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ABSTRACT

Berard, Raymond Gilbert. M.sc., The universíty of }danitoba, May, rgg2.

The Feasibility of Detecting the Protein Content of a Standing I.rIheat

crop bv Near rnfrared Reflectance_Ðgsqrgscg-px. Major professor;

lJillíam C. 8e11.

The near infrared reflectance specËra (1.4 - 2.4 ur) of wheat

(Tritícum aestivum L., cv. Neepawa) plots grown in a greenhouse under

different levels of available nitrogen were analyzed to determine

whether the spectral dat.a could be used. to differentiate between díf-

ferent protein levels in the plants. The specËral measureuents 1rere

carried out at several developmental stages of the crop using a mobile

field spectroscopy laboratory.

The highest correlation beËween near infrared reflectance and pro-

tej-n content \^ras found at the 2,07 to 2.11 ym wavelength band. ThÍs

relationship was found to be negaÈive, that is, the refleclance

increased as Ehe protein content decreased.

The results from the beginning of heading to maturity were more

consístent than the earlier growth stages in terms of the wavelengths

associated with absorpÈion of radiation by protein. The best correla-

tion between near ínfrared reflecÈance and protein content. was obtained

at the beginning of heading where the highest coeffícient of correLa-

Ëion was equal to -0.72 at the 2.11 pn wavelength.
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The ability to differentiate between different proteín levels 1,ras

also better at these later growÈh stages. rn particular, aË the begin-

ning of headíng stage, a mean proÈein content difference of I% produced

a corresponding significant difference in the mean reflectance at the

2.07 to 2.11 pur wavelength band.

The correlation between reflectance and protein conterrt \,ras not

high enough to develop a model for predicting, with reasonable accuracy,

the protein content on the basís of near infrared reflectance.



INTRODUCTION

"As our grain reserves become depleted and world population and

demand for food increase, the need to improve the quality of world crop

production ínformation becomes ever more critical" (Bauer, r975). This

staËement finds ample supporË from the benefiËs of ímproved crop infor-

naËíon: accurate estimates result Ín price stability; timely and

accuraÈe forecasts of productíon allo\¡r governmenÈs to plan domesËic and.

foreign policies and actions; and accurate forecasts enable optimal

utilization of storage, Ëransportation, and processíng facilities. The

detection of dÍseased or physiologically stressed crops is anoÈher

important aspect of agriculture in that it permits corrective aetion to

be taken and yield predictions to be adjusted.

During Ëhe past twenty years, considerable evidence has shown

that remote sensíng frorn aerospace platforms can provide valuable infor-

maËion on agrícultural resources on a worldwide basis. rt has the

potentÍal Lo revoluËioníze the detection and characterization of uany

agricultural phenomena. Remote sensíng techniques can be used in

the visible, infrared, and microwave regíons of the electromagnetic

sPectrum to collect measurements of reflecËance and emitËance of plants,

soilsr !üaËer, and other materials. I^iith a minimum amount of ground

saropling, remote sensing data can permiË identification and area

measureltrents of crops, assessment of crop st.ress, yield forecastq range

surveys, and mapping of major soil boundaries, as well as many non-
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agricultural applicaÈions.

Remote sensíng ís a relatívely nevr term, used only since about

L960, and refers to the acquisition and interpretation of spectral

measureEents made at a distant location to obtain information about the

earthrs surface. It ís an outgrowth of aerial photography whÍch has

been developÍng for more than a hundred years. Since 1960 renote

sensing has been rapidly evolving and expanding as ne\.{ sensors and

ínterpreËation techniques become available and new uses for the Èech-

nology are developed.

Remote sensing of agricultural resources involves the detection of

electromagnetic energy that ís reflected or emitted from the crops.

The data obtained can be meaningfully interpreted and processed only if

we have a fundamental undersËanding of these energy-matter interactions

thaÈ account for variations in the quantity and quality of radiat.ion

recorded by aír and space-borne sensors (Knípling, L970). Fundamental

studies in leaf and canopy reflectance as well as applied research in

field spect.roscopy provide necessary knowledge as to which portÍons of

the electrouagnetic spectruu are important in applications such as

specÍes and cultivar identification, detection of physiological

stresses such as disease, moisture and nutríent stress.

The objective of this research was to assess t.he potentÍal of

remote sensing for detecting Èhe niËrogen status of a crop as expressed

by the protein conËent of the vegetation. In particular, the researàh

was an attempt to apply to a standing crop the principle of near infra-

red reflectance spectroscopy (NIRS) developed by Norris (1978) for

measuring the proteÍn contenË of grain. The specific objecËives of

the research were:



(1) To determine the wavelength bands of importance in the absorption

of near infrared radiation by protein.

(2) To determíne which developmental stage of the crop would yield

the best correlation bet¡,¿een proteín contenË and near infrared

reflectance.

(3) To determine r¿heËher different levels of protein content in the

plant.s could be deËected by near infrared reflecËance.



LITERATURE REVIEi^I

Physical and Physiological Basis for Remote Sensing

Leaf Reflectance

General Energy-Matter Interactions of Leaves. The reflectance spectrum

of leaves can be divided into three rather distinct regÍons. The

visíble wavelengths (400 - 700 nm) have received consíderable atten-

Ëion because they are highly absorbed by plant pigmenËs, especially

chlorophylls and carotenoids, and thus are of prÍmary ímportance in

plant photosynthesis. Due to the high absorption, these wavelengÈhs

are poorly reflected by leaves, havíng a reflecËance of about 10% with

a peak at about 550 nm in rhe green regíon (Knip1íng, 1970). The near

infrared wavelengths (700 - 1300 nm) in contrast, are essentially

unabsorbed by foliage. The reflectances in this region are usually

around 50% with the other 507. being transmiËted. I,Jhile some studies

have found light absorption ín this region (I^ioolley, L97L), the amount

is usually less tl;ran 47". The far infrared wavelengths (1300 - 2600 nro)

have moderate to high absorpËion, primarily due to vraÈer present in

leaves. Bands of very high water absorption occur at 1430, 1950 and

about 2600 nrn, resulting in low reflectance.

The absorptive characterisÈics of plants are perfect examples of

their adaptation to the radiatíon environment. Plants absorb very

efficiently in the visible regions of the specËrum where the energy 1s



5

Tequíred for phoËosynthesis. However, the absorption drops to a very

1ow value in the near infrared (700 - 1300 nrn) r¿here the direcË sun-

light incident on the plant has the bulk of its energy. If plants

absorbed the energy wÍth the same efficiency as they do in the visible

they would frequently become too warm and the proteins would be irre-

versibly denaËured. AË wavelengths greaËer than 2500 nrn, plants become

nearly black bodies absorbing the far infrared very efficiently. At

these longer wavelengths there is noË sufficient solar energy remaining

ín the spectrum to influence substantially the plant temperature. Ho¡¿-

ever, plants are very efficient radiators of these long wavelengths

which permits them to cool themselves substantially by reradÍation.

Gates and Benedict (1963) have shown thaË of the total energy absorbed

by plancs approximateLy 757" is reradíated and 25% is dissipaËed by con-

vection and transpiration.

Mechanísms of Leaf ReflecEance. MosË of the work done on leaf reflec-

tance has involved the concept of the ínternal reflectance mechanism.

I^Iillstatter and Stoll (1913) were the first to recognize the imporÈance

of this ínËernal reflectance mechanism. They hypothesized that leaf

reflectance had to occur at interfaces within the leaves where toËal

or critical reflectance was possible. The two basic requirements for

criËical reflectance are: (a) that the radíation must pass from a

material r¿ith a high index of refractÍon to a material with a low índex

of refracti-on, and (b) that the angle of incidence musË be sufficiently

large. They suggested that the spongy mesophyll of leaves vras mosË

favorable to meet these requírements since this tissue contained large

intercellular spaces and cells with very irregular sÈructure havíng
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cel1 walls oriented at vírtually all angles.

The evidence for the internal reflection nechanisn is quite strong.

Knipling (1970) provided a very convincing piece of evídence in favour

of thís uechanísm by demonstrating a drastic reduction j-n the near

ínfrared reflectance of a leaf infiltrated r¿iËh vrater. The v/ater fi1ls

the aír cavities and forms a continuous liquid phase medium throughout

Èhe leaf. The eliuination of many of the refractive index differences

wíthin the leaf íncreases the direct transmittance at the expense of

scatËeri-ng. Ho¡vever, Knipling felt that the l,üillstatter and stol1

theory placed too much emphasis on the role of the spongy nesophyll

and its large air cavities in relation to that of other interior parts

of a leaf. He suggested that the importanË parameter in determining

the leve1 of reflectance ís the number or total area of the air-wall

interfaces and not the volume of air space. rn this regard he noted

that the palísade mesophyll of a leaf was probably as importanË as the

spongy uresophyll in the internal scattering of radiation. Many small

air cavities exisÈ between adjacent palísade ce1ls, and the area of

exposed eell wa1ls in this region is as large and perhaps even larger

in some cases as in the spongy rnesophyll which generally has larger air

cavíties and fewer cells.

Gates et al. (1965) published a comprehensive review on the

spectral properties of plants. They stated that the maËerials of the

leaf whích are important in light interactions are: cellulose of Ëhe

cel1 walls' vlater containing solutes (íons, small and large molecules

such as proËein and nucleic acid) wíthin the cel1s, and intercellular

air spaces and pigmenËs within the chloroplasts. Noting that the grana

wíthin Ëhe chloroplasts may be 0.5 pn in length and 0.05 pm in diameËer



7

which is the djmension of a wavelength of light, they stated Ëhat these

may produce a consíderable scattering of líght entering the chloroplasts.

Scattering would also be caused by structures such as mitochondria,

ríbosomes, nuclei, starch graÍns, and other plastids which also are of

the dimension of a vravelength of 1ight. They suggested that whatever

scattering whích does exÍsÈ ís probably more of the Míe type (particles

of the dimension of a wavelength of 1íght) than the Rayleigh type

(partÍcles relatively srnaller than a wavelength of light) because

spectral reflectance and transmítËance curves showed that the scatter-

ing phenomenon was not. strongly wavelength dependent, which would be

the case in Rayleigh scattering.

Mestre (f935) did not feel that small particles in the cell would

cause the scatteríng. He considered such particles Ëo be relatively

smaller than the wavelengths of the radíation and should Èhus produce

scattering according to Rayleighrs equation. Since results of previous

experimenters showed no tendency for increased reflectance at Ëhe

shorËer wavelengths as predicted by Rayleigh scatËeríng, he concluded

t.hat such particles had líttle influence on internal scatteríng.

Mestre recognized Ëhat reflecËance of solar radiation occurred at both

the leaf surface and within the inËernal structure. He hypothesízed

that the incident flux could be reflected at the surface by either

specular or diffuse reflectance. Specular reflecÈance would occur from

leaves r¿iËh extreme glossy cuticles and would obey Fresnel I s law while

diffuse reflectance r¿ould result from leaves wiÈh tomentose surfaces

and would obey Lambertts cosíne lar¿. Light not reflected aÈ the sur-

face would Èravel inËo the nesophyll of Èhe leaf and would be trans-

formed into a diffuse flux Ëo the extenÈ thaÈ the leaf material was dif-



fusive which he called the I'scattering po\47er of the tissuer'. He

reasoned that, the greater the scattering po\,üer of the mesophyll the

larger would be the potential reflectance of the leaf. He therefore

believed ÈhaË the internal reflections proposed by the l,Iillstatter

and Sto1l theory must be the rnajor source of the scattering power of

the leaves.

Sinclair et al. (1965) carried out an extensive invesËigatÍon of

Ëhe spectral characËeristics of leaves from several species ínvolving

measuremenËs of reflectance and Ëransmittance of energy in both

vísible and reflective infrared wavelengths. The purpose v/as to betËer

understand the interrelationships between t.he existing theoríes of

energy-matter interactions in both the visible and reflectíve ínfrared

wavelengths and to better understand the relatÍonship between reflec-

tance and leaf structure. They studied Ëhree aspects of hístologÍcal

differences ín leaves: (1) dorsiventral structural dífferences, using

leaves from both dicotyledonous and monocotyledonous species, (2) dif-

ferences ín the depth of the palisade layers using sunlit and shade

leaves from a single species, and (3) differences ín histology due to

variations in moisËure conËent.

To examine dorsiventral structure effects, measurements of

reflectance and Ëransmission were made from the dorsal and ventral

sides of soybean (Glycine max. L.) leaves and corn (Zea mays L.).

The corn was used as a representative of monocotyledonous leaves having

a non-differentiated mesophyll and the soybean leaves were used to

represent dicotyledonous leaves with Ëheír distinct dorsiventral

structure. The palisade tissue on t.he ventral side is cornprised of

several layers of densely arranged cylindrÍcal cells, whereas the
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spongy nesophyll on the dorsal side has large intercellular air spaces

among parenchyma cells of irregular shape. The reflectance of both

sides of the corn leaves did not differ significanËly in the shorter

infrared wavelengths, as would be predicted by the l^Iillstatter and

Stoll theory, sÍnce the radiation encounËers the same internal structure

on either síde. However, in the soybean leaf, the reflectance Ín the

near infrared wavelengths was higher from the ventral side than from

the dorsal side, r¿hich i,s contrary to the ülillstatter and Stoll theory

which would have predicted a higher reflectance from the dorsal side

of the leaf where the spongy uresophyll ís first encountered. They

attribuLed this dífference in predicÈion capabÍlity of the Wíllstatter

and Stoll theory to the fact that. their theory was developed on the

basis of results obtained only from the visíble \^/avelengths, rather

Ëhan from both visíble and reflective ínfrared wavelengths.

In studying the effect of the depth of the palisade layers on

reflectance, boËh shaded and sunlit apple leaves were used. I^Ihi1e Ëhe

shaded leaves were similar in sËructure Ëo the soybean leaves, the

sun leaves r^/ere thicker, havíng palisade tissue three or four layers

in depth, where the iells hrere more densely arranged, and the spongy

mesophyll r¡ras more híghly developed. As was Ëhe case wíth Ëhe soybean

leaves, the ventral sides \¡/ere more reflectíve Ëhan the dorsal sides

of both the sunlít and shaded leaves in the near infrared vravelengths.

However, comparíson between the sunlit and shaded leaves showed that

the sunlit leaves were significantly more reflective and less trans-

mi-ssive than the shaded leaves. These resulËs contradict the concept

r,rhich stresses the importance of lacunose mesophyll for high reflec-

tance, since the spongy nesophyll was more compact in the sunlit leaves
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r¿here the reflecÈance was higher.

Finally, reflectance measurements vrere made on corn leaves having

dífferent degrees of turgidity. Di-fferences in reflectance \^/ere

expecËed to occur due to drastíc changes in leaf structure ¡¿hich occur

upon dehydratÍon, especíally in dry, dead leaves where Ehe ce1l wa1ls

collapsed ínto a mat-like series of layers lying parallel to the epi-

dermis. The l,Iíllstatter and Stoll Ëheory would have predicted a reduc-

tion ín reflectance as dehydration progressed since Ëheír theory

depends upon cell wa1ls oríented aË angles greater than the critical

angle. However, Ëhe reflectance at 1.04 to 1.07 pn increased as the

moisture content of the leaves decreased.

In order to explain their results as well as the apparent anomal-

ies of the l^lillstatter and Stol1 theory, Sinclair et al. (f965) proposed

a diffuse reflectance hypothesis based on Èhe scattering and reflective

characteristics of ce1l wa11s. They suggested that the microfibrillar

sËructure of cell walls rnight i-nduce a hígh degree of radiation scatter-

ing within the walls. If the theory vrere to explain leaf refleetance,

one would predict thaÈ for the shorter infrared wavelengths, the

greater the number of layers of cellular materÍal the incident radia-

Ëion encounters at a perpendicular angle, the greater would be the

reflectance and the lower the transmission. The diffuse reflecËance

hypothesis satisfactorily explai-ned the hígher levels of reflectance

observed from Ëhe venËral side of dorsiventral leaves in the near

infrared. It could also explain the higher levels of reflectance

observed ín dead and dried leaves where the cel1 walls had collapsed

into a síng1e mat. Most importantly the hypothesis explained observed

reflectance phenomena both in the vísible and reflective infrared r¡rave-



11

lengËhs.

Sinclair et al. (1971) also carried our an analysis of the

reflectance characteristics of the leaves of six different crops,

namely soybeans, corn, wheat, oats, sorghum, and sudan grass in order

to relate these characteristics to changes in leaf internal structure

and water content. They concluded that maturation and senescence

caused the greatest reflecLance changes in both visible and infrared

wavelengths between 500 nm and 2600 nrn. Of the species studied, senes-

cent wheat leaves showed the greatest difference from t,he reflectance

observed for green leaves. Increased reflectance for senescing leaves

of all species vras caused primarily by loss of chlorophyll ín the 500

to 700 nm portion of the spectrum and leaf dehydration in the 1300 to

2600 nrn region. The 700 to 1300 nur wavelength band was concluded to

be primarily affected by many changes in internal leaf strucËure as we|l

as the loss of moisture content.

Gausman (L974) studying near infrared reflecÈance (750 - 1350 nm)

of leaves concluded that the most irnportant source of leaf reflectance

ís the ínternal scatËeríng caused by refractive index discontinuities,

primarily the cel1 wall/air-space interfaces. He stated that Èhís

could be shov¡n by the vacuum infiltration of leaves with waËer as was

previously reported by Knipling (1970), or by considering t,he effect of

uraturity on leaf reflectance. Using young and old citrus leaves he

showed that the young leaves which are compact r^rÍth few air spaces in

Ëhe mesophyll had lower reflecËance in the near and far infrared (750 -

2600 nn) than Èhe older leaves which have many air spaces in the meso-

phy11. He generalized by sÈaÈing that the reflectances of leaves v¿ith

porous compared with compact mesophylls were highest because light
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passed more often from hydrated cell walls Èo air spaces. Thís change

in densíty or refractive index caused light scattering and subsequently

reflectance v¡as increased. He also concluded that the contribution of

subcellular particles in leaves to reflectance of near infrared light

is sma1l compared with infrared light reflectance caused by cell wall-

air interfaces in leaf nesophylls.

There have been conflicting hypotheses concerning the importance

of the leaf epidernes and cuticle in leaf reflectance. I,loolley (1971)

ídealized a soybean leaf as a diffusing and pigmented structure (meso-

phyl1) havíng transparent plates (epidernes) on both surfaces. The

back plate is essentially separated from the rnesophyll by an air space

so that boÈh Ëhe inner and outer surfaces of this back epidermís can

reflect and refract 1ight. The front epidermis, however, is attached

to Ëhe nesophyll over mosË of its surface, so that light, once pasË the

ouËer epidermal surface, can easily pass into the center of the 1eaf.

Since líght enteríng or leaving the back of the leaf rnust pass through

two semiplanar interfaces, while lighË entering or leaving the face

passes Ëhrough only one such interface, he proposed Ëhat this selective

effect of the two leaf surfaces would result in higher reflectance from

the venËral side r,¡here the internal diffused 1Íght could escape much

easier.

Gates and Tantraporn (1952) separated the epidermes from the parerr

chyma of a Bryophyllun plant leaf and then determíned their respecËive

transmi-ssivity and reflectivity in order to ísolate the boundaries at

which the reflection Ëakes place. They concluded fron ÈheÍr results

that 80% or more of the total reflectivity of the leaf takes place at

the outer epidermal surface to radiations in the infrared beyond 1.0 pn.
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They also concluded that the layer of waxy cuticle on the leaf surface

greatly enhances the r'eflecËivity at the outermost surface. A thick

cutin producing a smooth surface over the bead-like protrusions of the

epidermal cel1s will resulË in a higher reflectance Ëhan if the cuticle

is thin or entirely lacking, giving a rough surface due to the exposed

contours of the epidermal cell walls.

Knipling (1970) díd not attach the same importance to the curicle

as did Gates and Tantraporn (L952). In fact, he stated that the curicu-

lar wax on a leaf ís nearly transparent Ëo vísible and infrared radia-

tíon, and that very little of the solar energy incj_dent on a leaf is

reflected directly frou its outer surface. The radíation is diffused

and scattered Ëhrough the cuticle and epidermis to Lhe mesophyll cells

and air cavities in the ínterior of the leaf.

Obatan (1941) went further in refutÍ.ng Gates and Tantraporn by

concluding that neiËher the cuticle nor the epídermis were particularly

involved in the reflectance of near infrared radiation. He studied the

coefficient of reflection for leaves in the near infrared and found

these wavelengths to be hÍgh1y reflected.

GaÈes (1970) also seemed to question the ímporÈance he had gi-ven

Èo the cuticle and epÍdermis ín some earlier work. He concluded that

a sma1l aüount of light ís reflected from the leaf cuti-cle, vrhereas

much is transmiËted into Ëhe spongy mesophyll. There the rays have

frequenÈ encounters with cell wal1s and are critically reflected if

the angles of íncídence become sufficiently large. He stated t.hat

because of nunoerous cell wa1ls, nearly as many rays are reflected back

toward the source as are transmiÈted through the 1eaf, depending on Ëhe

thickness of the 1eaf.
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Nutrient deficiencies in plants may affect the color, moisture

content, and internal structure of leaves, and as a result their re-

flecting povTer wí1l also change.

Myers (1970), working wÍth sweet pepper, reported that the reflec-

Ëance in the visíble region of the spectrum (0.38 - 0.7 pm) increased

as Ëhe nítrogen deficiency symptoms became more pronounced. He asso-

ciated this with a lower chlorophyll content of the nitrogen deficÍent

leaves. In the infrared region (0.7 - L.0 Ur) the reflectance

increased as the leaves became more níËrogen defícient. He explained

that this r¿as due to the deficient leaves being thícker and that

reflectance increases as leaf thickness increases. In the far infrared

region (1.3 - 2.5 prn) the reflectance decreased with increasing nitro-

gen deficiency. Since the shape of the reflectance curve in this wave-

lengËh interval is due mainly to hTater, he suggested that the lower

reflectance for the very deficient leaves \,ras due to the moisture con-

tent being hígher than in the rnildly deficient leaves.

Thomas et al. (1966) also studied the effect of nitrogen defi-

ciency on the visible and near infrared reflectance of cotton leaves.

Increasing the niËrogen concentration in the nutrient solution from 28

to L96 ppm resulted in a decrease ín reflectance in the visible region

of the spectrum and an increase in the near ínfrared wavelengths.

Canopy Reflectance

Single Leaves vs. Canopy. Llhile the reflecÈance characteristícs of

single leaves are basic to understanding the reflectivity of an entíre

plant or vegetative canopy in a field siÈuation, single leaf data cannot

be applied dÍrectly without modifications (Knipling, L970). There are
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boËh quantitative and qualitatÍve differences between leaf reflectance

and canopy reflectance. The reflectance from a canopy is considerably

less than thaË from a single leaf. The visible and near infrared

reflecËance from a nearly continuous broad-leaved canopy Ëypically

mÍght be abouÈ 3 to 5% and 35%, respectively (steiner and GuËermann,

1966), whereas Ëhe corresponding values for a single leaf are about I0%

and 502. The relatively smaller reduction in infrared reflectance is

due to the fact that much of the íncídent infrared energy transmitted

through the uppermost leaves is reflected from lor¿er leaves and re-

transmitted up Ëhrough the upper leaves to enhance theÍr reflectance.

This ís Ëhe so-called infrared enhancement effect.

Factors Affecting canopy Reflectance. other parameEers besides

hemispherÍcal leaf reflectance which may be very important in determin-

ing the reflectance of a vegetation canopy include: (a) hemíspherical

transnittance of leaves, (b) amount and arrangement of leaves, (c)

characËeristics of oÈher components of the vegetative canopy (stalks,

Èrunks, limbs), (d) characteristics of the background (soil reflectance,

amount of leaf litter), (e) solar zenith angle, (f) look angle, and (g)

azimuth angle (Colwell, I974).

ìlost vegetation canopies are mÍxtures of different components

which are oriented at many different angles with respecË to the source

of incidenË radiaËion. rn addítion, the projected area of each com-

ponenË illurnínaËed and viev¡ed, depends on the solar zenith angle and

the look and azimuth angles. The use of bidirectional reflectance has

been found very useful in determining Èhe relative tone (reflectance)

of a canopy in the visible and infrared spectrum (0.¡ - 3.0 Um).
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Bidírectional reflectance ís defÍned as r Ëimes the ratio of radiance

from a canopy at a particular polar look angle and the irradiance on

a horizontal datum from a source at a particular polar zeníth angle and

azimuth angle.

Two of the uost important factors affecting canopy reflectance -

l-eaf area and percent ground cover - r.rere studied by Bauer and cipra

(Bauer, L975). They found the strongest relationships beÈween leaf

area index (LAI) and reflectance in the near infrared region. Reflec-

tance increased linearly between LArrs of 0.5 and about 3; further

íncreases ín LAr had relativej-y rittle influence Ín reflectance.

colwell (L973) also showed by analyrical modelling and by enperi-

ca1 measurement that a decrease ín leaf area index can also cause canopy

reflectance to decrease in the near IR and increase in the red without

any change occurring in the hemispherical reflectance of the indÍvidual

leaves.

Bauer (L975) noted that disease, damage, and physiological

sËresses in plants also change the geomeËry and density of foliage as

well as the i-nfrared reflectance of the indivídual leaves. These

changes are manífested in the visible as well as the infrared portion

of the specLrum.

Background reflectance may be quíte important in affecting canopy

reflectance, especially at 1ow values of percent vegetation cover.

For example, ColweLr (1974) found thaË a grass canopy '¡rj-t]n 37'Á vegeta-

tion cover and a light-toned soil background had a canopy reflectance

of 9.0% in the red spectral region (650 nur), whereas a canopy with

equivalent percent cover and with dark-Èoned soil background had a

reflectance of 3.2"/".



I7

The amount of shadow in a vegetative canopy is very important in

affecting canopy reflecËance. vinogradov (1969) found a negative cor-

relaËion between reflectance and percent vegetation cover for grasses

in the visible spectral region, which he attribuËed to an increasíng

amourit of shadow in the canopy as the percent vegetaËion cover

increases.

Changes in near-IR henÍspherícal reflectance of individual leaves

caused by changes in leaf age, stress, and the like have been found to

be negaËively correlated with hernispheri-cal transmiËtance (Colwell,

L974). This negative correlation may mean that a significant differ-

ence in near-rR hemispherical reflectance of leaves of one genus (or

species) with respect to the leaves of anoËher genus (or species) may

not result in a significant difference j.n vegetative canopy reflec-

tance, all other parameters beÍng equa1. unless Ëhe canopies are dif-

ferent i-n structural configuraËion or some other important parameter,

they rnay be indíst.inguíshable on the basis of their near-rR canopy

reflectance.

Al1en and Richardson (1968) and Allen er al. (1970) applied the

theory of Kubelka and Munk (1931) for atrenuarion of light in a díf-

fusing medium to a crop of constant depth and random leaf orientation.

They showed that spectral reflectance and transmittance of a plant

canopy are functions of total leaf area, an absorption eoefficient,

a scattering coefficient, and background reflectívíty. The coeffí-

cients are related to the geometry of the canopy and optical properties

of individual leaves.

suits (L972) exrended rhe model of A1len et al. (1970) to include

multiple layers having different biologícal componenÈs. He calculated
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the directional reflectance raËher than assuming fhat the canopies are

Lambertian reflectors. He showed that the near-IR reflectance of a

canopy may decrease and the red reflectance may increase v¡hen some of

Ëhe leaves change from a predominantly horizontal to a predominanEly

vertical orientation.

Near Infrared Reflectance SpecËroscopy (NIRS)

Basis for the NIRS Techlique

Near infrared reflectance spectroscopy (NIRS) has recently been

developed for rapid predÍctÍon of the composition of grains and oil-

seeds. The technÍque was originally developed for moísture analysis

(Norris and HarË, 1965) but has since then been expanded to measure pro-

tein, starch, oi1, sugar and fiber conterit. It is also being used in

assessing forage quality (Norrís et al., I976).

The basis of the NIRS technique lies in the near-IR absorption

bands presenË in Ëhe conponents of the material to be analysed. For

example, viaËer has absorption peaks at 1.45 and 1.94 pm, oi1 has major

peaks aE 2.31 and 2.33 pm, while starch and protein have several peaks

t¿ith the uost prominent ones at 2.10 and 2.18 ¡rm, respectívely. In-

struments have been developed which can measure the reflectance from

samples at the wavelengths corresponding to absorptíon maxíma of the

different chemÍcal components (Rotolo, L979). The use of multiple

regression techniques coupled with different mathematícal data treat-

menËs give very high correlaËions betT¡reen near-IR reflectance and pro-

Èein, oi1, water and carbohydrate contenÈ.
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The greatest source of varÍability with the NIRS technique results

from sample preparatíon. The sarnples must be ground Ëo a uniform

powder and compacted into small Ëest cells designed for the instruments.

The reproducíbility of the sample preparation is extremely ímportant

since large reflectance changes occur due to particle size diÍ.ferences.

Another major source of variability is in the calibrat.íon. The instru-

ment musË be calibrated by correlat.ion of readings with values from

some standardízed chernícal method (e.g. Kjeldahl meÈhod for proteÍn

determination) using a range of samples. The choíce of Ëhe samples

used for calibration can greatly influence the performance (NorrÍs,

re78).

Evaluation of the NIRS Technique

The performance of the near infrared reflectance j-nstruments has

been reported by a number of workers with Ëhe evaluation by Llilliams

(1975) being the most extensive. He obtaíned an accuracy, as measured

by the standard error of esÈimate, of about !0.227i proteín and +0.16%

moisture in the case of red spring wheat, with a coefficient of vari-

ability of 1.5% ín each case. Accuracy of analyses of other cereals,

oilseeds, and legumes for oí1, proËein, and moíst.ure varied, but co-

efficients of variability úrere usually between 1 to 52. Williams con-

cluded that the most important facÈor influencing the accuracy and

precisíon of analysis with infrared reflectance equipment is mean

particle size of the ground sample, which ís, in Ëurn, influenced

mainly by nethod of grinding.

Other collaborative studies conducÈed by Hunt et al. (L977) and

by Miller et al. (1978) have demonstrated the interlaboratory and
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intralaboratory reproducíbilíty of protein determinaËion using the near

infrared reflectance insËruments. The results from both sÈudies were

in very close agreement with each other. The pooled v¡ithin-laboratory

variance component for proteín determíned by NrRS v¡as 0.029 for the

study by Hunt et al. and 0.028 for the other sËudy. However, the

between-laboraËory variance component for the NIRS nethod was less in

the Hunt et al. srudy (0.102) Ëhan in rhe Mi1ler er al. study (0.148).

This was expected since the instruments used in the Miller study were

not calibrated against results from a single Kjeldahl laboraEory as was

Èhe case for the Hunt study.

Suumary

The reflecËance spectrum of leaves in the visible and reflectíve

infrared wavelengths (350 - 2600 nur) is largely a function of morphol-

ogical and anatomical features of leaves (1eaf thickness, ce11 síze,

shape, and distríbution, etc.) which affect the ínternal reflectance

of the radiation, and also a function of leaf composition (chlorophyll,

I^rater, proteins, etc.) which result in selecËive absorptíon of the

radÍation at. certain wavelengths. These factors affecting leaf refl-ec-

tance are the basis upon which remotely sensed spectral data can be

used to differentiate beEween plant species (or cultivars) or detect

r¡rater and nutri-ent def icÍencies.

A practical remote sensing system must be designed to measure _

whole plant cornmunÍties as opposed to single leaves and therefore one

must consider all of the factors (plant morphology, background, leaf

area and oríentation, etc.) affecting planÈ canopy reflecËance.

Applícation of mathematical models whích incorporate t.hese factors can
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be very useful in normalizing the crop spectral curves prior to further

analysis.

Near infrared reflectarice specËroscopy (NIRS) is a revolutionary

technique as a rapid and non-destructive method of analysing grain and

forage qualíty. The use of the NrRS principle in assessing water and

nuËrient stat.us in standing crops would be a significant step to\,rards

a remote sensing crop evaluation sysÈem. More research is necessary to

study the feasibility of uÈilizing near ínfrared reflecËance spectro-

scopy for assessing the nutriÈional status of standíng crops.

The objective of the present research \,ras to see whether Ëhe NIRS

concepË could be applied to a standing crop for deÈecting iEs proteín

status. trrrhíle Ëhe basic prineiples of leaf and canopy reflectance are

important in understanding the relaLionshíp betr,reen crop reflectance

and protein content, t.he research does not. atÈempt to develop any

Ëheories relating these principles to the neasurement of protein content

by the near infrared reflectance of crop canopies. The research was

more practícally oriented towards applying the NIRS concept to a

standing crop. rn particular, it was an attempÈ to determine which

wavelengths were associated ¡,¡íth absorption of near infrared radiatíon

by proteins, which growth stage was bet.Èer in terms of protein detec-

tion, and to what degree the technique rras successful in detectíng

differences ín protein levels.

I^lhile the literaËure on leaf and canopy reflectance usually refers

to the near infrared region as that. portion of the spectrum from 700

Èo 1300 nm and Èhe next segment fron 1300 to 2600 nm as the far infra-

red region, the literature relating to NIRS refers to the near ínfrared

region as the region frorn 1400 to 2400 nn. In order to be consísËent
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IiËerature, the latter designation for the near infrared

used in thís study.
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}4ATERIALS AND METHODS

Because thís r¿as a first attempt at applying t.he NIRS Èechnique to

a standíng crop, it was recognized that the control of as many variables

as possible r.rould be desirable if not essentíal. Hopefully, these con-

trolled conditions, as outlined below, would reduce some of the vari-

ability which would be encountered in a fíeld situaÈíon and would thus

produce more meaningful results.

Experimental Material

The research was carried out on one cultivar of hard red spring

wheat, Triticum aestivum L., cv. Neepawa. The wheat was grown in

r¿ooden boxes 70 cu x 70 cm and 20 cm high. These were fílled to 2 cn

from the top with a soil obtained from a local commercial soils company

(Cheethan Soils Ltd.). The soí1 originaËed from the Carman area and

was classified as a very fine sandy loam by the Manitoba provincial

Soil Testing Laboratory. Results from the soil t.estíng laboratory on

the soíl fertility prior to seeding r¡¡ere: pH - 7,3, nitraÈe ni_trogen -

16.3 ppn (40.8 ke/ha), available phosphorous - 7.2 ppm (18 kglha),

available potassium - 51 ppur (L27.5 ke/ha) and sulphate sulphur -

13.2 ppn (33 ke/ha).

The plots (boxes) were seeded on December 22, 1980, using a con-

stant seeding density of. LZI seeds per p1oË (equivalent t.o about 84 ]rig/

ha) which is typical of the seedÍng rates used in commercial wheat

production. Duríng Ëhe entire experímenË the boxes were kept in a
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plasËic greenhouse equípped wíth high intensity meË,al halide and high

pressure sodium vapour lamps whích provided a good intensiËy and dis-

Ëribution of light energy for the plants. The lighting regime was set

at 16 hr. d^y/g hr. níght with a rer0peïature regime of 20-25oC aay/

15 - 2OoC night. The boxes v¡ere randomized period.ically in order Ëo

avoid growth differences due to any non-uniformity in temperature and

lighting conditions.

The soil moisture regíme was the same for a1l plots. IË consisted

of watering to field capaciËy (approxÍnately 20% water contenË on a dry

weight basis) and then rewatering when the soil moisture content Ì"/as

approximatel-y 102. The period betr¿een successive waterings varied from

4 to 7 days depending on the gro!üth stage. Soil moisture monitoring

was made possible with the use of a specially designed fork lift which

was used to move the boxes (weÍghing up to 100 kg) onËo a large capaciÈy

scale.

The ferti:..j-zer treatments consÍsted of 5 different levels of

arnmonium nitrate (NH4NO3) f ertíLlzer (34 - 0 - 0) applied with Èhe r¡rater

in 6 separate applications throughout the growing period. The rates

applied were equivalent to 0, 62.5, I25,187.5 and 250 kg/ha actual

nitrogen and each treatmenÈ was replicated 4 tines for a total of 20

experímental plots. Phosphate was also applied in Ëhe form of 10 - 52 -
10 soluble fertilizer Ln a single application (applied with rhe first

N applÍcation) at a rate equivalenr to 30 ke/na pro, for all of rhe

plots.
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Instrumentation

The mobile field specËroscopy laboratory developed by the Engineer-

ing and Statistical Research InstituËe, AgriculËure Canada in Ott,awa was

used for Ëhe spectral measurements (Brach et al. , L977). Thís instru-

ment was also used for cereal erop discri¡rination (tinker er al. , L979;

Glick et al. , L979).

The instrumentation \¡Ias rnodifíed for thís project by converting

Ëhe visible system t.o an infrared detecting system wíth a very high

resolution eapacity (Fig. 1). The reflected energy frorn the plants is

collected by the folding mirror (M) which directs the energy to the

Cassegraín-Schnidt teJ-escope. The image of the telescope ís focused by

a telecompressor lens (Tc) onÈo the monochromator entrance slit (Sí)

afËer being chopped by a 30 Hz signal chopper (Cn¡. The energy then

passes to the collírnating mirror (Mc) where iÈ is collíuated and

reflected onËo Ehe grating (G) . This grating is blazed aÈ Èhe \¡rave-

length of 1.85 pn, uaking it very efficíent in diffracËing light energy

between 1.4 and 2.4 ym. The diffracted energy from the graÈing is

reflected to the foeusing uírror (Mf) which focuses the reflected

energy onto the exit slit (So) of Èhe monochromator. The energy is

then detected by a lead sulfide detector (D) which has excellent sen-

siÈivíty in the range of 1.0 to 3.0 Uur. After the signal from the

detector is arnplífíed by the lock-in auplifier, it is received by the

Data Acquisition SysËem (DAS) and then displayed on an X-Y plotter.

The data is also recorded in digital form on magnetic tape cassetÈes

via a data processing unit (DPU). This unit was later ínterfaced with

the Anbdahl conputer system of the University of Manitoba in order to

transfer the data frou the cassettes ínto computer sËorage for subse-

quent nanipulation and analysis.



Figure 1. Schematic diagram of the infrared spectral system.
HÀ, i-ncident energy; M, folding mirror; Telescope (Celestron, f.o.v.
0.28340/cm); Tc, telecompressori Ch, 30 Hz chopper; Monochromator
(McPherson model 2051-, Acton, Mass.); Si, entrance slít; So, exit
sliË; Mc, colliuating mirrorj Mf, focusÍng mirror; G, grating; D,
lead-sulfide detector; DAS, Data Acquísítion SysËem (Hewlett-Packard
model 30524); DPU, Data Processíng Unit (Hewlett-Packard, model
9825A); P, PloÈter (Hewlett-Packard, model 9872A).
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ExperimenËal Procedure

Layout

The rnobile laborat.ory was placed at the souËh end of the green-

house and a wooden enclosure was built beËr¿een them to create a closed

systeü (Fig. 2). The boxes \¡rere moved to a stationary viewíng platform

(VP) for all of the Eeasurements. The distance between the instrumenr

and the vier,,ring platforrn was 6 .92 m which is near the focal linit of

the telescope and resulted in a viewed surface area well r¿ithín the plot

area.

The readings !üere Ëaken at night usíng an artificial light source

to irradiate the plots. This was done to avoíd problems wiËh changing

azimuth and zenith sun angles, light quality and intensity due to Èhe

plastíc covering of Ehe greenhouse, and also shadowing from the struc-

Ëura1 components of the greenhouse. The light source consisted of two

1000 watt quartz halogen Èungsten fílament studío lamps (wíth reflec-

tors) seÈ side by síde in fronË of the plots. The position of the

lamps was constant t.hroughout al1 of the readings for a particular

growth stage and was ,adjusted from one growth stage to the next to com-

pensate for the íncreasing height of the crop.

Spec,tral Measurement s

The spectral measurements vrere carríed out on Ëhe entíre set of

ploLs (20 plots) at 7 different growth stages frou the tillering sËage

up to maturity (stages 4 to 9 with 2 sets of measuremenÈs within

growth stage 7 - see Table 1). A measurement consisËed of a scan of

the relative reflectance of a plot frour 1400 to 2400 nur (1.4 - 2.4 Um)

with a recorded value at ínËervals of 2.5 nm. This resulted in 401



Figure 2. Schematic diagram of experimental layout. VP, viewing plat-
form; LS, light source.
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TABLE 1. LACIEi gro\¡¡th stage classes.

Code No. DescrÍ-ption

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10. 0

11. 0

Not planted

Planted, no emergence

Emergence - one to three leaves

Tillering, preboot, prebud

Booted or budded

Beginning to head or flower

Fu1ly headed or flowered

Beginning to ripen

Ripe - Dature

Harvested

Does noË apply - fa11ow, sod, pasture

lr.tg. Area Crop Inventory ExperÍment, NASA.
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daÈa poínts for each measurement.

At each growth stage repeaËed measurements vrere made of the reflec-

t.ance from a sËandard aluminum plate whích was placed in a vertj-ca1

position aÈ the same locaËion and height as the crop. This provided a

relative measure of the spectral irradíance to the crop and would later

be useful ín making correcËions to the total reflectance of the crops.

The absolute Eeasure of the energy incídent Ëo the crop Ëhroughout

the 1400 to 2400 nm region vras not possible since the standard aluminum

plate r,ras not calibrated for this ¡¿avelength regíon of the study.

Therefore, Èhe term t'reflectancert which normally refers to Èhe ratio

of reflecÈed to incident energy was used in this study to denote the

relaËive amount of light reflected from the crop. Since the position

and intensiËy of the radiant source r,,'as constant within each growth

stage, this amount of light reflecËed from the crop would be directly

proportional to Ëhe ratio of reflected to incident energy. ft was

Ëherefore valid to use this modified I'reflectance't term to compare

between Ëhe reflectÍve characteristícs of eaeh plot \,/íthin a particular

growth stage. However, the coefficienÈ of proportionality between the

amount of energy reflected and the raÈio of reflected to íncj-dent

energy would noË be constant from one growth stage to the next if there

r^7ere any changes in incident energy from one growËh stage to the next.

Therefore, comparisons between different gror,rth stages would not be

valid using Ëhis nodified "reflectancerr term.

Protein Measurements

Concurrent wíth each spectral measurement, samples were collected

(4 plants/sanple) for moísture conËenË determination and protein analy-
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sis usÍ-ng the Kjeldahl rneËhod. For the preheading stages of growth

(stages 4, 5 and 6) Ëhe total above ground vegeËative Batter was used

for Ëhe protein analysis. However, for the post heading sËages, pro-

tein determínations \{ere made on both vegetaËive matter minus the heads

and on the head material ¡oinus the seed (chaff). The proteín content

of the head material was of primary interesË since the oblique viewing

angle was such that only the heads could be seen at those stages. The

grain protei"n content for the last two growth stages r¿as also deter-

míned.

Analysis

Preliminary Data Manipulation

Reduction of Data Points. Before any analysis was carried out in the

data, the number of data points per spectral curve was reduced from

401 to 101 (equivalent to a value for each 10 nrn band) by averaging

every four consecutive values. The benefits of this procedure \¡¡ere:

(a) to have a smooÈhing effecË on the curves thereby elininating some

of the noise, (b) to allow curves to be ploËËed on standard 132

character computer output, and (c) to reduce the computational time

involved in Èhe analysis.

Corrections to Crop Spectral Data. ImportanË corrections r¿ere made on

the original spectral data. The first ínvolved Ëhe subtracÈion of the

specular comPonent from the total reflectance; Èhe second involved a

correction due to differences in amount of plant matter.

The firsf correction is based on Ëhe facË thaË the spectral
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reflecËance has two main components: specular and díffuse reflectance.

As explained by Rotolo (L979) the specular component consists of light

which has been reflected from Èhe surface wiËhouË penetrating the sample

and thus contains no information about the composition of the sample.

On the other hand, the díffuse component consists of light which has

penetrat.ed the sample, has undergone mult.íple reflecËions r^rithin the

leaves and absorption by such components as water and proteins before

emerging as díffuse 1ight. This diffuse component contains all the

information about the compositíon of the sarnple. It Ís therefore

desirable to eliminaËe from the toËal reflectance that component which

is due to specular reflectance so that we are left with the diffuse

couponent which carríes all the information. This can be expressed in

the following form:

DR = TR-SR

¡¿here DR diffuse reflectance (conponenË of interest)

SR = specular reflectance (derived from standard plate

reflectance)

TR= total reflectance (obtaíned from crop reflectance

measur ement s)

to assume that the specular reflecËance of the plants

that ís, reflecting equally at all wavelengths, then

the specular component would be identical to the spectrum of Ehe light

source irradiating the plants. This would seem to be an unrealistic

assumption consideríng Èhat the reflectance of plants in the far infra-

red (L.4 - 2.4 pm) varies bet¡¿een 10 and 502. However, the reflectance

If we v¡ere

was mirror-like,
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from the standard aluminum plate is a betÈer approxímaËíon to leaf

specular reflectance since the plate has a reflectance betvreen 20 and

30"/. ín the visíble and between 25 and 50"/. ín the ínfrared region. The

standard plate curves were therefore assumed to be similar to the specu-

lar reflectance component of the plants and r¿ere used in making the

corrections. Before subtracting the plate reflecÈance curves (specular

componenr) fron the crop reflectance curves (total reflectance) to

yield a diffuse component, Ehe plate reflectance curves were scaled

dor"rn by an appropríate factor so that the subËraction would not result

in negatÍve reflectance values at any wavelength. A typical crop

reflectance curve (total reflecÈance) with its corresponding specular

and diffuse components ís shov¡n in Fígure 3. All subsequent data

manipulaEion and analysis were carried out on the diffuse reflectance

componenË.

Once the diffuse reflecËance component v/as obtained, a second cor-

rection was made to account for plant matter differences. It was

recognÍzed Èhat the variability between plots ín the amounÈ of plant

matter being viewed by the instrument would be one of the greatest

sources of variability (error). The more plant material present, Ehe

more light reflected back to the inst.rumenË, and therefore Èhe higher

the reflecËance values obtained, regardless of proËeín conEent.

Assuming that the tlüo greaËesË sources of variability in infrared

reflectance between the plots was due to plant natËer and protein con-

tent, ít was stipulated that the variability at a Tiravelength r¿íth no

protein absorpÈion ü/as mainly due to the amount of plant matt.er. Inle

could then norma1-ize all of the plot reflectance curves wiÈhin each

groîIth sËage on the basis of plant matter by sÈandardizing the curves



Fígure 3. Typícal crop reflectance curve showing correspondíng spectral
components. TR, total reflectance; DR, diffuse reflectance; SR,
specular reflectance.
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Ëo a constant value at that partícular wavelength. . To find the r¿ave-

length of least proËein absorption, the mean reflectance value at every

roavelength for the 20 plots of each growth stage was deËerrnined along

r¿ith the standard deviation. The wavelength with the lowest amount of

variability (lowest coefficient of variability) was Èaken to,be the

one where no protein absorption occurred. For growth stages 4, 5, and

6 the wavelengËh was found to be 2.26 1tm, while gro!üth sËage 7.0 was

2.23 yn and growth stages 7.5, B, and 9 was 2.25 1tm.

Analysis on Corrected Data

Once the spectral daËa were correcÊed, the first analytical proce-

dure carried out \¡ras a simple linear regression analysis beËween the

protein values for each plot, and their corresponding reflecEance va1ue.

Thís was done aÈ each individual wavelength throughout Ëhe whole spec-

truur (í.e. 101 regression analyses for each growth stage), The result.-

ing correlaËion coefficients from each of these regressions \¡rere

plotted against wavelength in order to find the wavelength of best cor-

relaÈion.

The next step was to carry ouË an analysis of variance on the

reflectance data at the wavelengths of best correlation in order to

tesË for significanË effecÊs due to the different proteín levels. The

reflectance data frou at leasÈ three consecutive wavelengths (referred

to as a r¿avelength band) were used ín this analysis. The dífferent

protein leve1s constíËuted the main factor rnif. the wavelengËhs were

used as a blocking variable.

Finally, a comparison tesË was made to test for significant díf-

ferences in reflecËance between proÈein levels. The Duncants multiple
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range test \.ras used for this purpose.

In summary, the corrections made to the oríginal data were based

on assumptions abouË the reflective characterístics of the plants and

the factors contributing to the variabilíty of the reflectance. I,lhile

these correctíons may not have removed all of the variability due to

oËher extraneous factors involved, they \,rrere necessary to exËract some

meaningful informeÈion from the raw data. As for the analysis on the

corrected data, the procedures ¡¿ere fairly straightforward and st.atis-

tÍcally valid. The computerized statistical facility knov¡n as SAS

(Statistical Analysis System, SAS InstiÈute Inc., Cary, North Carolina)

was used for this analysis.
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RESULTS AND DISCUSSION

I will first examine the proteÍn analysís results to assess the

effectiveness of the ferti:-.ízer treatments in inducing different levels

of protein content. The results from the reflectance data analysis will

then be examined to see whether these different levels of protein con-

ËenË eould be detected from the near infrared reflectance specËra.

Protein Analysís Results

Fertilizer Treatment Differences

The resulÈs of the protein determinaËions on all Èhe samples col-

lected throughout the experimenE are given ín Tables 1 to 7 of the

Appendíx. The result.s have been summarized for each growth stage and

are given in Tables 2 and 3. In general, the proLeín content increased

with additíonal nitrate fertíLizer up Èo a level of I25 kg/ha after

which the protein content levelled off with increased fertilizer.

At the early growth stages (growth stages 4 and 5) the lack of

significant differences betr¡een most of the Ëreatments was probably

due to the initial levels of niÈrogen in the soíl (40.8 kg/na) prior to

applicaËion of nitrate. These levels were sufficiently high to main-

taín high levels of protein in the plants. Any additional nitrate

ferÈílizer added at these stages was probably superfluous and therefore

did not produce any significanÈ increase in protein content.
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TABLE 2. Suruoarized results of protein analysís for the first three
growth stages (pre-heading stages).

Growth
stage

Fertilizer
treatment
(ke N/ha)

Protein contentl

4.0

5.0

6.0

0
62.5

L25
187.5
250

0
62.5

l-25
187.5
250

0
62.5

L25
T87,5
250

)
31. 65-
32.48
32.85
32.88
32.80

22 .60
22.7 5
28.53
28.34
29.38

12.93
L6.96
2r.96
2l-.30
22.86

ab
bc

c
c
c

a

b
b
b

a
b
cd

d
c

I-Protein values represent Ëhe means of four replicates. ProËein
conËent = % N x 6.25 on a dry wt. basis.

2v"1rr"" within each growth sËage with the same leÈËer are noË síg-
nificantly dífferent at tt,e 5% level.
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TABLE 3. Suuunarized results of
growth sËages (post-heading

protein analysis for the last four
sÈages) .

Growt.h
stage

Fertilizer
treatment
(ke N/ha)

Vegetative
prot eÍ-n.

. ,1conEent
Head protein

content
Grain protein

content-

7.0

7.5

8.0

9.0

0
62.5

]-25
187.5
250

0
62.5

L25
187.5
250

0
62 .5

125
187 .5
250

0
62 .5

]-25
187.5
250

8.2g3
l-3,79
15.7 6

16.65
17.39

6.45
7r.7 9
14.13
13.43
]-4.56

4.36
7.10
9.44
9.20
9 .57

r.94
3.66
5.46
5.7r
6.99

a
b
cd

de
e

a
b
cd

d
c

a
b
c
c
c

a
b
c
c
d

12.25
1s.30
15.10
15. 55
15.95

12.40
16. 05
14.65
15. 65
75.70

6.25
9.98

10.95
10.58
10. 35

3. 68
7 ,48
8.83
8.35
9.4s

12.L5
16.7s
76.7 7

L7 .94
18. 05

]-3.22
18. 39
L8.24
18. 75
18. 61

a
b
b
b
b

a
b
b
b
b

a
b
b
b
b

a
b
b
b
b

a

b
b
b
b

a
b
b
b
b

lv.g"trtive and head proËei.n = Z N x 6.25 on a dry wt. basis.
2ct^ín protein = Z N

3V.1,r." within each
nificantly different at
four replicates.

x 5.70 on a L47" moisture basis.

growth stage with the same letter are not síg-
tl:'e 5% level. Each value represents a mean of
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As the plants reached the heading sÈage and beyond, the íncreased

demnnd for nitrogen by t,he plants coupled with a steady depletion fron

the soil resulted in a situation where signíficanË differences ín pro-

tein content \,rere observed even with the high levels of application

(faUte ¡). This is evident in growth stages 6, 7.0 and 7.5 (0, 12, and.

20 days after heading, respectively) where sígnifícant differences in

vegeËative protein content occurred between the first three treatments.

However, as \¡/as menÈioned previously, the plant componenE of

interest at the post heading stages (stages 7.0, 7.5, B and 9) was the

heads, and as can be seen ín Table 3, there vzere no sígníficanË dÍffer-

ences in head protein content between the four highest f.ertlTizer

treatments at Ëhose growth stages.

ProËein determinations ¡¡ere also made on the grain at growth

stages B and 9. However, these protein values vrere not used in any

subsequent analyses since Ëhe grain proËein does not have any effect on

rhe reflectance. rt is interestíng to note that very high levels of

protein were obËained in t,he grain at the higher f.ertlLizer treaËments

(Table 3). This may be due in part to Èhe fact that there were six

applications throughout the growing period and this may have resulËed

i-n a more efficient use of the avaílable nitrogen by t,he plants.

Groupíng of ProËein Data

The ¡nain purpose of the experiment lras to see whether Ëhe near

infrared reflectance technique could be used to differentiate between

different levels of proËein content, as opposed to dífferent levels of

fertíLizer applications (treatments). ConsequenEly, the protein values

corresponding to the 20 plots at each growËh stage r¡¡ere parËítioned
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into protein groups of specified protein ranges. The number of groups

formed at each growth stage depended on the significance of the differ-

ences between the mean protein content of each group. For example, in

growth stage 5, three groups ¡+ere formed whích were significantly dif-

ferenÈ from each oÈher while at growth stage 6, Ëhere vTas a wide range

of proËein values which could be separated into 5 separate groups, the

mean of each group being signíficantly different from one another

(ra¡te 4).

once these groups were formed, the analysis of the reflectance

data was direcËed towards determining whether these differences in pro-

Ëein conËent bet¡¿een groups could be detected by the near Ínfrared

reflecËance spectra of the crops.

Results from Reflectance Data Analysis

As r¿as menËioned previously, the first step rnras to find the wave-

length band which yielded the besË correlaLíon between proËein content

and near infrared reflectance. Using the reflectance data from this

parËicular band, Ëhe next step involved an analysis of varíance to see

v¡hether the protein groups had a significant effect on the reflectance

at these wavelengths. Finally, a comparison test r¿as used to deterrnine

r,¡hether there were sígnificant differences between the mean reflectance

values of these groups. The results of these analytÍcal procedures are

now presenËed for each indivÍdual growÈh stage.

Growth Stage 4 - Tillering

The correlation coefficients for the regression of reflectance on

protein content \¡Iere very lov¿ for most of the wavelengths at this grovlch

sËage (Fig. 4). Most of the values are negaÈive r¿hich irnplies that \.re
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TABLE 4. Protein groups and their nean protein contents for all
growth stages.

Growth
stage

Protein
group no.

No. of
plots

Mean protein
content r

4.0

5.0

6.0

7,0

7.5

8.0

9.0

3
2

1

J

2

1

5
4
J

2
1

3

2
1

J
2

1

J

2

I

J

2

I

6
10

4

7

5
7

4
4
4
4
4

10
6

4

7

B

4

7

9
4

9
6

3

,
33.48-
32.39
3r.45

29.39
27.I5
22.L9

23.I0
22.02
21. 00
L6.96
L2.93

L6.04
L4 .53
L2.25

L6.29
15.38
L2.40

L7.26
9.84
6,25

9.37
7 .23
3.77

1-Growth stages 4.0 to 6.0: vegetative protein; growth stages 7.0 to
9.0: head protein. Protein content = Z N x 6.25 on a dry wt. basis.

)-411 values within each growÈh stage are signifícantly different at
the 52 1evel.
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are, ín facË, dealing with a negative relationshíp. That is, the higher

Ëhe protein content of the plants, the more absorption of the radiant

energy and therefore the lower the reflectance.

The wavelengths of best correlation vrere 2.34 and 2.35 ¡rm with a

correlation coefficient of 0.40. The reflectance daËa bet¡¿een 2.34 and

2.36 prn were used for the analysis of variance. The level of proteÍn

content as expressed in the groups significantly affected the reflec-

tance (Tabre 5a). A1so, the Duncanrs multiple range test showed a sig-

nifícanË difference between the mean reflectance of groups I and 3 but

groups 1 and 2 or groups 2 and 3 were indístinguishable (Table 5b).

Although the differentiation between proteín groups at this growth

stage !üas not very successful, the results did show that the mean re-

flectance between 2.34 and 2.36 ¡-rm decreased as the protein content

íncreased.

Growth Stage 5 - BooË Stage

The results from this growth stage were somewhat more dífficult to

interpret. The correlation coefficients were also very 1ow throughout

most of the r¿avelengths (Fíg. 5). There vüere two major peaks in the

correlation curve v¡ith the most significant correlation occurring

between 1.41 and 1.43 prn which happens to coincíde with a vüater absorp-

tíon band.

The difficulty arises in deciding whether the correlation is due

to proËein absorption or whether it ís due Èo Trater absorption. That

protein content and infrared reflectance r¡rere correlated at the r¡/ater

absorptíon wavelengths could possíb1y be due to the fact that protein

conÈenÈ and water contenË may have been correlated to some extent.
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TABLE 5a. Analysis of variance table for reflectance at 2.34 to
2.36 pm for growËh stage 4.

Source DF SS MS F value Prob > F

Protein groups 2 2.4L3 L.207 3.49 0.0375

I{avelengths

Error

2 L2.493 6.247 18.06 0.0001

55 19.027 0.346

ToÈal 59 33.933

TABLE 5b. Duncanrs multiple range test on protein content and reflec-
tance (at 2.34 - 2.36 pm) of protein groups at growth stage 4.

ProËein
grouP

Protein.,
content' Reflectance2

3

2

1

33. 48

32.39

31.45

|- 4.43 .3

l-4.77 ab

L4.96 b

1-Values represent the mean protein content of all plots in each
grouP.

)-Values represenË the mean reflecÈance of all plots in each group.

3R"f1""r"nce values r¿ith the same leËËer are not significantly
different at the 5% LeveL"



F
ig

ur
e 

5.
 

P
lo

t 
of

 c
or

re
l-a

tio
n 

co
ef

fic
ie

nt
s 

be
tr

nr
ee

n 
re

fle
ct

an
ce

 a
nd

 p
ro

te
in

 c
on

te
nt

 v
s.

 r¡
av

el
en

gt
h

fo
r 

gr
ow

th
 s

ta
ge

 5
.

o.
? 

+ I I I I
o.

1 
+ I I I I

o.
o 

+
,I

I I I

-o
.l 

+ I I I I
-o

.2
 + I I I I

-o
.3

 +
I I I I

-o
.4

 + I I I I
-o

.5
 + I I I I

-o
.8

 + I I I I

-o
.7

 + I I I I

-o
.8

 +

c o R R E L A T ¡ o N c o E F F f c I E N T (r
l

*t
0r

ll
å*

çð
ta

f¡
 

+
l¡t

*

å
tf 

ç+
* 

tç
å

ts
tê

+
+

r
{s

å

t*
{1

--
{t

 *
 å

ll 
tt

{[
ç

ç*
 

**
*t

t
*

I 
.4

0

--
-|

l{l
Õ

Õ

*{ s

--
+

--
--

--
--

-+
-

1.
50

 
1.

60
--

+
--

1.
70

1.
80

 
1.

90
 

2.
O

O

t{
A

V
E

IE
N

oT
H

 (
ilt

C
R

0;
IE

T
E

R
S

)

+
 --

 -
 -

 -
 -

- 
- 

- 
+

 --
- 

- 
- 

- 
--

 -
 +

- 
-

2.
 t

o
-+

--
--

--
--

-+
-

2.
Z

O
2.

30
2.

40+
À

.
\o



50

This would result in an indirect relatÍonship between proteín content

and ínfrared reflectance at these wavelengths.

A linear regression analysis between protein content and moísture

content was carried out to test this hypothesis. The correlation

coefficient was found to be 0.78. This relatively good correlation

gives some support to the hypothesis that the reflectance in Ëhe wave-

length band between 1 .4L and 1.43 pu is prÍmarily influenced by warer

and uay give an indirect assessment of proÈein content because of the

correlatíon between moísture and protein contenË. The word ttmayt'

should be stressed here sínce some ¡¿orkers have found Ëhat protein

content is inversely correlated with water content (Thomas et al.,

L966; Myers, L970; Thomas and Oerther, L972; Al-Abbas et al., 1974).

Therefore, if the protein content had noË been correlated with water

contenË, as may well be the case under different growing conditions,

the reflectance at the v¡ater absorpti-on band v¡ou1d probably not be re-

lated, direcËly or indírectly, to proteí.n content.

For this reason, the wavelengths at the second peak of the corre-

lation curve (2.23 - 2.25 pm) were used for the analysis of variance.

The effect due to proteín groups was found to be signíficant at tine L"/"

level (Table 6a). Protein groups 1 and 2 were not significantly dif-

ferent using Duncanrs multiple range tesÈ but these tvio groups v/ere

significantly different from group 3 (Table 6b). Thl-s is ínconsistent

I"rith the actual protein contents of groups L, 2, and 3 (22.L9, 27.I5,

and 29.39, respectively), since I would have expected groups 2 and 3

to be indistinguishable and group 1 to be different from these Ë\^io

groups based on theír proËein contents. Also, group 2 yielded a higher

reflecËance than group 1 which is not consisÈent r,rith a negative
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TABLE 6a. Analysis of varíance
2.25 ym for growth stage 5.

table for reflectance at 2.23 to

Source SSDF MS F value Prob > F

Protein groups

I^iavelengths

Error

2

2

52

0.263

28.2r8

7.L28

0.r32

14. r09

0.022

6.07

650.56

0.004

0. 0001

Total s6 29 ,609

TABLE 6b. Duncanr
tance (at 2.23

s nultiple range tesË on proËein
- 2.25 ¡tm) of protein groups at

content and reflec-
growth stage 5.

ProteÍn
group

Protein
content 2Retlectance

J

2

1

29.39

27.75

22.I9

30.55 13

30.71 b

30.67 b

1vt1,r"" represent the uean protein contenË of all plots in each
grouP.

2__ --Values represenË the mean reflectance of

3R.f1."arnce values with the same Ietter
different at Ëhe 5% LeveL.

all plots in each group.

are noË significantly
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correlation between protein content and infrared reflectance, There-

fore, it appears there lras no sígnificant improvement over the last

growth stage in Ëhe ability to differentiate betv¡een proËein groups.

Growth Stage 6 - Begínning to Head

The best results of the experimenË \,/ere obtained with this growth

stage. There was a relatively good correlation betr¡een reflectance

and protein content at the wavelengths beËween 2.08 and 2.11 pm, where

the r value varied between -0.68 and -0.72 (Fig. 6). As ín rhe previous

growth stager'there was also evidence of some correlation between pro-

tein content and reflectance at the r¿ater absorption band between 1.40

and 1.50 pm (r = -0.58). This is probably an índirecr effecr due ro

T¡Iater absorption as vras discussed for the previous grovth sËage sínce

the correlation between moisture and protein contenË Ì^ras also found Ëo

be relaËively high (0.79). Nevertheless, the analysis of variance was

carried out using the reflecËance data between 2.08 and 2.11 pm.

There Ì.¡as a highly significant effect due to the proteín groups

as indicated by a F value of 22.69 (Table 7a). This high sígnificance

is clearly expressed in the results of the Duncanrs Lest (Table 7b).

AË this part.icular growth sËage the protein values had been separaËed

int.o five groups whose mean protein contenËs v¡ere all signíficantly

different from each ot.her (Table 4). The Duncanrs tesÈ on the reflec-

tance data showed that the mean reflectance values for each group v/ere

also signifícantly dÍfferent from each other excepË for groups 2 and 3.

Also, the order of uagnitude for the five reflecËance means was the

exact inverse of that of the five protein means, which is consisËent

with a negative correlation between protein content and infrared
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TABLE 7a. Analysis of variance table for reflectance at 2,08 to
2.11 pn for growth stage 6.

Source DF MS F value Prob > F

Protein groups

I^iavelengths

Error

4

3

72

L9.827

22.300

L5.729

4.957

7.433

0. 218

22.69

34.02

0. 000r

0. 0001

Total 79 57.856

TABLE 7b. Duncan's
tance (aÈ 2.08

multiple range test
- 2.11 ¡rro) of proËein

content on reflec-
growth sËage 6.

on proËein
groups at

Protein
group

ProËein
content I Reflectance2

5

4

3

2

I

23,I0

22.02

21. 00

L6.96

L2.93

12.66 
^3

13.04 b

13.42 c

l.3.7 4 c

L4.07 d

1__ _Val-ues represent
group.

t-Values represent

the mean proteín conËenË of all plots in each

the rnean reflectance of all plots in each group.

3R"f1""a"nce values with the same 1eËter are not significantly
different aË the 5% LeveL,
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reflectance.

These resulËs represent a substantial ímprovement fron Ëhe previous

growth stage ¡,¡here only one group r¿as found Ëo be significantly differ-

ent from Ëhe oËher Ëwo. However, the maximum correlaËion coefficient

(r = -0.72) is stil1 too low Èo be confident in developÍng a regression

equation for predicting proteÍn conËent on the basis of infrared re-

flecËance. The difficulty in obtaining a very high correlation beÈween

protein content and reflectance may be due Èo other extraneous factors

such as plant morphology, leaf area, background reflectance, etc. which

can add to the variability of the crop reflectance. rn any event, the

results from this growth stage indicate that. the wavelength band be-

tvreen 2.08 and 2.11 pm may well be a primary absorptíon band for pro-

t eín.

Growth Stage 7.0 - 12 Days after Heading

The results from this particular growth stage were found to be corr

pletely inconsistent with all of the other growth sËages. As can be

seen ín Figure 7, most of the correlaEion coeffícients were positive.

This ís contrary to all other growth stages ín which a negative rela-

tionship between reflectance and protein content occurred. Also, the

region of best positive correraËion \¡ras found between 1.78 and 1.80 pm

which does not coincide at all with the wavelengÈh region of besË cor-

relation for the other growth stages.

'An explanation for Èhese anomalous results is difficult. to find.

It seems appropriate to assume that the posítíve correlation found at

this growth stage does not reflect Ëhe true relatíonship bet,ween

reflectance and proteín conÈent sínce we would not expect such a
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drastic change to occur at one poÍnt ín Ëhe development of the crop,

followed by a reversal back to the negatíve relationship shortly there-

after. One r^rould immediately suspect that an error in the data manipu-

lation prior to analysis could have produced such unexpected results.

However' a Ëhorough examination of the data manipulation procedures for

this growth stage did not reveal any discrepancies in Ëhese procedures.

In fact, the same conputer programs vrere utilized for all of the growth

stages.

Due to this unexplained anomaly, there r¡/as no further analysís

carríed out for this particular growth stage. r wí11, therefore, noË

refer to Ëhis growth stage in further discussions of Ëhe experimental

results. More replication of this research will be necessary in deter-

uining whether this anomaly persists, and if so, which factors are

responsíble for it.

Growth Stage 7.5 - 20 Days after Heading

At this particular growth sËage the besÈ correlation betr¿een

reflectance and protein content was found at the 2.09 pn wavelength

where r = -0.44 (Fig. 8). This r¿avelengÈh coincídes with the \^rave-

length band of best correlation for growth stage 6 (2.08 - 2.ll pm).

There r¿as another peak in the correlation curve just next to the 2.09pm

peak at 2.L5 and 2.16 pm. Both peaks ü/ere assumed to represent separate

absorption bands and a separate analysís of variance \,üas carríed out

for the reflectance data at both wavelength bands.

Both r¡avelength bands showed a significant effect due to protein

grouPs (Tables 8a and 9a). A signÍfícant difference ¡¡as found at both

wavelength bands between groups 1 and 2 and between groups 1 and 3, but
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TABLE 8a. Analysis of variance table for reflectance aE 2.06, 2.08,
and 2.09 prn for growËh stage 7.5.

Source DF SS MS F value Prob > F

Protein groups 2 16.949 8.475 6.09 0.0043

hÏavelengËhs

Error

2 3.6L2 1.806 1.30 0.2825

49 68.204 L.392

Total 53 88.765

TABLE 8b. Duncan's multiple range tesË on proÈeín content and reflec-
tance (at 2.06,2.08 and 2.09 Un) of protein groups at grovrth stage
7.5.

Protein
group

Protein-
content r 2Retl-ectance

J

2

1

16.29

15.38

L2.40

10.15 13

10.02 a

11.43 b

1-Values represent the mean proËein content of all plots in each
group.

t-Values represent the mean reflectance of all plots in each group.

3R"fl""a.nce values with the same letter are not significanÈIy
differenÈ at the !% l-evel.
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TABLE 9a. Analysís of varíance table for reflectance at 2.15 to
2.L7 ym for growth sËage 7.5.

Source DF SS MS F value Prob > F

Protein groups 2 7 .7 50 3 . 875 7 .7 3 0. 0012

I^Iavelengths

Error

2 L.486 0.743 1.48 0.2370

49 24.547 0.50r

Total 53 33.782

TABLE 9b. Duncants multiple range Ëest on protein content and reflec-
tance (at 2.15 - 2.17 Um) of proteín groups aÈ growth stage 7.5.

ProteÍn
group

Protein -

content r 2Ketl-ectance

3

2

I

16.29

15. 38

t2.40

12.76 
"3

11.84 a

12.84 b

l-Values represenË Ëhe mean proËein content of all ploÈs in each
group.

)-Values represent the mean reflectance of all plots j-n each group.
)
'Reflectance values with the same letter are not significantly

different at the 57. IeveL.
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not betr^/een groups 2 and 3 (Tables 8b and 9b) . The signíf icance v¡as

greater for the 2.09 ¡_rm band (ct = 0.01) than for Ëhe other band

(ct = 0.05).

A beËter apprecÍation of the signifícance of these results can be

gained if one considers the actual mean protein contents of the three

groups. The difficulty in dífferentiating bet.ween the mean reflectance

of groups 2 and 3 uray be due in part to the fact thaË Èhe protein con-

tents r^7ere very similar (1ess than L% difference). On the other hand,

the mean protein contenË of group 1 was different from groups 2 and 3

by 2.98 and 3,88"/", respectively, and these differences were enough to

produce a corresponding signíficant difference in Ëhe mean reflectances.

The fact that both wavelength bands used ín the analysís gave similar

results might be interpreted as indicating the presence of two differ-

enË absorption bands due to proteÍn. The evídence for ËhÍs is not

conclusíve ín this study. Nevertheless, the higher correlaËion coeffi-

cient at 2.09 prn and the higher significance of the Duncanrs tesË

coupled with the fact that this wavelength coincides wíth the r^rave-

length band of best correlat.ion for growth stage 6 gives preference to

Ëhe possibilíty of this wavelength band as a prímary absorption band

for proËein.

Growth Stage 8 - Beginning to Ripen

The correlation coefficienÈs vrere relatively low for this gro\,,rth

sËage (Fig. 9). Whereas the single wavelength of best correlatíon r¿as

aE 2.07 ¡-tm with r = -0.42, the v¡avelength band (at least 3 consecutive

wavelengths) of best correlation r¡/as found beÈween 1.94 and 1.96 ¡rrn

!ùith r = -0.40. This coincides with Ëhe major r.rater absorption band
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centered at 1.95 pn and rr¡e have a situation similar to growth stage 5

where the best correlation was found within a r¡raÈer absorption band at

1.45 ¡-rn. However, at gro\,üth sËage 8, the correlation between protein

content and vrater content v¡as very 1ow (r = -0.20). rt is, therefore,

possible Ëhat the correlation between protein contenÈ and reflectance

at Èhe L.94 to 1.96 prn band night not be an indirect effect due to

Ì,rater absorpËion but may in fact be a direct effect due to absorpËion

by protein at those wavelengËhs.

The analysís of variance showed a significant effect due to pro-

Ëein groups (table 10a). However, as \,üas the case in growth stage 7.5,

there r,ras no signif icant díf f erence between proteín groups 2 and 3,

while these tvro groups vüere significantly different from group I

(Table 10b).

In order to verify ¡¿hether similar resulÈs would be obtained a¡

Ëhe 2.07 ¡rrn wavelength, an analysis of variance r¡zas carríed. out usíng

the reflectance data between 2.06 and 2.08 prn (table lla). The effect

of the proËein groups was híghly significanË, yielding an F value of

17.88 as opposed to 5.59 for the 1.94 to 1.96 pur band. The mean

reflectance of all three groups was found to be significantly different

from one another, but while the lowest protein group had the highest

reflectance as expected, the mean reflectance of the highest protein

group (group 3) was greater Ëhan that of protein group 2 (Table 11b).

This is inconsistent with a negative relatíonship between protein con-

Ëent and reflectance sínce Ëhe reflectance should decrease as the

protein content increases. It appears that some extraneous factor ís

inÈeracting with the proËein effect to yield inconsisÈent reflectance

values at those wavelengths.
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TABLE 10a. AnalysÍs of variance table for
1.96 pn for growËh stage 8.

reflectance at L,94 to

Source MSSSDF F value Prob > F

ProËeÍn groups

I^lavelengths

Error

2

2

55

4.903

2,0L4

24.7L2

2.452

1. 007

0.438

5.59

2.30

0.0062

0.1102

Total 59 3L.029

TABLE 10b. Duncants
tance (at 1.94 -

rnultiple range test
1.96 pm) of protein

on proÈeín content and reflec-
groups aË growth stage B.

Protein
group

Protein
content I Reflectance2

3

2

I

TL.26

9.84

6.2s

5.89 13

5.99 a

6.65 b

1v"1rr"" represent the mean proËein content of a1r plots in each
grouP.

)-Values represent the mean reflectance of
3Reflectance values with the same letter

different at the 5% IeveL,

all plots in each group.

are not sígníficantly
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TABLE 11a. Analysis of varj-ance table for reflectance at 2.06 to
2.08 pn for growth stage B.

Source F value Prob > FDF MSSS

ProÈein groups

Wavelengths

Error

2

2

55

7.sLT

0. 070

11. 152

3.7 56

0.035

0.203

17. 88

0.L7

0. 0001

0.8423

Total 59 l-8.47 3

TABLE Ilb. Duncanrs multiple
tance (at 2.06 - 2.08 Un)

range test on protein content and reflec-
of protein groups at growth stage 8.

ProËeín
group

ProËein
contentl 2Retlectance

3

2

1

TT.26

9.84

6.2s

7.79 
^3

7.37 b

8.28 c

lurlrr"" represent the uean proteín content of all plots in each
group.

t-Values represent the mean reflectance of
t
'Reflectance values with the same letter

different at the 5% Level.

all ploËs ín each group.

are not significantly
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Despíte this anomaly, the highly signifícant protein group effect

coupled with the fact that this wavelength band (2.06 - 2.08 ¡rm) coin-

cides with those of the two previous gro$/th stages gives preference to

this wavelength band as a prÍmary absorption band for protein. I,lhile

the results from the 1.94 to 1.96 ¡-rm band were more consístent with a

negative relaÈíonship between protein and reflectance, the fact thaÈ

this band coincides with a \n/ater absorpËion band does creaËe suspicion

as t.o whether the relationship between proteÍn and reflectance may be

indirectly influenced by vüater absorption.

Growth Stage 9 - Maturity

The resulËs from this growth stage were quite comparabl-e to those

of the previous two gro\.rËh stages ín finding significant group differ-

ences. However, in thís case, Èhe wavelength of best correlatiorr vras

aE 2,00 pm (Fig. 10). The analysis of variance using the reflecËance

data betr¿een 2.00 and 2.02 1tm showed signifÍcance due to protein groups

(Table IZa). The lor,rest proËein group (group 1) was found to be sig-

nificanËly different from the other tvro groups but groups 2 and 3 were

not sígnÍ-ficantly different from each oËher (Table 12b). The mean

reflectance decreased as the protein content increased.

Summary

The experímental results of each growth sÈage have shown that

there r¿ere differences and similarities between Ëhe growth sËages,

eiLher in the wavelength bands of best correlation or in the ability

Èo find sígnificant differences between protein groups. These results

are summarized ín Table 13. A general discussion of Ëhese results is

cerÈainly in order to propose some explanaÈíons for these differences
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TABLE 12a. Analysis of variance table for reflectance aE 2.00 to
2.02 ym for growth stage 9.

Source MS F value Prob > FSSDF

Protein groups

hlavelengths

Error

2

2

43

4.923

1.043

L4 .625

2.462

0.522

0.340

7 .24

1. 53

0.002

0.227

Total 47 20.s97

TABLE 12b. Duncanfs nultiple
tance (at 2.00 * 2.02 yri)

range Eest on protein content and reflec-
of proËein groups at growth sÈage 9.

Protein
group

Protein
contenË Reflectance2

J

2

I

9.37

7 .23

3.77

10.13 
^3

L0.29 a

10.98 b

1-Values represent the mean proËein conËent of
grouP.

t-Values represent the mean reflecËance of all
3R"f1".a"nce values wíth the same letter are

different at the 5"/" LeveI.

all plots ín each

plots in each group.

not significantly
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TABLE 13. Surnrnarized results of
the growt,h stages.

the analytÍca1 procedures for all of

GrowËh
stage

l,Iavelength band of
highest correlation

(un)

Highest correlation
value

(r)

Differ ent iat ion
beËween grorrp"l

6

7.5 2. 06

2.L5

2.TL

2.09

2.r7

2.34 - 2.36

2.23 - 2.25

2.08 -

ry
2I3

L2345

L32
t32

l.32

r23

-0.40

-0.22

-0.7 2

-0.44

-0.42

-0.42

-0. 50

2.06 - 2.08

2.00 - 2.02

I'Groups r¡hich are joined wíth a bar are not significantly different
at the 57. IeveL.
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70

can the proper conclusions be drau'n con-

these results on the feasibility of detect-

infrared reflectance spectroscopy.



77

GENERAL DISCUSSION

As a general assessment of the experimental results, it is sug-

gested that Ëhe growth stages from t.he beginning of heading to maturÍty

(growth stages 6 - 9) yielded beËter results than the earlier growth

sËages (4 - 5). trrrhíle growth stage 6 yielded Ëhe besr results, the

1asË Lhree growth stages r¿ere also consistent in that the low protein

group 1 ¡¿as found to have a significanËly higher mean reflecEance than

the higher proteín groups 2 and 3. These two higher protein groups

rvere not significanËly different from each other. These results are

consísËent wíth the fact that the difference ín protein cont.ent betr,¡een

groups l and 2 for these three growth stages \,ras bet\"leen 1.5 to 3

times greaËer than the difference betv/een groups 2 and 3 (Table 14).

Therefore, we would expect more difficulty in finding significanË dif-

ferences between groups 2 and 3.

On the oËher hand, the resulÈs from growth stage 5 were not con-

sistenÈ ín that no sígnificant difference T¡ras found in the mean reflec-

tance between groups l and 2 when, in fact, these Ër,,7o protein groups

differed in mean protein content by 4.96"/". The difference ín mean

reflectance between groups 1 and 2 at growth stage 4 v¡as also found io

be non-significant but this would be expected since the mean protein

conËent of these t\^ro groups differed by only 0.942.

I^lhile the performance of the near infrared reflectance technique

in detecting values that were significantly different between protein
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TABLE 14. Dífferences
I, 2, and 3 at all

in mean protein content between protein groups
growth stages.

Protein group contrast
Growth
stage r-2 2-3 1-3

4

5

6

7.5

B

9

o.g4r

4.96

4. 03

2.98

3. 59

J. 40

1. 09

2.24

4.04

0.91

r.42

2.L4

2.03

7 .20

B. 07

3 .89

5. 01

5.60

1-Values represent Ëhe difference Ín mean protein conËent beËween the
Èwo specified groups.
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groups vras quite different between the preheading and post heading

sËages, there r"¡ere also differences in the r¡avelength bands (presumed

to be protein absorption bands) between these two grov/th periods, as

well as within each growth period. The wavelength bands for the post

heading stages (beginning to head to maturity) were concenËrated r¡/ithin

a narror¡r seguenË of the spectrum between 2.00 and 2.I7 ym with some

overlap between the bands, while the bands for the Êwo preheading

stages \^7ere completely aparÈ from this portion of the spectrum (2.23 -

2.36 prn) .

OËher researchers have found tihe 2.00 to 2.I7 pm segment of the

infrared spectrum to be important in protein deËermination by near

Ínfrared reflectance. Norrís eË a1. (1976) anaLyzed forage samples

for crude proteín determination and found that 1or¡ proteín samples were

characterized by a broad absorption band at 2.1 urn. rn multíple regres-

sÍon analyses using up to eight different wavelengths, he found that

the two most important wavelengths for protein determination were 2.08

and 2.16 pm. Norris (1978) also sËudied the reflectance specËra of

soybean protein (96% protein) as a dry powder and found absorption

bands at 1.19, 1.51, I.70, L.75, 1.98, 2.06,2.18 and 2.33 prn. He

examíned Ëhe absorption spectra of proteins from different sources and

found that they all had these bands in common, although the magnitudes

of the different bands varíed slightly from one protel-n to the other.

Klepper and l,lilhelrni (1979) anaLyzed vegetatíve and head samples of

wheat with a near infrared reflectance instrument manufactured by the

Dickey John Corporation which uses síx wavelengths (1.68, I.94, 2.70,

2.L8, 2.23 and 2.31 Urn). They found that the tr¡/o most important r,üave-

lengths for protein determination were at 2.10 and 2.18 prn.
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Therefore, there is evidence to suggest that t,he wavelength bands

obtained between 2.00 and 2.L7 pm are not just artifactual but may, in

facË, resulË from Èhe absorpËion of infrared radiation by protein at

Ëhose wavelengths. As for the wavelengËh bands at growth stages 4 and

5, there is little evidence, based on the difficulty Ín finding signifi-

cant differences in protein groups, that the wavelength bands at 2.34

xo 2.36 prn and 2.23 to 2.25 pm represent protein absorption bands. rn

parÈicular, growth sËage 5 had very 1ow correlaËíon coefficients

(r = -0.22) ax the 2.23 to 2.25 ym wavelengrh band.

That the growth sÈages from the begínning of heading to maturiËy

yielded better results than the preheading growth stages night be ex-

plained on the basis of the reflective characteristics of the vegeta-

tive leaf material as opposed to Ëhat of the head material. As was

explained in a previous chapter, the crop spectral curves r^rere correcËed

by subtracting the specular component from the total reflectance cuïve

to yield a diffuse component. The specular component r¿as obtained from

the reflecÊance plate with the assumptíon thaÈ the reflectance charac-

terístics of the plate were similar Ëo those of the crop. This assump-

tion may be more appropriate for the post heading stages where Èhe

object viewed consists nainly of wheat heads than for Èhe preheadíng

stages where r4re are dealíng mostly wíth leaf material . Irre would expect

the wheat heads ¡¿hich have a rough, irregularly shaped surface to be

more diffusive (and Ëhus resemble the reflectance plate which is a

Lambertian reflector) than the leaf material, which has smoot.h plane

surfaces and Èhus is more specular than diffusive in nature. Also,

since r,/e can expect a greater specular component from the leaf maÈerial

Ëhan from the head mâterial, we would also expect any error resulting



75

from the subtraction of the specular component. to be greater for the

growËh stages where the leaf material is the object of view.

I^ihile Ëhe resulËs from the post heading growth stages indícate

that there vlas absorption of infrared radiation by protein beËween 2.00

and 2.17 ttn with a major peak between 2.08 and 2.11 pur for growth

stage 6, there is no clear indÍcation as to why different absorpÈion

bands were obtained at different growth stages. Assuming that the

nature of the protein is constant from one grovüth stage to t.he next, vre

would have expected the same protein absorptíon bands in all of the

growth stages. IË would appear that there are extraneous factors other

than protein absorpËion, such as anatomical changes in cellular struc-

ture and changes in configuration of the plant material which interact

differently at different growth stages to result in maximum absorption

of infrared radiation at different wavelengths.

Another possible source of variation in the absorption bands may

be the normalízation procedure with respect. to the amount of plant

materíal which r¿as carried out prior Ëo analysis of the data. As was

explained in the experimental methods, the normalization ínvolved find-

ing the wavelength of least variabilÍty (c.v.) for each growth sËage

and then, assuming that the variabílity at that wavelength was only due

to planE matter differences (i.e. no protein absorption at LhaË r¡/ave-

length), the reflectance curves \,rere normalized so that their relaEive

reflectance was equal at Ëhat particular wavelength. In assuming that

the wavelength of lowest variabiliËy in reflectance corresponds to a

wavelength r¿here there is no absorption by protein, we have assumed

that the effect, due to protein absorpÈion and the effect due to planË

Ðatter differences are addíËive. Therefore, since the plant matËer
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differences are expected to affect the reflectance equally at all r¡7ave-

lengths, we concluded ,that the v¡avelength of least variability repre-

sents a r.ravelength of ninimal or no absorption by proËein. rf these

basic assumptions \4rere not completely valid, iË is possible that some

of the wavelengths chosen for the normalization process Írere not \,rave-

lengths of zero absorption by protein. The normalizaËion r¿ould thus be

based on incorrect wavelengths and thís would certainly have an effect

on the subsequent analysís as to which wavelength band would yield the

best correlatÍon between protein content and reflectance.

The results obtaíned suggesË that there were probably two absorp-

tíon bands by protein r"¡ithin the 2.00 to 2.L7 ¡tm range. A primary band

occurred beÈween 2.07 and 2.11 prn which coincides with Ëhe absorption

bands from three of t.he last four growth stages. A secondary absorpËíon

band occurred between 2.15 and 2.I7 pm which corresponds to one of the

absorption bands at growth stage 7.5. These two protein bands coincide

wíth those found to be important in protein analysÍs by other r¡orkers

previously menÈioned (Norris et a1. , L976; Norris, L7TB; Klepper and

Wilhelmi, L979). The facË that the v¡avelength band for protein absorp-

tíon at growth stage 9 was found at 2.00 to 2.02 yn might be the result

of the normal-ízation based on the incorrect wavelength.
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CONCLUSION

Contríbutions to Research

I^Ihile the attempt to apply the NrRS technique to a standing crop

!ùas not successful in pÍnpointing the exact wavelengths of protein

absorption (as opposed to wavelength bands) or in establishíng any

absolute relationships between reflectance and protein content, a

number of important points can be concluded from the research.

(f) The highest correlation between near infrared reflecËance and

protein content was found at the 2.07 to 2.11 prn wavelength band,

with a secondary absorption band at 2.15 to 2.L7 ¡tm.

(2) The relationship between near infrared reflectance and proËein

contenË was found to be negative, that is, the protein content

increased as the reflectance decreased.

(3) The growth stages from the beginning of heading to maturiry

yielded better results than the earlier preheading stages.

(4) The growth stage which yíelded the besÈ results vras grordth stage

6 (beginning to head) where t.he correlation coefficient for the

regression of proËein content on reflectance vras equal to -0.72

at 2.11 ¡rm.

(5) The correlaÈion between reflectance and protein contenË was not

high enough to develop a nodel for predicting proEeÍn content on

fhe basis of near infrared reflectance.
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(6) At the gror¡ith stages from the beginning of headíng to maturity,

the mean reflecËance of the lowest protein group (group 1) was

always found to be signíficantly greater than the higher proteín

groups.

Recornmendatíons for Further Research

The research project has provided some insíght as to which vrave-

lengËhs and whÍch growËh stages were important in the applicaËion of

the NTRS technique to a standing wheaË crop. However, the accuracy of

the techníque for det.erminíng protein content was relatively poor.

A1so, some of Ëhe inconsisLencies in the results, such as dífferent

absorption bands for different gror,rth stages or sudden changes in the

naÈure of the relationship between protein conËent and reflectance

remain essenËially unanswered. Further research wíll be necessary to

provide ansr{ers to these questíons and Ëo improve on the technique.

The following recommendatíons may be useful in achieving this purpose:

(1) Different crop specíes and cultívars should be used to see

whether or not si-mílar results would be obtained.

(2) Since ferËilizer applicatÍon rates above 725 kg/ha did noÈ result

in sÍgnificantly higher levels of protein, a greater number of

fertilízer rates between 0 and L25 kglha should be used to induce

a more even distribution in protein contents.

(3) Spectral measurements should be taken more often Èhroughout the

growing períod so that vie can gain more ínformatÍon as to how or

why the performance of the technique changes wit.h the growth

stage of the crop.
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(4) Measurements taken wíth the light source at various azimuth and

zenith angles could be useful in determining whether significant

differences in Ëhe performance of the NIRS techníque would result

and wheËher normalizaËion procedures could be applied in these

cases.

(5) Some basic work on the relationship between protein conlent and

near infrared reflectance of single plant parts (leaves, influores-

cenË parts, etc.) would be invaluable in determining the r¡/ave-

lengths importanË in protein absorption.

(6) I,Ihile a fíe1d experiment would be exposed to environmental vari-

ables as opposed to the conËrolled greenhouse experiment, there

would be some definite advantages:

(a) The greater irradiaEion of the crop by the sun and diffuse

sky light would requíre less amplÍfication of the signal

from the deËecËor and thus would increase the signal/noise

ratío resulting in smoother and more precise spectral curves.

(b) The variability due to such factors as leaf oríentation and

amounË of plant material viewed would be reduced considerably

in a field situation where the víewed area is usually much

greater than in the greenhouse experiment. The larger crop

surface would have a buffering effect on the indivídual com-

ponents and would also provide more uniformity in the amount

of plant matÈer viewed from one plot to Ëhe next.
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APPENDIX TASLE 1. ProTein
cates at grov/th stage

and moisture content
4.

data from all replí-

Fertilizer
treaEment
(ke N/ha)

Replicate
Vegetat ive
proteinl

MoÍsture
content2

1
2

3
4

31. 30
31.00
32.40
31. 90

33.30
32.40
32.40
31.80

33. 90
33. 30
32 .50
31. 70

32.50
33. 90
32.30
32 .80

32. 00
32.7 0
33.50
33.00

85. 86
86. 09
85. 40
85.18

86.25
84 .34
86. 61
85. 33

87 .29
85.42
85.75
85,26

86. 55
8s. 60
86.11
85. 83

85.7r
86.00
85. 84
85.47

62 .5 1
2
J
4

l-25

!87.5 1

2

J

4

250 1
2
3
4

I-Each value represents 1 protein determination on a combined sample
of 4 plants. VegeEative protein = Z N x 6.25 on a dry wË. basis.

t-Moisture determinations were carried out
material from a sample of 4 plants. MoisÈure
basis.

1
2
3
4

on total above ground
contenÈ=%freshv¿t..
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APPENDIX TABLE 2.
cates aE gror,rth

Protein and moisture content data
stage 5.

from all repli-

Fertilizer
treaÈment
(ks N/ha)

Replicate
Vegetat ive
proteinl

Moisture
conËent2

62.5

L25

L87.5

250

1
2
J

4

1
2

3

4

1
2
J

4

1
2

3

4

1
2

3
4

22.80
22.55
2L.70
23.35

26.05
23.65
20,95
20.35

25.95
29.85
29.35
28.95

27 .90
28.05
27 .80
29 .60

29.65
28.7 5
29 .50
29 .60

84.02
85. 01
84 .46
84. 60

85. 52
84.7 6

84.13
82.73

84. BB

85.62
85. 55
85. 70

85. 04
85.15
84 .63
86.52

85. 59
85. 0l
85.27
84.90

18""h value
carríed out on
ZNx6,25ona

represenÈs the mean of 2 separat.e determinaÈions, each
a combined sample of 2 plants. Vegetative protein =
dry wt. basis.

2"oí"r.rt. determínations r¡rere carried out on total above ground
maËerial from a sample of 4 plants. Moisture contenÈ = % fresh wt.
basis.



86

APPENDIX TABLE 3.
caÈes at gro\,/th

Protein and moisture content data
stage 6.

fron all repli-

Fertilizer
treatment
(ks N/ha)

ReplÍcate
Vegetatiye
proteinl

MoÍsture
content2

1
2
3

4

12.55
13. 05
13.10
13.00

L7.60
15.50
16.35
18. 39

2L.16
23.09
22.25
2I.35

20.53
2L.95
2r.7 5

20.95

22.13
23.L5
22.70
23 .45

80.61
79.32
78.74
78. 90

80. s7
79.97
81. tl
80.66

82.04
83.45
81.87
81. 83

78.94
82.7 5
82.7 6
82.L3

81. B4
82.44
80. 88
82 .57

62.5

l'25

r87.5 1
2
3
4

250 1
2

3

4

1E"ch value represents the mean of 4 separate determinations run on
single planÈ sauples, Vegetative protein = % N x 6.25 on a dry wt.
basis.

2Moi"a,rr" determinations \,¡ere carríed out on total above ground
material from a sample of 4 plants. Moísture contenË = Z fresh wt.
basis.

1
2

J

4

1
2

J
4
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APPENDIX TABLE 4. Prorein and moisture
cates at growth stage 7.0.

content daÈa from all replí-

FerËilizer
freaËment
(ke u/ha)

Replicate
Vegetative
proteinr

Head
proËein2

Moisture
content3

62.5

L25

r87 .5

250

7. B0
8.20
8. 6s
8. 50

13. 10
13. 70
l-3.25
15.10

16.95
15. 30
15. 00
15. 80

L7.90
15. 55
17 .00
16.15

18. 00
17 .25
16 .6s
L7.65

11. 80
11.60
12 .60
13. 00

13. B0
ls. 00
16.00
L6.40

17.00
13. 60
15.40
L4.40

16.20
15.20
15. 60
15.20

16. 60
15.80
15.40
16. 00

68.57
69 .40
70. 5B
69.67

72.78
72.99
7 3.03
72 .50

73.88
74.96
7I.96
7 3.53

74.60
73.40
75.28
74.36

78.L6
7 5.29
72.39
75.88

1
2
J

4

1
2

3
4

1
2
3

4

1
2

3

4

1
2
J
4

1lñ¡lach value represents the mean
single plant samples. Vegetative
basis.

)-Each value represents a single
bined head material from 4 planrs.
r,¡t. basis.

of 4 separate determinaËions run on
protein = Z N x 6.25 on a dry wt.

protein determination on the cou-
Head protein = Z N x 6.25 on a dry

2,Moisture determinations r¡rere carried out on total above ground
iaI from a sample of 4 plants. Moisture conÈent = % fresh wt.maËer

basis
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APPENDIX TABLE 5. Protein and moisture conËent
cates at growt,h stage 7.5.

daËa from all repli-

Fertílizer
t,reatDent
(ke N/ha)

Replicate
VegeËative
proËeinl

Head
protein2

Moisture
content3

1
2
J

4

6.70
6.15
s.45
7 .50

11.30
11.90
12.35
11. 60

13. 70
14.10
L4.40
14. 30

13. 70
L2.70
]-3.25
14. 05

14.20
14. B5
L5,25
13. 95

12. 80
L2 .60
LI.20
13. 00

15. 60
15. 40
L6.20
17.00

16. 60
I]-.2O
15. 00
15.80

16. 60
15. 20
15.80
15. 00

1s. 60
15. 60
16. 00
15. 60

64.s9
65 .45
65. 00
66.07

68. 00
67.76
68. 13
6s. 83

69.34
69.22
69 .69
69.9r

67 .09
68.25
68.L7
69. 38

68. 68
69.45
70.63
67 .2s

62.s

L25

t87.5

250

I
2

3
4

1
2

J

4

1
2

3

4

I
2

J
4

1-Each value represents the mean
single plant samples. Vegetative
basis.

t-Each value represents a síngle
bined head material from 4 plants.
wË. basis.

I
'Moisture d.eterminations r¡/ere carried out on tot.al above ground

maËeríal frou a sample of 4 plants. Moisture content = % fresh wt.
basis.

of 4 separate determinatj.ons run on
proteín = Z N x 6.25 on a dry wÈ.

protein determínation on the com-
Head protein = Z N x 6.25 on a dry
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APPENDIX TABLE 6. PToTein
cates at growËh stage

and moisture content daËa from all repli-
8.

Fertilízer
treatmenË
(kg N/ha)

Replicate
Vegetative
proteinl

Head
protein2

Grain Moisture
proËein content3

1
2

J

4

3. 95
4.05
4.35
5. 08

8. 50
6.30
5. 88
7.72

7 .L5
10.95
9.9s
9.70

8.7 5
9 .60
9.15
9.28

9.90
9 .63
9.45
9. 30

6.70
6. 80
5.30
6.20

10. 90
9. 90
9. 80
9. 30

10. 10
12.20
11.10
10.40

10.70
11.40

9. 30
10. 90

10.40
11. 60
9.80
9.60

L2.99
1r. 84
LL.69
12. 08

15. 06
T7.LB
L8,T2
L6.63

17.10
L6 .63
L7.02
L6.63

18. 35
L6.63
18. 51
L8.27

18.33
L9.22
L6.78
r7.88

60.69
59 .63
58.56
57.44

58.42
49.86
47.8s
54.73

s4.46
63.02
61.09
59.86

51. s0
55 .31
55. 31
52. 88

50. 60
54.15
56.96
54.IL

62.5

t25

187.5

1
2
J

4

I
2

J

4

l_

2
3
4

250 1
2
J
4

IE."h value represents Èhe mean of 4 separate determinations run on
single plant samples. Vegetative prot.ein = Z N x 6,25 on a dry wt.
basis.

2E^"h value for head
mination on the combíned
Z N x 6.25 on a dry wt.
moisture basis.

and grain proteín represents a single deter-
material fron 4 planÈs. Head protein =

basis; grain protein = Z N x 5.70 on a L4%

.J

'Moisture deteruinations were carried ouË on total above ground
material from a sample of 4 plants. Moisture content = % fresh wË.
basis.
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APPENDIX TABLE 7.
stage 9.

ProËein content data from all replicates at growth

Fertilízer
treatment.
(ke N/ha)

ReplÍcate
Vegetative
proËeinr

Head
protein2

GraÍn
protein

I
2
J
4

1. 85
2.20
7,70
2.00

3.9s
3. 50
3. 70
3.50

3.90
5.7 5
5.50
6.7 0

5.25
6. 00
6. 35
5.25

7 .L0
7.00
7.L5
6.70

3.40
4 .60
2.50
4.20

7 .60
7 .80
B. 30
6.20

7 .20
8.10

10.40
9. 60

7.40
10.10

B. 70
7 ,20

9.10
10.10
10.00

8. 60

73.57
13 .80
L2.23
L3.26

18. 35
l-8.27
18. 35
18. 59

L8.67
79.22
20.47
L4 .59

I8.67
19.06
I8.7 5
18. 51

18. 20
]-9.37
18. 43
18.43

62.5

725 1
2

3

4

187. s 1
2

3

4

250 1
2

J

4

lE""h value represents the mean of 2 separate determinaËions run on
a combíned sample of 4 plants. vegetatíve proËein = z N x 6.25 on a
dry wt. basís.

2E^"h value for head and grain protein represents a si-ng1e determína-
tion on the combined material from 4 plants. Head proËein = Z N x 6.25
on a dry wt. basis; grain protein = Z N x 5.70 on a I4T" moisture basis.

I
2
J

4


