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ABSTRACT

The reflectance spectra of sugarcane (Saccharum
officinarum) leaves at 60, 90, 360 and 540 days after
planting were measured to calculate vegetation indices
to mimic the satellite remotely estimate of chlorophyll
content. The contents of pigments declined following
the increasing of days after planting. The signature
analysis of reflectance spectra indicated that the
maximum sensitivity to chlorophyll content in the
leaves of sugarcane was at 550 nm and 710 nm. SRVI
(simple ratio vegetation index) and NDVI (normalized
difference  vegetation index) calculated using
reflectance at 750 nm and 710 nm and GI (greenness
index) and NDVIgre calculated using reflectance at
750 nm and 550 nm correlated very well with
chlorophyll content. SRVIjroad and NDVIgreaq calculated
using simulated broad-band reflectance of SPOT
satellite also correlated well with chlorophyll content.
The developed algorithms predicting leaf chlorophyll
from the leaf optics were validated from two
independent data. A significant error in chlorophyll
prediction of the stressed leaves containing
anthocyanin was observed. Results suggest that it is
feasible to create indices using reflectance spectra for
non-destructive estimation of chlorophyll content, by
which to indirectly monitor crop growth under normal
environment.



138 Crop, Environment & Bioinformatics, Vol. 2, June 2005

Key words: Sugarcane, Satellite remote sensing, Vege-
tation indices, Chlorophyll, Anthocyanin.

2L

Ry

[l

MOEVMERSAERENLEHBE
(photosynthetic pigments) - 4 #f ZE ¥k £
(chlorophyll, Chl)F1%HiH%# %] 3% (carotenoid,
Car) » BER RO AT ROEATALEFTEE G B
HEIEETER  EMROLREEE R L ERRE LI
M - HYZERHDEE RS B EENRD
BEREBEAMTEME - 2 eraiE rh Rzt
WG RS EMUCRE® - R YR
REREERE S HEFORERELS
1t » ZEFrEa A iEiE (Hendry et al. 1987,
Matile et al. 1989, Matile et al. 1992) - g )& %
GRS - AN K ~ 525~ SRR ~ BRECAEC
e IR > TR S BB LB R
LR Z TEIEAREN(Hendry et al. 1987) - [AltL -
kR e B EREEADEETEHRES) ~ ER%
B ~ AE YR GE BB BT
(Whittaker and Marks 1975, Danks et al.
1983) -

Y B3R 70 BT 05 1R s A B B B 22
0t LUK 88 b 8 3 5 B0 AH 1 43 17 1%
(High Performance Liquid Chromatography »
HPLC) % #l] % &2 (Arnon 1969, Porra et al.
1989, Yang et al. 1998) » [th s Rz 14 2 B
T3k R e B PR AN R R
o E BT - HERF SGEL - ¥
> DAZE BB e SO R E B R S
& BAIRE N - PO N A T Rl (Baret et
al. 1987, Baret et al. 1992, Buschmann and
Nagel 1993, Chappelle et al. 1992, Curran et
al. 1991, Gamon and Qiu 1999, Gitelson and
Merzlyak 1994a, b, 1997, Hsu et al. 2003,
Sims and Gamon 2002, Thomas and

Gausman 1977) o FHAZERKEAERLE KB

Bt SRR R R SR AR DG i B HL A BRI Ry
e RIAEYISE B B B rTRE LR A
HH S SRRy gt (Fuchs 1990) » HifcgY
ERE S MR » AN RIIRB St EL B s L B
VYR A 23 S I B 2B FolR A Z Y] BA % (Bauer
1975, Ma et al. 1996, Masoni et al. 1997,
Walburg et al. 1982) » iy LAANFIH B S 5 FLAE
et Bz S A $5 8 (vegetation index) » HI]
XETERRB ROk EE - OREE il
BERH R ~ BER R EUEE Fr Bl i S AN [F] (]
T 2 (Elvidge and Chen 1995)  1FH & #%
AV BRI ~ ADE RGRFUSHRLIMEZ
e - BERE AN DS RE B A DL L TR
BOAHS  BCEFEAIED G B AL F ISR
FoE o WHREY&EERAEAE RS %
{5 FH L DG B B ST AL ARG & IO PR AE B 22 1E
(Elvidge and Chen 1995) - X4 £ BT
B HIRIU R S S S R - T
NS SERIAMSGEGER - RLCELTRLI NG S5
725 (reflectance discrepancy)git{E (ratio)H]]
B K (Green et al. 1997, Price and Bausch
1995) - BE Py ZEigk 3R L RLOGHRI LB B AT ALY
675 nm 7c45 > {HHY Chl a 8¢ Chl b fERLEE
15 645 Jz 663 nm IR - H AR A
{6 HAEENK - B GG EETRIIE
NEMAERRE > MEEMRBREOEGE
(Chl-protein complex).Z A FFEL > 675 nm JE
TR E HEMS A Chl-protein
complex Z5RIIL - MERTE Fr TERKRAE 675 nm
A TR > (B — I B i ] o S AN S
MR EEERR RS & AR IERREIRE M E
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BREHERIE R E o BB LA AR S i
R (HEENE SR TSR R & R ML
Ji% i HI[§i2 K (Gitelson and Merzlyak 19%4a,
1996, 1997, Hsu et al. 2003) - $HAEZEEIATK
W imiR R e R AN E - GHEE AR
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SOk A B A AL AE 550 fe 700 nm 72452
[ 513 (Buschman and Nagel 1993, Datt 1998,
1999, Gitelson and Merzlyak 1994a, b, 1996,
Hsu et al. 2003, Lichtenthaler et al. 1996,
Schepers et al. 1996, Sims and Gamon 2002,
Thomas and Gausman 1977, Yoder and
Waring 1994) -
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ABIF 58 DL 8 25 150 JEE B 40 P Ml A o HE E
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e 5 2002 4 7 HZ 2003 4 10 HHAR - 46
oMt AEAE - BRSO o &
N-P,0,-K,0 = 195-36-72 kg hal * {&xA R
FeFE 2 FHE T ERERASAE B HE 60 ~ 90 ~ 360 ~
540 K HEEFER - BV =52 RBHEE
BT - ETTIE P SO R e Bk SR B R
HRZHE -

—~ REEERIE

BE B BT EE DUBC fif 18 43 B (integrating
sphere)&{}:.2 Hitachi U-3010 Y:EE{E (spectro-
radiometer) 1 THIE - SR HHE Ry 600
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fENT IR 1 nm - JIERFLIRRRRSE A 2%
L - ZERHIE SOROGRGIR DAZENR A & e Ry
T o SO ERBBE o BRI 3 2255 LAl s
FRYHME.Z HUME - 85 A4 f5 8 (simple ratio
vegetation index, SRVI) Z &t & /& B
Rnir/ Rrep » Rnir B dTALIMGHE B SR > — i

s 750 25 900 nm 2] » fii Reep FsAL G BN
PR » —fiihy 660 % 720 nm [ - HRE{LAE
SLFH 4 $5 ¥ (normalized difference vegeta-
tion index, NDVI)Z &1 & 5=}y NDVI =
(Rnir — Rrep)/ (Rnir + Rrep) 5
index) « 5T H A GI = Rair/Rereen
NDVlgren & &t 8 22 2 B NDVigreen
(Rnir-Rreen) / (RNIR*FRGreen) © SHANMFE /B 5L
SPOT &t 2 LA BGIALIMNEREE - 3
B H % B (broad-band) & SRVIboad K
NDVliroad (Hsu et al. 2003) -

GI (greenness

= EiR3(Ch]) K a5 =) (Can)aYAIE

HiEZEF AR RE S ot i Sl AR pEt
AT PR M T BREZIGE - ARERFFAY 0.01 g A
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a5 4188 > U EIEWR > LA Hitachi U-2000 3%
HHIE Asess ~ Astes S Asaos FIRIEE - =54
537 Rs Chl a ~ Chl b Jz Car HY5&EIE - LA
Porra ef al. (1989)Hy/AZEE Chla B Chl by
& DL Holm (1954)1 5 1E Car Y& & e

M~ EFRAE

FPHY 0.01g BEAnAkD - LIRS 1 % HCl iz
FHPE (methanol ) ZZ VAL 32 » HEAKHURHN e
TR AREHREAEY 2 /NFF#% - 1A 4°C S 2000 rpm
T 15 4388 0 HUHE F3EW - DL Hitachi
U-2000 43580 REETHHIE A657 Jo A530 FUR I
& » AL Mancinelli et al. (19758 5% EAE

GEL S
FEEREARTR

HE#ER Chla~Chlb H Car 19 & &> BE
E I W hnm 4 KiE 4k (Table 1) »
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Ry 2905 pg g+ Chl a/b AR 3.84 &2
3.58 » BMLIERE A K » HER Chl a &
HEREL Chl b & & EHBMHZEARK - Car &
w1 3,636 ug g Ky 1,449 pg g v Car/Chl
HREHIAE 0.42 2 0.50 2[4 > #b A K BR
Car & &2 F| Chl & EEZE - WEMHE
FYIRATR - TZEF SOG4 400 2 700 nm
A DB SO RN > JGLEL 550 nm 25
TR IR B A » 1 700 nm 2452 K1
Hif SRk S S B =R TR HH BB o » ELE R N - AR
DMK TEE Y R RO e 80 - TR
ZAtEtE - Chl &4 » 78 510-600 nm fz
690 nm DL |37 B2 I B SR ERBE I (Gitelson
and Merzlyak 1994a, 1996) - ffiAHf7eh » H

FR3EZ Chl & 8BRS < S Ll SAE (L
R Z ZERARL -

HE ER AT B LRl o S SR Ay s B B ]
WAL LSS R TR BAIRURE
(Gitelson and Merzlyak 1997, Hsu et al.
2003) - SR EMA > BURH ORI Z USRI
BEA S BOZ AN HIRTE FGaE SR 2 AR
#£72 (standard deviation, STD)EH S » & 500
nm PUR KRR 750 nm DB ZITRLIMEEE
BB OB RURE AR BERRSRATOLIRI
By 675 nm [T HEEEER RSB bL
RUREIRME - IKATRA RS BB R B AR
TP 2 7 B> AR A 550 nm JFIT I B KK 710
nm [f3TZ 3B (Fig. 2) -

Table 1. The contents of chlorophyll (Chl) and carotenoid (Car) in sugarcane leaves at various developmental stages.

. Days after planting
Pigments
60 90 360 540

Chla (ug g1 DW) 6918 + 149" 5749 + 132 4821 + 144 2271 + 44
Chl b (ug g1 DW) 1803 +19 1459 + 47 1343 + 9% 634 £ 22
Chla+b (ug g1 DW) 8721 £155 7208 + 176 6164 + 230 2905 + 64
Chl /b ratio 3.84 + 0.08 3.94 £ 0.06 3.60 = 0.18 3.58 £ 0.08
Car (ug g1 DW) 3636 +105 3149 + 82 2816 + 75 1449 + 28
Car/Chl ratio 042 + 001 044 + 0.00 046 +0.01 0.50 + 0.00

T Data presented as mean + standard error (SE).
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Fig. 1. Reflectance spectra of sugarcane leaves at 60, 90, 360, 540 days after planting.

800



R BN E H R RS R 141

PBEe 550 nm Jz 710 nm Z JEFER(Rss0 ~
R710) B HTHZE i Chl & & 285 i td
i (Fig. 3)  MIREER - IR B AR Chl
EEEM L U R HURERE R2E 5 Ry
0.92 2 0.91 - FHZKEHEME BB LETBRS
BRI - WHAROERS EEG SBUR
& BASZEMEKATHE - fHEHNE > 22

TE B B I R 2 R B R R A R e
550 nm Y3z B KA 710 nm [ 3T 2 B 3R
& BA SRR » 750 I 900 nm ZSERLA
Bz B 5 R (Rivir) B 0 35 & BB LU S
& - EAT AR RS ETHA - ABHTERE
ZHEAERBAILL Ry Bl Ry §F& NDVI -
SRVI> LUK R750 Bl Rsso it 5 GI B2 NDVIgeen ©
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Fig. 2. Standard deviation (STD) of spectral reflectance obtained from sugarcane leaves.
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Fig. 3. The reflectance at the wavelengths 710 nm () and 550 nm (A) versus total Chl content in sugarcane leaves.



142 Crop, Environment & Bioinformatics, Vol. 2, June 2005

uLZﬁ'ﬁua MEREE R RS SYRUR TR RS B - /SR
Ho RIES » T A& R R AR v s Chl & &30 el - HkR Z REREL
1E J\%@HEE%Eg%HYLFbF TR RENT )T - = Bt 0.86 DLE » Al H 7 (estimation error)
i 2 5 ST I DA B — 382 I I B SR A R Mt T L HILE 706 £ 879 ug g ] » HHLL NDVigeen
TS BRI - DAY SPOT i 2 Fefiil » &SRR - HR2=091 > p < 0.001 - fif
H %3t Re i 23 (multispectral scanner) ELf5 HiRZIHE 706 ng gt -
=AEB B o oAl e kOB B BE XST (500~590 R T HESHEE TR AR AREE

m) ~ RLEIEE XS2 (610~680 nm) SEALSME ZYEMERS » AR IR S EE R B EE

BB XS3 (790~890 nm) « [y » AKFFTAEHEE #(Table 3). 2 FEAHIE L JGil M AR B RHETT
SPOT #8 Z R KGTRLIMEI B » GRS WE o DUSHEER TR R REInR e
B (broad-band) 2 SRVIboad 2 NDVlproad L TRHENME - FE RS i MR T T IR
(Hsu et al. 2003) - HAEFAN Fig. 4 F1 Fig. 5 Fizx » L NDVI ~

ARWFFE 2 AR 8 Chl 82 H SRVI > NDVIbroad  SRVIbroad ~ GI NDVIG,W
HlEs S22 8o H40 Table 2 fiis » j54E TR RIER REEERHEER Chl &

l

Table 2. The algorithms for Chl estimation in sugarcane leaves.

Vegetation index Chl=b+a[VI]

(VI) R2 a b p value Estimation error’
NDVI 0.91 21775 -2176 < 0.001 711

SRVI 0.87 4142 -3424 <0.001 841
NDVlIproad 0.88 33934 -16270 <0.001 816
SRVIbroad 0.86 2059 -4278 <0.001 879

GI 0.88 3282 -3322 <0.001 823
NDVIreen 0.91 23188 -4783 <0.001 706

T VI, vegetation indices. NDVI and SRVI were calculated using R0 and Rzsp; NDVload and SRVIproad Were
calculated using broad-band reflectance, Red: 610-680 nm; NIR: 790-890 nm; GI and NDVIgen Were calculated
using R550 and R750.

1 Estimation error was an estimation error of Chl, and R2 was the determination coefficient of samples measured. 4,
b and estimation error were in ug g dry wt.

Table 3. The contents of chlorophyll (Chl), carotenoid (Car), and anthocyanin in sugarcane leaves of two
independent data sets for validation of vegetation indices.

Validation data sets

Pigments
Set 1 Set 2

Chl a (ug g' DW) 3,200 - 7,434t 235 - 1,041
Chl b (ug g1 DW) 807 - 2,089 227 - 432
Chl a+b (ug g DW) 4,007 - 9,523 463 - 1,376
Chl a/b ratio 3.56 - 4.15 1.04 - 3.30
Car (ug g1 DW) 1,808 - 3,822 362 - 1,041
Car/Chl ratio 0.40 - 0.48 040 - 1.01
Anthocyanin [(Asz0-0.333A6s7)/ g DW] 0 9.98 - 83.12

1 Data presented as range.
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THHME B BB e FREL R? 2350k 0.90 ~
0.92~0.78 ~0.82~0.93 ~ 0.91 » f{HEERZ=H
k5595 ~ 503 ~ 816 ~ 728 ~ 424 ~ 470 pg g (Fig.
4) o T EUAHE AR TR RS0 m &
LB R HEEZE Fr Chl & S THRME R B EHI(E
HHERZER - R SRVI 2 (ERAE]N
4p > NDVI » NDVIproad * SRVIbroad FFEAAEE
Chl & & THHERA IR o 85 - HEt
HiikegEgEEHEEHE S WA Gl
NDVlgreen J7REAAME Chl & RTHAERAG S
fili 2 B % (Fig. 5) °

Chl FEARIREE T 675 nm /e E 2
WIS BN LR BT B BRI I =R
& Chl & &A% FHEAE A SRR A AL
B % #E R 700 nm /A5 2 SR (Gitelson
and Merzlyak 1994a, 1994b, 1996, Hsu et al.
2003, Lichtenthaler et al. 1996 Schepers et al.
1996, Sims and Gamon 2002, Thomas and
Gausman 1977, Yoder and Waring 1994) - A
Wgerh A A A B HESE A H Chl 2 8814
BREREEZERE Ll Rso & R itHEZ
NDVI~SRVI~ NDVIroad 52 SRVIbroad i Chl
G iR DI L I EE R E R TRE
IR - WEREREARE S - M2VRGEHSEEE
FEER - H Chl & & AT REAE AR KRS &
o FERDEE IR SR - ATREREE Chl & &
BBk T AR K EIGIIRYIBTE 5 S3MERLIBN
T R FEIRIRS IRIERE Ry10 WIRERE AN -
i UL BRI G R AR FR AR - FIDUG
B Chl 8% E A THIE RN ERE S -

TERF TR EUR - DU BG TR A
AFEHTHCR Chl & &HY$EHE (Buschmann
and Nagel 1993, Carter 1993, 1994, Gitelson
and Merzlyak 1994a, 1996, 1997, Gitelson et
al. 1996) - L log(Rsoo/ Rsso)i 5. R8I #0Ry
FEEFEMERLRE Ch 52285 5
Rsoo/ Rsso FAE#T Chl a & &7 EA EHBE

(R2>0.88) (Buschmann and Nagel 1993) - 1%
A 4 AH B Bk 2 HEL W e 1 R B SE BEOR
R750/ Rss0 8 Chl & & EA =BV EARAER - 1
NDVIcre, HIEL Chl & 85 5B EHhR
#HEE (Gitelson and Merzlyak 1997) - AHFF25
71 » GI Bl NDVIgreen B Chl 2 5 28 5 B
B - DANSIEE R LERRE ThE » 7R
NI RTRHE AR FE B B ERE M = - (B2 DIEH
TEHERCBIERBETTRE - AIER Gl K
NDVlgreen #E1T it 5325 155 FE I B = A B
EAYERSE - AR R SR A AT RE R A /AT
kG Bt A 7RI (Harborne 1967) » E(fifi%E
Frieagoti Bt SRR3R EES Chl 2 83K
A - HETE GL & NDVigreen RF{EHEE
f5 0 MR Chl & &2 EhiEle - K - %
e ot BRI BRI - Dk
I BT B A TR E Ry Chl & SR B HEhfE
T REE K (Hsu et al. 2003) -
HNEREE TR HESER » HER
Z Chl & &8 Ryso ~ Ryo REI B I ZRETH
& SRVI J¢ NDVI BA S EAHR » JREEERZ
Gl Jx NDVI B &R - Kt  JE5efE 4
FEROT AR AR T IE R EE F Chl & &G
B o 54h » EREEZ VR Chl S 8A&
RIS - DUER BRI R N2 SR IR 8IS
H Chl & & AlREE HRCARYERA - WHSH
BIHAREOETHE - EREAEER - M
Bl ~ MR - BB EEEROG B B ARk
Wz FHAt 157 DRSS B AT ROL IR B2 K
W ~ 2B B R BRI » TRk B Bt B
IR CIE AR RZE S Chl & & QIR
A e A EMmaZE s 8- L1550 k& 700 nm
FeaZ RS ERET R F AR FRBGE A &5 Chl
AT AR DL R - (H$L Chl &5
TEBEATIR KRS DL N RF A3 > R AN R
Chl i SRR R 2 5 MZUE— i
W52 - SAMERTE Chl Za & T aE{EE %
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Fig. 4. The results of validation of vegetation indices by independent data sets in which samples containing
no anthocyanin. R? was the determination coefficient between the predicted and the measured Chl
contents. The solid line represents the equation Chlorophyll,,.a = Chlorophyll,c.s. The dotted lines
represent error of Chl prediction.
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