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Figure 1. Comparison of NIR spectra for various materials.
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1995), analysis of sugar related products (Schaffler et al., 1993)

and predicting varietal resistance to the stalk borer Eldana
saccharina Walker (Lepidoptera: Pyralidae) (Rutherford et al.,
1993). This paper is a summary of some past and current research
in South Africa, as well as indicating potential new applications.
Comparison of NIR spectra for a range of products tested are
shown in Figure 1, and Table 1 is a summary of the constituents
for which successful calibrations have been developed.
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Abstract

Sugar industries world-wide are showing increasing interest in
the potential applications of near infra-red (NIR) analysis as a
research and management tool in the fields of soil fertility, cane
nutrition, cane quality testing and screening for resistance to
certain pests and diseases. During the past decade both filter
and scanning NIR reflectance spectrophotometers have been
used to improve nitrogen use efficiency of sugarcane by
matching the crop's N requirement to soil N mineralising
potential and plant N status, both properties being determined
by NIR. Calibrations were developed and validated for N in
leaf samples as well as total N content, organic matter content,
N mineralisation potential and texture of soil samples. Well over
70000 leaf and 140000 soil samples submitted by cane growers
have been routinely tested by the Fertiliser Advisory Service
(FAS) using NIR in conjunction with other techniques. Recent
developments have centred on comparing the suitability of both
filter and scanning instruments for the rapid determination of
various constituents in cane juice, shredded cane, bagasse, raw
sugar and molasses. Possible new applications for NIR that are
discussed include partitioning the N pool in the cane plant, esti
mating photosynthesis, predicting yield potential and screening
for pest and disease resistance.
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Introduction

During the past two decades near infra-red spectroscopy (NIRS)
has gained wide acceptance in the food sciences, chemistry and
chemical engineering, biochemical, environmental, pharma
ceutical and medical fields. The success ofNIRS can largely be
attributed to its ability to allow rapid quantitative and qualitative
analyses of multicomponents in single samples using minimal
sample preparation. Despite advances in applying NIR at the
research and process levels for cereals, oilseeds and forage
assessment, relatively little progress has been made in adopting
this technology for routine use in the cane industry. Research
has been confined mainly to the USA, Australia and South
Africa, and includes the use of both filter and scanning
instruments for foliar diagnosis (Meyer, 1983), N fertiliser
management (Meyer et al., 1986), cane juice analysis (Meyer
and Wood, 1988; Edye and Clarke, 1993), shredded cane
analysis (Sverzut et al., 1987; Berding et al., 1989; Brotherton
and Berding, 1995; Clarke et al., 1996; Schaffler and Meyer,
1996), assessing soil properties (Meyer, 1989; Meyer et al.,

Table 1
Summary of working calibrations developed for a rangeof

constituents in various products.

Cane leaf Soil Canejuice
Shredded Raw sugar/

cane molasses

N, P, S, Si Total N Pol Moisture Pol
Photosynthesis OrgN Brix Pol Brix
Yield MinN Sucrose Brix Sucrose
Eldana rating Clay Glucose Fibre Fructose
Mosaic rating Silt Fructose Tannin Glucose

Sand Alcohol Lignin Ash
CEC Total N Waxes Starch

Invert

Foliar diagnosis

Determination of the N requirement of sugarcane is an important
activity undertaken by the South African Sugar Association
Experiment Station (SASEX). In 1983, a Technicon 300 Bran
filter instrument was first calibrated and validated for leaf N
analysis (Meyer, 1983). Fifty leaf samples with N contents
ranging from 0,80-3,0% were used to calibrate the instrument.
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A further 125samples analysed by the standard Kjeldahl steam
distillation method wereused to validate the N calibration (see
Table 2). The accuracy and precision of the NIR method was
furtherevaluatedby repeatedly analysing 13reference samples
over a period of five days. The small differences between the
mean results (0,07%), and the small variation in the N values
obtained(CY range0,8-4,5%), suggested that the NIR method
was sufficiently reliable for determining N in leaf samples. In
practice, a levelof accuracy of ±O,1%,andreproducibility below
5%, are considered to be acceptable in assessing the N statusof
sugarcane by meansof leaf analysis. The NIR method is about
10 times faster than the Kjeldahl procedure.

Someof the moreimportant applications of NIRin leafanalysis
concern its use in providing wholecrop cycle fertiliser recom
mendations for sugarcane and in nutrient survey programmes.
Since 1983, more than 65 000 leaf samples havebeen analysed
for N content by NIR. The data set is updated regularly and
used to assesschangesin N availability from soils in the sugar
industry (Meyer et al., 1989).

N use efficiency studies

NIRS has provided a rapid means of detecting, through leaf
analysis, the relative efficacy of timing, placement and the use
ofdifferentNcarriersin various trials(MeyerandWood, 1994).
Recently leaf NIRS analyses have proved useful in assessing

the N requirements of different cane varieties. For manyyears,
fertiliser recommendations in the South African sugar industry
have been based on the variety NC0376. Analyses of the
standard top visibledewlap (TYD) leaf, covering thousands of
samples from variety trials, have shown significant varietal
differences in Ncontent. Currenttrials indicate thattheoptimum
N requirement of important varieties such as N12 and N14 can
differ from that of NC0376 by up to 75 kg Nlha. Limitedfield
evidence alsosuggests that a variety suchas N12,whichusesN
less efficiently than NC0376, may respondmore effectively to
split N applications. Threshold levels for interpreting leaf
analyses may require adjustment for varieties that use NIess
efficiently.

Quantifying the distribution of formsof plant N in sugarcane is
another new research area in which NIRS can be used. Forms
include nitrate-N, amino-N, soluble-protein (mainly Rubisco)
and proteins having different structures. Total N is often used
to assess N sufficiency, although it includes stored N in the
formof Rubisco, whichis not verymobile. Possibly, as in other
crops,nitrateN in cane may be a more sensitive indicatorof N
sufficiency thantotalnitrogen. Knowledge of thetransformation
of proteins in the cane plant from structural to solubleproteins
could assist in predicting the effects of N on cane quality, as
well as explaining the tolerance of plants to certain pests and
diseases. Proline isanamino acidthathasbeenlinked tomoisture
stress in sugarcane (Rutherford, 1989) and as such could be a

Table 2
Examples of calibrations developed for selected constituents.

Product! Wavelength Calibration Validation
constituent

Range
(nm)

n R SEC n R SER

Cane leaf 98 125
N 0,8-3,0 2186, 1240 0,98 0,11 0,96 0,15
Ash 1,0-9,0 1900, 1860, 1968 61 0,97 0,15 94 0,93 0,23
Silicon 0,5-4,0 1900, 1682, 2448 27 0,89 0,05 27 0,77 0,07
Photosynthesis 15-40 umol/rnvs 2100,2139,2190 42 0,90 0,84 30 0,65 2,90
Cane yield 85-210 t cane/ha 2384, 2238, 2448 51 0,91 13,00 191 0,86 14,00
Eldana 20-220 2332, 1754, 2320 51 0,75 17,00 191 0,69 18,00

Soil 200 74
N mineralisation potential 1-4 2236,2230 0,86 0,30 0,83 16,00
Total N 0,03-0,60 2050, 1870 0,90 0,01 0,84 19,00
Organic C 0,3-7,0 2050,1744 0,92 0,46 0,83 19,00
Clay 5-75 1956, 1920 0,94 3,80 0,81 15,00

Cane juice 90 35
Pol 0,7-13,0 2274 0,96 0,25 0,91 3,20
Brix 1,7-14,0 1366,2160 0,98 0,15 0,92 . 3,30
Sucrose 0,7-13,0 2322 0,94 0,29 0,90 3,40
Glucose 0,15-0,80 2342 0,65 0,04 nd
Fructose 0,15-0,80 2292 0,68 0,05 nd

Shredded cane 26 136
Brix 6-21 1434, 2082 0,94 0,24 0,85 3,80
Pol 5-19 1198,2282 0,93 0,42 0,88 3,90
Dry matter 16-38 2224, 1838 0,88 0,86 0,82 4,70
Fibre 7-14 1376 0,85 0,41 0,80 6,00

Cane stalk 32
Wax Qualitative 1940, 1194, 2072 0,65 2,10 nd nd
Budscale f1avonoids Qualitative 2]80, 1734, 168O 0,75 ],70

n =numberof samples; R =regression correlation coefficient; SEC =standard error of calibration; SER =standard error of prediction; nd =not determined
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useful indicator when interpretingfoliar analyses. High proline
is likely to indicate that the crop was stressed at sampling,and
that caution is necessary when interpreting leaf analyses.

Soil nitrogen mineralisation potential

Attention was given in 1986 to assessing the merits of NIR for
soil testing. Previous work had shown that the N requirement
of sugarcanecouldbe estimatedmore reliablyfrom soil proper
ties such as N mineralisation potential, texture, colour and
organic matter content. For advisory purposes a system was
developed for placing soils into low, moderate, high and very
high mineralising categories(Meyeret al., 1986). Two hundred
air-dried and ground (0,25 mm sieve) soil samples, of known
mineralisingpotential,organic matter, total N, and clay content
were used to calibratea TechniconInfraAlyzer450 instrument.
Comparative statistical information obtained for the different
constituents(Table2) suggeststhat most could be satisfactorily
estimated by NIRS. Reliability decreased in the order: clay,
organic matter, total nitrogen and N mineralisation rating
(Meyer, 1989). Coded soil samples from 21 trials showed that
predictedN mineralisation ratingswerecorrectin 17of thetrials.

Sugar products

Analysisof pol and brix in sugarcaneis an importantanalytical
service rendered by laboratories in the sugar industry. The
standard procedure, based on filtration and clarification of
expressed cane juice, is tedious and labour intensive. In 1987,
the suitabilityof NIRS for rapidly estimatingcanejuice quality
components wasassessed(MeyerandWood, 1988). Mixedcane
juice samplesof known pol, brix, sucrose,fructose and glucose
contents were used to calibrate a Technicon InfraAlyzer 450.
Regression analyses indicated that brix, pol and sucrose values
estimated by NIRS correlated closely with those obtained by
conventional methods of analysis.

In 1992, an NIRSystems 6500 spectrometerwas used to study
analytes in bagasse, shredded cane,directanalysis ofcane(DAC)
extracts, mixedjuice, molasses and raw sugar (Schaffleret al.,
1993). Analytesincludedpol,brix,dry solids,moisture, sucrose,
glucose, fructose, invert, ethanol, colour, ash and starch. NIR
produceda goodestimatefor manyof the analytestested(Table
2). More recently an intensive collaborative investigation
betweenthe SugarMillingResearchInstituteand SASEX,used
more than 500 shreddedcane samples to calibrate and validate
a NIRSystem5000spectrophotometer for pol, brixandmoisture
readings (Schaffler and Meyer, 1996). Calibration R values
based on partial least squares regression analysis were better
than 0,95 for brix, pol and dry matter, but were lower for fibre
(0,89). The NIR predictions for pol, brix and dry matter were
acceptablewith R valuesof 0,88 to 0,94, and standarderrors of
performance from 0,24 to 0,42%. It was concluded that the
technique was sufficiently reliable for rapid analysis of sugar
cane in plant breeding and agronomy variety trials. NIR is
currently under evaluationas an alternative to DAC for rapidly
assessingquality in cane consignments in the millyard.
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Yield potential predictions

NIRhas the potentialto detectkeyconstituentssuchas starches,
sugar, cellulose, lignin, proteins, water and amides, and also
certain constituents linked with S, Mg, Ca and K. As part of a
project to evaluate the merit of NIRS scanning of cane leaves
forassessing cropperformance, 400TVDleafsamples, collected
from 20 regional variety trials located throughoutthe cane belt,
were used to determine possible relationships between yield
parameters, leaf composition and NIRS reflectance measure
ments.Resultsfrom irrigatedtrialsat Pongolashowedthat NIR
absorption spectra of leaf samplesfrom 4-5 month old cane, in
the 2 238 to 2 500 nm range, were positively correlated with
caneyield(R=0,91). Therewasa negativecorrelation withpol%
(R=0,82) in 12 month old cane. Accuracy of the calibration
equationswastestedonfive independentdata setsand, although
the correlationcoefficientsfor validation were generally lower
(0,60 to 0,86), the results weresufficiently promisingto warrant
continuing this field of study.

Of additional interest is that much of the variation in pol could
be accounted for by the N and ash content of stalk and leaf.
Previous studies have also shown that high N levels in the leaf
could be associated with lower sucrose values (Wood, 1979;
Gascho et al., 1986) while high ash levels in cane juice were
negatively correlatedwith sucrosecontent (Mullinsand Roach,
1985). NIRS research in Australiahas indicatedthat the ratio of
total N to non-structural carbohydrate in whole shootsof wheat
maybe a key indicatorof yieldpotential(Blakeney et al., 1995).
It is possiblethat this ratio in young irrigatedcane may have an
additional role as an indicator of crop potential.

Estimating and investigating photosynthetic rates

Measuring photosynthesis in the field is time consuming and
weather dependent, and requires considerable skill. Photo
syntheticrates were measuredon 70 leaf samples taken from a
variety trial and using a portableinfra-red gas analyser (Inman
Bamber, 1995). The sampleswerethen scannedby NIR, in both
a fresh and dried state, in the 1 100 to 2 400 nm region. Step
wise regression analysis showed that photosynthetic rate and
internal CO2 concentrations were highly correlated with NIRS
absorption values(R>0,95). The wavelengths that wereselected
for the calibration equation (2 139, 2 100 and 2 190 nm) were
consistent with the third overtonestretchingvibrations of C-O,
O-H and C-H bonds associatedwith carbohydratecompounds,
as well as second overtone N-H bending modes found in
proteins.

Various investigators have demonstrated positive correlations
between leafphotosynthetic rate,chlorophyll andsolubleprotein
content (Dornhoff and Shibles, 1976; Hesketh et al., 1981).
Recently, leaf photosynthesis in soya beans was positively
correlated with leaf greenness, measured non-destructively by
means of a handheld SPAD-502 chlorophyll meter (Ma et al.,
1995).
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Examination of theNIRSdata showed that 30%of the variation
in photosynthetic rate could be accounted for by variation in
leaf N. Photosynthetic response to increasing light intensity is
stronglydependent on leaf N (Ludlow et al., 1991; Allisonand
Haslam, 1993). Inherentdifferences in yield potential between
varieties in many crops may be due to differences in N use,
which in turn determine radiation use efficiency (Muchow et
al., 1994). The other characteristic that accounted for a signifi
cant variation (37%) in photosynthesis was leaf Si content. It
hasbeenshown, undernormal light, thatsilicadeposited in silica
cellsandstomatal guardcellscouldserveas 'windows',allowing
more light to pass through the epidermal to the photosynthetic
mesophyll tissue(Lauet al., 1978), thuspromoting higherrates
of photosynthesis and more tillers per plant. This could partly
account for the significant relationship that was obtained
between cane yield and leaf ash contentin the Pongoladata set
(R=0,68), as silicacomprises about70%of theashin sugarcane.

Predicting host plant resistance to pestsand diseases

Thereis theprospectthatNIRS mayprovesuitable forscreening
germplasm frombreeding material andwildspecies ofsugarcane
for resistance topestsanddiseases. NIRS wasrecently evaluated
for predicting flavonoid characteristics associated with E.
saccharina resistance (Rutherford et al., 1993). This stalkborer
is endemic in South Africa and causes costly damage to cane
eachyear. Multiple regression predictive models basedonNIRS
datafrom30 clones ofknownE. saccharina resistance suggested
thatstalkbudscaleflavonoids andstalksurface waxcomponents
accounted for up to 55% of the variation in resistance. Work is
currently being done to validate these NIRS bud scale and wax
resistance models.

Leaf NIRS scanning is also under investigation as a means of
predicting host E. saccharina, mosaic and smut resistance in
cane. Preliminary results using 230 leaf samples from trials on
12 commercial varieties suggestthat up to 60% of the variation
in E. saccharina resistance couldbe accounted forbyabsorption
of constituents in the NIR region. Further investigation into
likely cause and effect relationships suggests that some of the
resistance is linked to leaf silicon (R=0,60) and nitrogen
(R=0,39) contents.

Leaf Si is a useful indicatorof the silicon status of sugarcane
(Clements, 1967). It is possible that Si contributes significantly
to stalkborerresistance in sugarcane. In Florida, highSi uptake
in sugarcane following treatmentwitha silicate slagservedas a
deterrentto the stemborerDiatraea saccharalis (Elawad et al.,
1985). Pot trials are currently being used to investigate the
association between host plant Si and N and infestation by E.
saccharina. NIRSleafcalibrations for Si havebeenestablished.
Another possible new application of NIR is for detecting
resistance to diseases such as mosaic and smut. Preliminary
results with 15 cane varieties have shown that the standard
ratings of mosaic and smut were significantly correlated with
leaf spectral absorbance in the NIR region.
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Conclusions

Because NIRS can be used to analyse materials as diverse as
soil, plant tissue, shredded cane, cane juice, bagasse and
molasses, it is moreversatile thananyotheranalytical technique
currently available. It has the added advantage of being fast. It
is envisaged that in the future NIRS will play an increasingly
largerroleat SASEX, especially in the routinedetermination of
quality in samples from plant breeding and agronomy trials. In
Brazil, 15 mills which process a total of more than 50 million
tonsof cane,are usingNIRS analyses ofjuice for canepayment
purposes basedon technology emanating fromSouthAfrica. In
the FAS laboratory, all soil samples will in future be screened
by NIRS for organicmattercontent.

In viewof the rapid advances being madewith handheld NIRS
units, cane producers may soon be able to use this technology
for checking crop N status, monitoring crop maturity, deter
mining whentoapply chemical ripeners andplanning harvesting
programmes. Handheld NIRS unitswith limitedspectral ranges
are already being used for various agricultural applications in
theUSAand Australia. Staffat the YancoAgricultural Institute
in New SouthWalesare currently evaluating a portablesystem
for monitoring rice quality. NIR monitoring of crops could
supply input for crop models by monitoring N, photosynthesis
and crop maturity status, and thereby improve the accuracy of
cropforecasting. Ultimately, NIRremotesensing fromNASA's
Airborne Imaging Spectrophotometer to determine yield and
quality of sugarcane crops, using NIR calibrations of the crop
canopy, will need to be researched.
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