveband, instead of 
to blue, green, and red radiation for Ektachrome film (Fritz, 1967). A yellow 
filter is used on the camera to absorb the blue radiation, to which these 
layers are also sensitive. Upon processing, yellow, magenta, and cyan 
positive images are formed in the green, red, and near infrared-sensitive 
layers, respectively. The overall impression to an observer viewing the 
finished print or transparency will depend upon which one of the three 
positive images in the dye layers predominate with respect to visual 
appearance. 

Because the eye sensitivity peaks in the green , the magenta layer generally 
contributes most to the subjective impression of lightness or darkness in a 
color print or transparency. For example, healthy leaves, with high near
infrared as compared with those of low near-infrared reflectance for 
unhealthy 1eaves, record red because a light-toned cyan image (less dense or 
less saturated) results, which allows the transmittance of more red radiation 
in the viewing. 

Salinity-affected areas are usually easy to detect in cotton fields , although 
it is sometimes difficult to distinguish saline areas from cotton root rot 
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(Phymatotrichum omnivorum) areas (Nixon et al., 1975). Generally, on 
color-infrared color film , healthy cotton plants appear to be magenta, soil 
saline areas are whitish, and root rot-affected areas are darker blotches with 
a sharper demarcation around their perimeters. 

NUTRIENT DEFICIENCY OR TOXICITY 

Thomas (1970) and Thomas and Oerther (1972) studied the use of a 
spectrophotometer to measure diffuse reflectance from upper (adaxial) leaf 
surfaces of sweet pepper (Capsicum annuum), cabbage (Brassica oleracea), 
and spinach (Spinacia oleracea) leaves to quickly estimate their nitrogen 
status. Leaf light absorptance in the visible region is primarily dependent 
on chlorophylls a and b and carotenoid (carotene and xanthophyll) 
concentrations in components (grana) of the chloroplasts. Green leaves 
absorb 75 to 90 percent of blue light (about the 0.45-µm wavelength) and 
red light (about the 0.68-µm wavelength) of the visible spectrum. 
Absorptance is smallest in the waveband around the 0.55-µm wavelength, 
where a green light reflectance peak of usually less than 20 percent occurs. 
Since nitrogen nutrition of plants markedly affects pigment concentrations 
and subsequent leaf color, it was surmised that limiting the amount of 
nitrogen would reduce pigment concentrations and therefore increase 
reflectivity because of decreased radiation absorptance. This tenet was 
supported by research: reflectance was inversely correlated with the leaf 
nitrogen content of three plant species. Regression equations that were 
developed expressed reflectance as a function of leaf nitrogen content of 
greenhouse-grown plants. These functions can be used to estimate the 
nitrogen content of field crops. With field-grown sweet peppers, for 
example, the difference between Kjeldahl-determined and reflectance
estimated nitrogen content was less than 0. 7 percent. 

Thomas and Oerther (1977b) used aerial photography to evaluate nitrogen 
fertilizer effects on the growth and yield of sugarcane (Saccharum 
officinarum). Statistically significant linear relationships between the 
optical density of color-infrared film, plant density, percent vegetative cover, 
and sugarcane yields suggested that yields should decrease as does the ratio 
of transmission of light through film of stressed and nonstressed sugarcane 
areas. Estimated yields were calculated as the product of the maximum or 
potential yield and the transmission ratio. 

Remote sensing techniques may be used to determine some nutrient 
deficiencies. They may be based on or instigated by spectrophotometric 
single-leaf measurements conducted in the laboratory as shown in Figure 21. 
Such was the case with reflectance differences between chlorotic (iron 
deficient) and green ("normal") grain sorghum (Sorghum bicolor) plants. 
For example, multispectral data from the ERTS-1 satellite detected 
differences in chlorophyll concentration between chlorotic and green grain 
sorghum plants (Gausman et al., 1975a). Band 5 (0.6 to 0.7-µm waveband) 



GAUSMAN-PLANT LEAF OPTICAL PROPERTIES 

~ 
z 
w 
u 
a:: 
w 
ll. 

w 
u z 
< 
t
u 
w _, 
.... 
w 
a:: 

f:: z 
w 
0 
a:: 
w 
~ 
w 
u z 
<I'. 
I-
(..) 

w _, .... 
w 
a:: 

50 __ NORMAL 
_ ____ CHLO ROT IC 

40 ---~ .... ---, , __ , 
'\ 

\ /-.... 
\ / ,_\ 
\ I I 

\ I I 
I I I 
'v' \ /-, 

I / ', 
I I \ 
I I \ 

,r\ 
I \ I 

30 1J 

I I \ 
I I ' ,_1 ' 

oL 
.5 1.0 1.5 2.0 

A WAVELENGTH µm 

70 
I 

I 

-- NORMAL 
I 

60 I -
I 

- - - CHLOROTIC I 
I 

I 
50 I 

/--------, I 
I 

I/ ' - I 

' I 

40 I ' I 
I \ , 

I 
,, 

I 
I 

I 
30 I 

I ,, 

20 

10 

0 
.5 .55 .60 .65 .70 .74 

B WAVELENGTH, µm 

51 

2.5 

Fie. 21.-The upper chart depicts spectrophotometrically measured single leaf reflectance 
over the 0.5 to 2.5-µm waveband of "normal" and of iron-deficient (chlorotic) cotton 
(Gossypium hirsutum) leaves; the lower chart shows spectroradiometrically measured 
reflectance over the 0.5 to 0. 75-µm waveband of " normal" and of chlorotic cotton plant 
canopies. 

data were used, representing the chlorophyll absorption band at the 0.65-
µm wavelength. Chlorotic sorghum areas 2.8 acres (1.1 hectares) or larger 
were identified on a band 5 computer printout. However, it is very difficult 
and quite often impossible to distinguish among the single leaf spectra for 
several nutrient deficiencies (Gausman et al., 1973c), or among the single 
leaf spectra for nutrient deficiencies and a spectrum for a nutrient toxicity 
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(Escobar and Gausman, 1978). According to Milivojevic et al. (1982), a 
deficiency of plant nutrients affected chloroplast ultrastructure in sunflowers 
(Helianthus annuus), including a change in the ratio between chlorophyll 
a and b during potassium deficiency. Also, there was a lack of grana 
formation, which is associated with activity of photosystems I and II. In 
essence, therefore, spectral measurements might be useful to detect specific 
nutrient deficiencies and to evaluate the photosynthetic potential of plants, 
since leaf chlorophyll concentration changes are easily detected with 
spectrophotometric reflectance measurements. 

PLANT MALADIES 

There are numerous reports in the literature that indicate the usefulness 
of infrared film or spectrophotometric measurements to detect plant 
maladies: diseases, nematode damage, insect damage, etc. However, only a 
few of the most classical examples will be considered below. 

Colwell (1956) was one of the first investigators to suggest using infrared 
film to record any disease that interfered with the internal reflection of light 
within leaves. Keegan et al., ( 1956) studied effects of stem rust (Puccinia 
graminis tritici) and leaf rust (Puccinia triticina or Puccinia rubigover 
tritici) of wheat on light reflectance. The data showed that severe, as 
compared with that of low rust infestation, caused a rounding of the near
infrared reflectance plateau's shoulder over the 1.0 to 0. 75-µm waveband. A 
similar reflectance response was noted by Gausman and Cardenas (l969a) 
after hair removal on upper (adaxial) leaf surfaces of the velvet plant 
( Gynura aurantiaca). 

Cellular discoloration within leaves may be useful in detecting nonvisual 
symptoms of plant maladies. Often, this is referred to as "previsual 
detection", which is considered as a misnomer by many scientists. Manzer 
and Cooper (1967) found that potato (Solanum tuberosum) late blight 
(Phytophthora infestans) could be detected by aerial photography from three 
to five days before visual symptoms became apparent;· tobacco (Nicotiana 
tabacum) ringspot virus (Nicotiana spp. virus) could be detected about one 
day before visual symptoms were evident (Burns et al., 1969); and ozone
damaged leaf areas of cantaloupe ( Cucumis sativus) plants were detected 
photographically 16 hours before the damage was visible (Gausman et al., 
1978b). Conversely, Heller (1968) found that beetle damage could not be 
predicted, and Meyer (1967) reported that too much biological variability 
interfered with previsual detection of tree disease. 

To study the effects of internal damage on light energy spectra, cotton 
(Gossypium hirsutum) leaves were infiltrated with anhydrous ammonia 
(Cardenas et al., 1969-1970). Spectrophotometric laboratory measurements 
on anhydrous ammonia-treated leaves showed more absorptance and less 
reflectance and transmittance than untreated leaves over the 0. 75 to 1.35-µm 
waveband and the 0.50 to 0. 75-µm waveband. Apparently, the brownish 
discoloration caused by the anhydrous ammonia increased leaf opaqueness. 
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Fie. 22.-Influence of treatment of cotton (Gossypium hirsutum) leaves with ammonia (l1) 
and benzene gases (0), rust (puccina spp.) infection of Westar wheat (Triticum aestivum) leaves 
(•), hair removal from the velvet plant (Gynura aurantiaca) by shaving (•) , and natural 
freezing of sea grape (Cocco/obis uvifera) leaves (0) on light reflectance from their upper 
surfaces over the 0. 75 to 0.90-µm waveband. The values plotted in the figure are decreases in 
reflectances as compared with that of corresponding experimental controls. 

Various conditions that cause decreased reflectances (plateau rounding) 
were studied and are depicted in Figure 22. Reflectance was reduced by 
severe rust infection on Westar wheat (Triticum aestivum) leaves (Keegan et 
al., 1956), benzene vapor on cotton leaves, natural freezing of Sea grape 
(Coccoloba uvifera) leaves, ammonia treatment of cotton leaves, hair 
removal by shaving of velvet plant leaves (Gausman and Cardenas, 1969a), 
and leaf freeze injury (Gausman et al., 1982). 
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One of the most successful and unique examples in applying laboratory 
reflectance measurements to routine field application was reported by 
Sanwald (1981). The occurrence of rizomania disease was investigated in 
sugar beet (Beta vulgaris) fields in West Germany. Laboratory reflectance 
measurements were made on leaves of "healthy" (uninfected) and diseased 
plants over the 0.5 to 2.5-µm waveband. In some instances, an increase in 
reflectance of up to 100 percent was recorded for diseased plants, as 
compared with that for healthy plants, at the 0.55, 0.59, and 0.68-µm visible 
light wavelengths; differences in the near-infrared light reflectance were less 
than 5 percent, however. Sanwald found that the large increase in visible 
light reflectance was caused by the difference in canopy geometry between 
the diseased and healthy sugar beet plants. The leaves drooped on the 
diseased plants, causing their whitish-appearing petioles to be exposed more 
to the remote sensor than were the petioles of healthy plant leaves. In 
essence, therefore, the visible light reflectance of petioles of diseased plant 
leaves was compared with the visible light reflectance of healthy plant 
leaves. This difference in reflectance was very vivid between the respective 
images on infrared color photographs. As a result, periodic remote sensing 
flights to detect rizomania-diseased sugar beets are now being made over 
West Germany and several other European countries (Personal communica
tion). 

ATMOSPHERIC POLLUTION 

Most of the single-leaf spectral measurements have been conducted on 
simulated ozone-damaged plants in the laboratory. Thus, it should be kept 
in mind that there are many other atmospheric pollutants besides ozone and 
that ozone is found in a mixture of other pollutants in the "real world". 
An example of the results from laboratory spectrophotometric measurements 
made on single leaves is given below. 

Ozone-damaged leaves developed necrotic areas which rapidly dehydrate. 
Thus, it was surmised that the detection of ozone damage with remote 
sensing techniques would probably evaluate changes in leaf water content. 
This was substantiated by the following results. 

Effects of ozone damage on the reflectance and photographic responses of 
cantaloupe (Cucumis melo) plant leaves and canopi@& were studied to 
determine the best wavelengths to detect ozone damage and to determine if 
ozone damage could be "previsibly detected" (Gausman et al., l 978b ). Mean 
spectrophotometrically measured light reflectances at the 0.55 and 0.65-µm 
wavelengths in the visible region (0.50 to 0. 75-µm waveband) among the 
control and the lightly and severely ozone-damaged leaves was significantly 
greater (P = 0.01) than that for the other treatments (Figure 23). Mean 
reflectances among the treatments were not different statistically at the 0.85-
µm wavelength in the near-infrared region (0. 75 to 1.35-µm waveband). 
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Frc. 23.-Effect of none and three levels of simulated ozone damage on the reflectance over 
the 0.5 to 2.5-µm waveband of upper surfaces of cantaloupe (Cucumis melo) leaves. 

The reflectances for the leaves of all treatments were different statistically 
(P = 0.01) for the l.45, l.65, l.95, and 2.20-µm wavelengths in the near
infrared water-absorption region ( l.35 to 2.50-µm waveband). As ozone 
damage increased, reflectance increased because of leaf dehydration 
(Gausman, l974a). The spectral changes in Figure 18 that were caused by 
ozone-damage are characteristic of spectra for progressive leaf dehydration. 
Sensors are available for use in aircraft and spacecraft in this region. 

Field reflectance measurements over the 0.5 to 2.4-µm waveband for 
control and ozone-treated cantaloupe plant canopies supported the 
laboratory results. The reflectance of ozone-treated plants was the same as 
that for the control plants in the near-infrared plateau region (0. 75 to l.35-
µm waveband) and in the near-infrared water-absorption region ( l.35 to 
2.50-µm waveband). Therefore, the l.65 and 2.20-µm wavelengths with 
atmospheric windows could be useful to detect ozone-damaged plants. 

In addition , ozone leaf damage was detected photographically as light 
brownish-colored areas 16 hours before it could he.......seen (38 hours after 
treatment). Infrared photos as compared with the Polaroid photos (Polar
color film) did not show ozone damage. Apparently , the predominately blue 
light source was responsible for the success in detecting ozone damage with 
the Polaroid photography. However, possibly more work with different 
films, filters, and light sources will give earlier detection of ozone leaf 
damage than reported here. 
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Practically, it might be possible to detect ozone-damaged plants in the 
water-absorption region of the infrared spectrum (l.35 to 2.50-µm 
waveband) because leaf dehydration greatly increases reflectance in this 
reg10n. 



NEW PROMISING STRESS DETECTION 
TECHNIQUES 

FLUORESCENCE DETECTION 

Fluorescence measurement appears to be a promising tool to detect plant 
stress, particularly water stress (Mcfarlane et al., 1980). For example, 
decreased photosynthetic rates may be an indicator of stress conditions of 
plants. When photosynthetic rates are decreased with purportedly unchang
ing chlorophyll concentration, radiant energy absorbed by cholorphyll that 
is not used for carbon fixation is dissipated. Fluorescence is one mechanism 
that releases excess energy from chlorophyll. 

Burke and Quisenberry (1983) conducted an intensive investigation to 
determine if chlorophyll a fluorescence transients would provide a rapid, 
nondestructive technique to analyze the adaption of photosynthetic light 
quanta conversion during severe water stress. The cotton genotype 
"Lubbock Dwarf" was planted in an Amarillo loam soil which was 
irrigated to field capacity. A rainout shelter was used to keep water off the 
plots during the growing season, and selected rows were irrigated 
throughout the experiment with a drip-irrigation system. Measurements on 
chlorophyll a fluorescence, plant growth, plant water status, and 
photosynthesis were made on selected dates during the growing season. 

The irrigated Lubbock Dwarf plants consistently had a lower fluorescence 
PI O ratio (P, maximum fluorescence level; 0, initial fluoresence level) than 
that of the water-stressed plants. A typical P 10 ratio for irrigated plants was 
about 1.3, while stressed plants routinely had a ratio of 1.6. A high P 10 
ratio shows that there is a better photosynthetic light quanta conversion; 
plants that exhibit a P 10 of 1.0 are not photosynthetically active. The P
T IT ratio (P, maximum fluorescence level; T, steady state fluorescence level) 
was also utilized in analyses of the light quanta conversion, and the results 
supported the data provided by the PI O ratios. Common P-TIT ratios were 
0.9 and 2.0 for irrigated and water-stressed plants, respectively. 

The relationship between the fluorescence P 10 ratio and the photosyn
thetic water-use efficiency was also analyzed. A positive correlation between 
the P 10 ratio and the water-use efficiency of Lubbock Dwarf leaves was 
observed. 

After three months of growth under stressed conditions, plants in the 
shelter were irrigated with 2 inches of water , and the P 10 ratios were 
determined 48 hours after irrigation. Both irrigated and previously water
stressed plants had identical fluorescence and P 10 ratios similar to those 
obtained for irrigated plants throughout the study. 

They concluded that chlorophyll a fluorescence transients can provide a 
rapid indication of the stress-induced alteration of the photosynthetic light 
quanta conversion capabilities. The cotton genotype Lubbock Dwarf does 
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undergo a modification of its photosynthetic system, which increases the 
efficiency of light quanta utilization under water-stressed conditions. And 
finally, fluorescence P 10 ratios can be used in a Lubbock Dwarf planting 
to select plants that have increased water-use efficiency. 

CARBON DIOXIDE CONCENTRATION 

Aircraft-mounted sensors were used to measure carbon dioxide exchange 
above a corn field, forest, and lake during midday conditions (Brach et al., 
l982a). Mean carbon dioxide absorption values were consistent with 
groundbased observations. Therefore, it was speculated that such informa
tion could be used to quantitatively evaluate carbon dioxide source and sink 
distributions in the biosphere, to correlate satellite with near-surface 
measurement data, and to monitor crop performance such as phytomass 
production. It is also probable that the detection of a difference in oxygen 
concentration might be a very early indicator of the onset of a plant stress 
condition. This would have very important implications in management of 
agricultural resources and in selecting plants with inherent resistance to 
stress conditions. 

PHOTOACOUSTIC SPECTROSCOPY 

A relatively new technique, photoacoustic spectroscopy, has been adapted 
to the measurement of plant leaf absorption (Veeranjaneyulu and Das, 
1982). These investigators reported that the intensity of anthocyanin could 
be characterized in leaves of three Euphorbia species by using photoacoustic 
spectroscopy. With this instrumentation, a sample without prior prepara
tion is placed in a gas-filled, closed chamber containing a microphone. 
After the sample is illuminated by monochromatic light, a part of the 
radiation absorbed by the sample is converted into heat, which causes 
pressure waves within the chamber. Then the microphone detects the 
pressure waves and transmits the signals to a recorder. 

Interestingly, the investigators postulated that anthocyanin pigmentation 
in leaves may be an adaptation of a plant to water stress. The degree of 
intensification was correlated inversely with the soil and plant water content 
and with leaf water potentials. Accordingly, photoacoustic spectroscopy 
might have applicability to water-stress detection in plants. 

PLANT GROWTH REGULATORS 

Possibly, plant growth regulators (PG Rs) should not be treated in a 
separate section. However, their versatility to modify a plant's growth and 
stress tolerance is becoming widely recognized. In the Eastern Hemisphere, 
for example, about 5 million hectares of small grain were treated with 
Cycocel in 1981 (Personal communication). Cycocel increases small grain 
yields by decreasing lodging, particularly when high fertilizer rates are used 
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(Jung and Sturn, 1964; Mathews and Caldicott, 1980). Therefore, the PGR 
effects on plant growth and stress provides the potential for a remarkable 
research tool to further understand remote sensing. For example, PGRs can 
be used to modify plant leaf mesophyll structure and canopy architecture, 
which affect spectral measurements, and allow comparisons to be made with 
nontreated ("normal") leaves and plants. Two examples follow. 

Mepiquat chloride (l,1-dimethyl-piperidinum chloride) caused treated 
cotton (Gossypium hirsutum) leaves to become thicker than untreated 
leaves, which increased near-infrared light reflectance (Gausman et al., 
1979). Also, mepiquat chloride-treated leaves had a higher chlorophyll 
concentration than untreated leaves. Subsequently, visible light reflectance 
was decreased. Richardson and Gausman (1982) used mepiquat chloride as 
a "tool" to compare the reflectance of treated (reduced growth) with that of 
nontreated (" normal") cotton plant canopies. Radiometric canopy and 
laboratory spectrophotometric single-leaf reflectance measurements were 
used to compute the reflectance differences, at four sample dates through the 
1980 growing season, between untreated and mepiquat chloride-treated 
cotton. The single-leaf reflectance measurements for the mepiquat chloride
treated cotton plants were lower at 0.65-µm and higher at 0.85-µm than the 
untreated cotton plants for three of the four sample dates. Early in the 
growing season the canopy reflectance of mepiquat chloride-treated cotton 
was lower in the red and higher in the near-infrared reflectance than that 
of untreated cotton canopies. Later in the season, the canopy reflectance 
measurements indicated that the untreated cotton plants senesced faster than 
the mepiquat chloride-treated cotton plants (Gausman et al., 1981). These 
results should provide a basic understanding of temporal canopy reflectance 
obtained from untreated and mepiquat chloride-treated cotton for use by 
operational remote sensing. 

VIDEO SYSTEM 

A video system has been developed that displays results of interactions of 
near-infrared radiation in the 0. 78 to L 1 µm waveband with plant leaves 
(Gausman et al., 1983b). The system has a video camera, video monitor, 
cassette player, and cassette recorder. Three examples from the literature 
that have been shown to affect light reflectance were demonstrated 
successfully with the video system: leaf water infiltration, leaf maturation, 
and leaf stacking. The video system has potential use to facilitate teaching, 
research, and applied remote sensing. 



SOME USES OF SPECTRAL MEASUREMENTS 

This section does not directly relate to the book's objective in generally 
reporting on laboratory spectrophotometric measurements on single and 
stacked plant leaves. The author thinks however, that a brief summary of 
some practical uses of remote sensing techniques might connote the 
contribution that laboratory spectral measurements have made to these 
practical developments. Hence, a few examples given below have been 
selected in an attempt to relate the evolution of single-leaf or leaf-stacking 
measurements to field applications. No attempt has been made to review all 
of the literature on the various subjects. 

IRRIGATING SCHEDULING 

Some early research on this subject was conducted on field-grown cotton 
plants (Gossypium hirsutum) by Wiegand and Namken (1966). In 
conjunction with field studies, spectrophotometric reflectance curves were 
obtained in the laboratory on cotton leaf samples that were collected in the 
field. They reported that cotton leaf temperature can vary about 3.5° C with 
plant moisture stress. Leaf temperature measurements can be used to 
schedule crop irrigation (Blum, et al., 1982; Slack, et al., 1981; Jackson, et 
al., 1982). 

Probably the most intensive and basic research on this aspect is underway 
by Jackson et al., 1981. The principle of relating canopy-air temperature 
differential is used. When a plant leaf is freely transpiring, the cooling effect 
of evaporating water keeps the leaf temperature relatively cool. When there 
is not enough soil water available, leaves lose some of their turgidity, 
transpiration becomes limited, the leaf's heat load builds up (temperature 
increases), and leaf heat dissipates by convection and thermal emission. 
Consequently, leaf temperature will approach air temperature or often rise 
above it under drought stress conditions. 

Infrared thermometry is usually used to measure leaf temperature 
differences between water-stressed and nonstressed plant leaves. The main 
advantage of this technique is the simplicity and rapidity with which plant 
temperature measurements can be made. Also, entire fields can be surveyed 
in a short period of time , apparently on a cost effective basis. However, 
various techniques or moisture-stress indices are used. According to Keener 
and Kircher (1983), for example, Slack et al., 1981 used canopy temperatures 
for irrigation scheduling of corn (Zea mays). A regression equation was used 
to relate canopy-air temperature differential to net radiation, relative 
humidity, and percent available water. The equation then was used to 
schedule irrigation, but the equation had to be rederived at other sites. 

To limit the necessity for rederiving equations, extensive research is being 
conducted. For example, Pinter and Reginato (1982) have studied the 
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possibility of usmg infrared thermometry as a surrogate for "certain 
physiological-based water-stress measurements." This would supplant 
making tedious plant measurements and allow the day-to-day monitoring of 
cotton plant water status. 

Undoubtedly, much more research needs to be conducted on using remote 
sensing techniques to schedule the irrigation of crops, but, nevertheless, this 
is an exceedingly promising field of application. 

PLANT CANOPY-LIGHT INTERACTIONS 

There is a voluminous amount of literature on the interaction of 
electromagnetic radiation with the plant canopy. Moreover, the literature on 
the subject is expanding at a geometrical rate. The scope of this book does 
not entail full coverage of this subject; only the role of single-leaf 
measurements in developing some models will be very briefly summarized. 

Laboratory spectrophotometric, single-leaf measurements have been used 
for mathematical models to understand the interaction of many variables 
among plant canopy spectral measurements, soil background, and attenua
tion of atmospheric radiation. Moreover, models have been mathematically 
constructed with help from single-leaf spectral data to predict spectral 
reflectance from plant canopies. 

According to LeMaster and Chance (1980), the most notable models that 
used single leaf measurements to predict canopy reflectance were the 
stochastic model developed by Oliver and Smith (1973) and the deterministic 
model of Suits (1972). Furthermore, the Suits Model was a refinement of the 
Allen, Gayle , and Richardson Model that was developed in 1970. 

Probably the most intensive research using single-leaf reflectance 
measurements in modeling concerned the Suits Model: Suits (1972), Chance 
and LeMaster (1977), and Bunnik (1978). The Suits Model is a three
compartment model that uses three variables: upwelling diffuse, downwel
ling diffuse, and solar spectral flux within the plant canopy. 

The Suits model has been verified using field data. An example has been 
excerpted from the publication of LeMaster and Chance (1980). 

Variables that characterize wheat canopies for the Suits Model and spectral bidirectional 
reflectance measurements in the 450 to 1350 nm (.45 to 1.35 µm] interval were determined 
approximately weekly throughout ·the growing season for two cultivars of wheat that 
achieved maximum leaf area index of 5.3 and 10.8. The Suits Model plant variables were 
tabulated and experimental reflectance measurements were compared with the model 
predictions in the wavelength interval from 500 to 1150 nm (.5 to .115 µm] at 50 nm (.05 
µm] increments for 17 measurement dates. The seasonal average coefficient of 
determination, r2, was 0.88 between the Suits spectral bidirectional reflectance model and 
field-measured reflectance data. Poorest agreement was found very early and very late in 
the growing season, possibly due to low green plant biomass and incomplete ground 
cover. 
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ESTIMATING PHYTOMASS (BIOMASS) 

Measurements on the spectral radiance of plant canopies to estimate plant 
biomass, hereafter referred to as phytomass, have been used for a variety of 
purposes such as evaluating factors that cause plant stress and for early 
warning of plant stress conditions. Although plant canopy radiance 
measurements are somewhat out of context here, their origin was based on 
single-leaf spectral measurements that were made with an integrating sphere 
arrangement or with a more sophisticated laboratory spectrophotometer. 

Often, laboratory spectral results have been integrated with experiments 
in the "real world". In essence, field experiments were complements of 
laboratory measurements. Also, other laboratory measurements such as 
moisture content are used. An exemplary case, for example, is that 
significant differences in canopy spectral radiance of Spartina al tern if Zora 
were positively and linearly correlated with plant leaf and canopy moisture 
content (Hardisky et al., 1983b). 

The basis for using light reflectance measurements to estimate phytomass 
was derived from leaf-stacking experiments on a laboratory spectrophotome
ter's port. From this research, the commonly used term "infinite reflectance" 
(asymptotic reflectance) evolved. It was found that in the visible light 
waveband, infinite reflectance Rec was attained when two plant leaves were 
stacked over the laboratory spectrophotometer's port, whereas in the 1.5 to 
2.5-µm waveband, Rec was reached when 6 to 8 leaves were stacked over the 
spectrophotometer's port. This result was found to be akin to plant canopy 
responses in the field: canopy reflectance against a soil background increases 
as the number of leaf layers in the plant canopy increases until the stable 
value of infinite reflectance Rec is attained. This is reached in the visible 
waveband when plants reach a leaf area index of 2, and in the 0.75 to 2.5-
µm waveband when plants attain a leaf area index of about 8, which is 
required because plant leaves are relatively transparent to infrared light. 
(Leaf area index may be defined as the cumulative one-sided leaf area per 
unit ground area measured from the canopy top to a plane at a given 
distance above ground.) Because of leaf transparency to infrared light, the 
leaf reflects about half and transmits the other half of the incident solar 
radiation within the 0. 75 to 1.35-µm waveband to leaves lower in the plant 
canopy, resulting in multiple transmission and reflection from leaves in a 
plant canopy. Thus, the amount of reflectance from a plant canopy in this 
spectral region is being used to estimate the amount of phytomass. 

Concurrently, many vegetation indices or ratios of wavebands have been 
created or used, respectively, and a summary of them is beyond the intent 
or the scope of this book. They generally have one of the three objectives: 
(1) to "normalize" data, (2) to remove soil background effects which confuse 
the signals reaching the sensor, and (3) to consider the atmospheric path 
radiance. Obviously, there are many problems and differences in the utility 
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among the several vegetation indices. Jackson et al. (1982) made an excellent 
study of this situation. Their conclusions are repeated below. 

An ideal vegetation index would be highly sensitive to vegetation, insensitive to soil 
background changes, and only slightly influenced by atmospheric path radiance. None of 
the indices. examined fully met these criteria. For example, the ratio MSS7/ MSS5 was 
insensitive to vegetation when the green cover was less than 50% but was perhaps the most 
sensitive index for high values of green cover. [Wavebands of the LANDSAT multispectral 
scanner (MSS): 4- 0.5- to 0.6-µm; 5- 0.6- to 0.7-µm ; 6- 0.7- to 0.8-µm; 7- 0.8- to 1.1-
µm.) Increased atmospheric path radiance severely reduced values of the ratio, making its 
usefulness with uncorrected satellite data questionable. Other indices were less influenced 
by the atmosphere but were also less sensitive to vegetation. It appears that no one index 
can optimally assess vegetation over an entire growing season, and that two or more 
indices may be required. Consider the time period from about day 65 to day 80 (25% - 80% 
plant cover, the period during which the soil background had the greatest influence on 
the indices). During this period the difference increased with increasing soil wetness, 
whereas the sample difference, the perpendicular vegetation index, and the greenness 
factor, decreased with increasing wetness. Using several indices may help to decide whether 
an index value changed because of vegetation changes, soil background changes , or 
atmospheric changes, from one acquisition date to the next. 

A comparison of the various indices during the period from day 85 to 95 shows that 
they did not detect the onset of stress. The ratio MSS7/ MSS5 was probably the most 
sensitive, but it suffered from atmospheric problems. It is evident that measurements of 
reflected solar radiation will not detect stress before plant growth has been retarded. 
However, the degree of reduction can be assessed after the fact. Remote-sensing techniques 
that use emitted thermal radiation to evaluate plant temperatures can detect the onset of 
stress . . _ . 

Although atmospheric path radiance affected all of the indices, the degree of influence 
varied considerably. The difference was nearly the same for both clear and turbid 
conditions, whereas the ratio MSS7/ MSS5 was reduced by more than 50% when going from 
a clear to a turbid atmosphere. Other indices were intermediate. The form of the indices 
(ratio, differences, etc.) that determines the magnitude of the atmospheric path radiance 
decreases with increasing wavelength (MSS4>MSS5>MSS6>MSS7). In addition to the 
greater scattering in the visible compared to the IR [infrared) bands, the reflectance of 
vegetation is low because of absorption by chlorophyll, causing the radiance at orbital 
altitudes to be dominated by path radiance. In contrast, the reflectance of vegetation in 
the near-IR is high , and the magnitude of path radiance at these wavelengths is low. 
Thus, the contribution of path radiance to the radiance emerging from the top of the 
atmosphere in the near-IR is essentially negligible. 

Absorption by water vapor can affect MSS7 . . . Although absorption was not 
accounted for in these calculations, the effect can be qualitatively evaluated by considering 
that increased water vapor in the atmosphere would decrease MSS7. The radiance in MSS7 
at the top of a saturated atmosphere would be about 77% of that for a dry atmosphere. 

The magnitude of the soil background effect noted on most of the indices will be 
different for other conditions, especially for other soil. For many soils, the reflectance 
when wet will be approximately !-2 of that when dry. Highly reflecting, light-colored soils 
would influence the indices much more than low-reflecting dark soils. Also, if 
measurements are made at low sun elevation angles, the soil would probably be more 
shaded for the visible, and the near-IR would encounter more plant material before 
striking the soil. Under these conditions, the soil background would have less of an effect 
on the indices than if the sun were at a higher elevation. Other factors that may modify 
these results are plant geometry (e.g. different plant heights can cause different amounts 
of soil background to be viewed), and row orientation (causes the sunlit soil background 
to be sun azimuth as well as sun elevation dependent) . 
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Although the magnitude of the results may be different for other surface conditions, the 
results presented here should prove useful for determining the amount of information that 
can be expected from a particular index at a particular growth stage , and for a given 
atmospheric condition. 

65 

Other investigators (Daughtry et al., 1982) concluded that extreme care 
must be used to analyze and interpret data acquired at sensor altitudes 
where the diameter of the sensor's field of view at the top of the canopy 
is smaller than several multiples of the row spacing. At low altitudes, 
variations in reflectances as the sensor moved across the canopy was caused 
by row effects. These decreased as the sensor altitude increased above the 
canopy, allowing the sensor to integrate across several rows. 

Nevertheless, the estimation of phytomass with remote sensing measure
ments is being widely used in yield prediction modeling and in the 
detection of plant stress conditions. 

ESTIMATING CONSTITUENTS OF AGRICULTURAL PRODUCTS 

Most agricultural applications using spectroscopy probably can be 
directly or indirectly traced back to single-leaf spectral measurements that 
were made in the laboratory, such as the research of Seybold, 193 l and 1932; 
Gates et al., 1965; and Keegan et al., 1956. A few applications of 
spectroscopy are indicated below. 

The use of near-infrared reflectance is a promising tool to measure 
various constituents in plant materials and agricultural products. A few 
selected examples are: estimating nutrient content of dehydrated vegetables 
(Park et al., 1982); analysis of nitrogen and oil content of plant materials 
(Starr et al., 1981); analysis of forage crop quality (Norris et al., 1976); and 
the use of near-infrared spectroscopy to measure constituents in cereal grains 
and in oil seeds (Williams, 1975). 

Near-infrared analysis is based on the utilization of energy absorbed in the 
near-infrared region of the electromagnetic spectrum by chemical groups 
that are characteristic of major constituents of the plant material or 
agricultural product. After proper calibration of the instrument using 
samples with known concentration of the desired component to be 
measured, interference by other constituents is kept minimal by using 
multiple wavelength readings, which are incorporated or integrated into 
multiple regression equations for prediction purposes. 

Further research is still underway in this field. In particular, studies are 
being conducted on field-grown crops to see if plant leaf spectral properties 
can be used to predict plant production of, for example, protein. This 
potential application would be extremely useful to make plant selections in 
small grain plant breeding programs. 

PLANT BREEDING PROGRAMS 

Several methods have been proposed as potentially valuable tools to assist 
plant breeders in developing stress-resistant crops by screening for characters 
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and/or considering factors such as: nitrogen, protein, and oil content in 
segregating populations of crop plants (Norris et al., 1976; Starr, et al., 
1981; Williams et al., 1978); tolerance to water stress conditions (Blum et al., 
1978, 1982); stress indices to predict yields with infrared thermometry (Idso, 
et al., 1981); biomass production (Tucker et al., 1973, 1975); and improved 
evaluation of plant-stress tolerance by measuring leaf expansion (Karamanos 
et al., 1982). 

Research has shown that leaf spectral measurements should be useful to 
screen cotton strains for leaf chlorophyll concentration, water content, and 
structure. For example, as leaf chlorophyll concentration increases, 
reflectance decreases at the 0.55-µm wavelength (Rabideau, et al., 1946; 
Thomas and Gausman, 1977a); leaves with a high water content have less 
reflectance at the 1.65-µm wavelength than leaves with a lower amount of 
water (Gausman et al., 1977b); and leaves with a lacunose mesophyll (many 
air spaces) have more near-infrared reflectance (0. 75 to 1.35-µm waveband) 
than do more compact leaves (Gausman et al. , 1970a). For screening to be 
feasible, however , care must be taken so that the spectral measurements are 
made on leaves of the same chronological age. 

The potential usefulness of leaf spectral measurements to screen cotton 
(Gossypium hirsutum) strains for characters affected by stress was 
investigated. Laboratory spectral measurements [reflectance, transmittance, 
and absorptance] were made on upper (adaxial) leaf surfaces of irrigated and 
nonphotoperiodic cotton strains-'T25', drought tolerant, and 'Tl69', 
drought susceptible-that were grown in a rainout shelter in Lubbock, 
Texas in 1982. 

Leaves of irrigated T25 plants had lower reflectance at the 0.55-µm 
wavelength than did Tl69 leaves of irrigated plants, which appeared to be 
related to their total chlorophyll concentrations. The T25 leaves from 
irrigated plants had more reflectance at the 0.85-µm wavelength than did 
Tl69 leaves of nonirrigated plants. Apparently, T25 leaves were more 
lacunose and succulent than Tl69 leaves. In the water absorptance region, 
1.35 to 2.5-µm waveband, the thinner leaves of the Tl69 strain had higher 
transmittance values, for example, than did the thicker leaves of the T25 
strain. These results indicated that screening of cotton genotypes with 
spectral measurements for characters such as leaf chlorophyll concentration, 
thickness, and water content should be feasible by using spectral 
measurements. 

DETECTION OF HERBICIDAL EFFECTS 

The detection of herbicidal effects on plants is a relatively new and 
promising use of single-leaf reflectance measurements. Some of the 
pioneering research was conducted by Walter and Koch (1980, 1981). They 
reported the effects of atrazine (1.44 liter/ ha rate) and 2,4-D amine (.72 liter/ 
ha rate) on beans (Phaseolus vulgaris) and maize (Zea mays). 
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Beans but not maize were very sensitive to both herbicides. Two days after 
treatment, the effects of both herbicides on leaf light reflectance were 
detectable spectrophotometrically, even though there were no noticeable 
visual differences between treated and untreated leaves. Apparently, this is 
another example of promising "previsual detection". 

Eight days after herbicidal application, there were large spectrophotomet
rically measured differences among the treated and untreated leaves. At this 
time, marked differences were evident visually too. At the 0.55-µm 
wavelength (green light reflectance peak), reflectance of treated leaves was 
50 and 46 percent higher than that of the control leaves for the 2.4-D (2,4-
dichlorophenoxyacetic acid) and atrazine treatments, respectively. The near
infrared reflectance at the 0.80-µm wavelength, which is strongly affected by 
mesophyll structure, was 12 percent lower for the 2,4-D-treated leaves and 
7 percent lower for the atrazine-treated leaves, as compared with the 
reflectance of the control leaves. At the 2.2-µm wavelength in the infrared 
light, water-absorption region, atrazine-treated leaves had 35 percent higher 
reflectance than did the untreated leaves. This result was apparently caused 
by differences in leaf water content: atrazine-treated and untreated leaves had 
67 and 85 percent water content on an oven-dried weight basis, respectively. 
High infrared light reflectance in the water absorption region is associated 
with low leaf water content, whereas lower reflectance is associated with 
higher leaf water content. 

More research must be conducted, however, to field-test the laboratory 
measurements on the detection of herbicidal effects on plants. 



CONCLUSION 

Single-leaf spectral measurements made in the laboratory have contributed 
greatly to an understanding of the mechanism of the interaction of 
electromagnetic radiation with plant leaves and other plant components 
such as leaf petioles, leaf sheaths, heads of grasses, inflorescences, etc. This 
has included spectrophotometric measurements of leaf reflectance, transmit
tance, and absorptance, generally over the 0.5 to 2.5-µm (sometimes 0.4 to 
2.6-µm) waveband. 

The laboratory spectrophotometric measurements have been used to 
characterize visible light spectra (0.45 to 0.75-µm waveband), near-infrared 
light spectra (0.75 to 1.35-µm waveband), and infrared, water-absorption 
light spectra (1.35 to 2.5-µm waveband) for biological factors such as leaf 
pigment concentration, pubescence, and senescence. Probably the best 
indicator of changes in leaf optical properties was a difference in reflectance 
at the 0.55-µm wavelength caused by variations in leaf pigment concentra
tion: high reflectance was associated with low total chlorophyll concentra
tion; and conversely, low reflectance was correlated with high chlorophyll 
concentration. 

Near-infrared light is scattered or reflected from leaves by refractive index 
discontinuities. The most important discontinuity is the cell wall/air-space 
interface. If near-infrared light travels at a critical angle from a hydrated cell 
wall with a refractive index of about 1.425 to an open air space with a 
refractive index of 1.0, the near-infrared light is scattered or reflected. This 
can be easily demonstrated by replacing air in leaves with a liquid by 
vacuum infiltration. Reflectance becomes minimal if the refractive index of 
the liquid presumably matches the refractive index of the cell wall. 

It is extremely important to consider leaf maturity if spectrophotometric 
measurements are to be made to compare the spectral properties of stressed 
and nonstressed leaves. Young leaves have a more compact structure than 
nonstressed leaves; stressed leaves are not fully expanded and have a more 
compact structure than fully expanded, nonstressed leaves. Thus, for 
example, it is not always possible to identify the cause of a spectrum that 
seems to represent a compact mesophyll structure. 

Generally, stressed plant leaves have a lower near-infrared light 
reflectance than do nonstressed leaves. However, spectrophotometric 
measurements often show that diseased leaves have higher near-infrared 
light reflectance than "normal" leaves. Chances are that this was caused by 
leaf dehydration, and the damaged tissue collapsed in such a manner that 
the number of air voids in the leaf mesophyll was increased and light 
scattering correspondingly increased. 

Internal discoloration of leaves and/ or a black coating on their surface 
will cause a decrease in near-infrared light reflectance. The discoloration 
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can be caused by saponification of chlorophyll and the oxidation and 
polymerization of polyphenol oxidase to a brown pigmentation. This 
change in reflectance is not caused by a change in internal air spaces, but 
the absorptance of near-infrared light is increased by internal chemical 
changes or by chemicals in the black coatings on leaf surfaces. 

Subcellular particles of leaves interact with light by increasing near
infrared reflectance. However, their contribution to the total amount of 
near-infrared light reflectance is probably minor. 

From 90 to 95 percent of ultraviolet radiation is absorbed by leaf 
epidermises. Much more research needs to be conducted, however, on effects 
of leaf waxy deposits and pubescence on their reflectance, particularly in 
relation to insect damage. 

Single-leaf measurements have been used successfully to a very limited 
extent in the detection of stresses such as low and high temperature, soil 
salinity, nutrient deficiency or toxicity, plant maladies, and atmospheric 
pollution. However, the single-leaf measurements have been used rather 
extensively for basic information to develop irrigation scheduling, study 
plant canopy interactions, estimate phytomass, estimate constituents of 
agricultural products, and facilitate desirable plant selection in plant 
breeding programs. 

There are new and promising stress detection techniques, namely, 
fluorescence detection, measurement of carbon dioxide concentration, and 
photoacoustic spectroscopy. 

Hopefully, this review has not construed the idea that all research on the 
specrral properties of single plant leaves has been completed. Realistically, 
much more research is needed on effects of leaf water content, pigmenta
tion, senescence, pubescence, etc. on leaf spectral properties. Also, the use 
of other regions besides the 0.5 to 2.5-µm waveband should be investigated. 
In addition, with the availability of more sophisticated instrumentation, it 
seems feasible that more subtle differences at various wavelengths of light 
reflectance would be detectable among plant leaves, particularly stressed vs. 
nonstressed. 
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