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Abstract  The application of spectral properties as a diagnostic tool in nutrient deficiency diagnosis requires further un-

demstanding of the relationship betw een spectral properties and nutrient concentration in plant tissue Therefore to exam -
ine the effect of variable potassium fertilization on com(Zea mays I ) leaves and the response on leaf spectral reflec-
tance W e designed an experinent to exan ine the effect variable an ounts of potassium fertilization during four stages of
com grow th Our results showed that the difference in potassium leaf content is significant at the 0. 05 probability level
w ith ncreasing potassium fertilization W e then exam ined the correlation betw een com leaves spectra reflectance and nu-
trient content as a function of variable levels of potassium fertilization over the entire com grow ing season by potted plant
experinent D igitalm odels were constiucted to assess potassium content in leaves by utilizing leaves spectral reflectance
i the booting stage Our results show ed that there was a correlation betw een the spectral reflectance of com leaves and cor-
responding leaf mnermoisture chlorophyll and other nutrient content including nitrogerr phosphorous potassim, calci-
un, magnesium. coppet ion manganese and zinc These differences in the spectral reflectance held for the entire
grow ing season 730~ 930 nm and 960~ 1100 nm were defined as sensitive wave bands to assess polassiun nutrition con-
dition in booting stage and spectral variables incliding Res7 T Ruszs (Rrsz T Riosz ) /( logRisr T logRuss ) and (Resr —
Rusz ) /(logRrsr — logRusz ) could predict accurately com leaf potassim -content in the booting stage Our analysis indica-
ted a correlation betw een various com ponents in the mner leaves and spectral reflectance at this stage Inflection points oc-

curred at 410mm, 550mm, 710mm. 950mm i every curve W hen correlations betw een the various com ponents w ere high

their spectra correlation curves were concident or symm etrical
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1 INTRODUCTION

A pplications for spectral technology have become in-
creasingly mportant i agriculure Hyperspectral
technology has the advanlages of more numerus
wave bands and higher spectral resolution and it there-
fore is mportant in detecting plant canopy and the
physical structure and chem ical com ponent of leaves

Several authors have found em pirical relationships be-
ween leaf spectral properties and leaf momphological

including leaf thick-

and physiological conditions

R eceivéd 'dd 2006 08 10 geep téd cdade 2007 1315

Spring coms potassim fertilization nutrients spectral reflectance correlation

1 2 .
, presence of pubescence[ I, nitrogen (N )

ness
57 68
content” ', phosphorous ( P) content” . waler
[ 10] . [1L12]
content > and chlorophyll concentration .

However use of spectral properties as a diagnostic
tool in nutrient deficiency diagnosis requires further
understanding of the relationship between spectral
properties and nutrient concentration in plant tissue
A spects of this relationship have been described for
com forvarying N fertilizer levels L

Our objective was to exam ine the correlation betw een

K content and spectral reflectance of com leaves for

varying K fertilizer concentrations over the entire
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grow ing seasorr i order to constuct exactmodels for
estmating K nutrition conditions In addition the
chlorophyll
potassim (K )

correlation between moisture

(N):
(Ca)» magnesim (M g), copper (Cu), iron (Fe)s

nitrogen
phosphorous (P ), calcium
m anganese (M n), and zinc (Zn) content and spec-
tral reflectance of com leaves were analyzed w ith var-
ying K fertilizer concentration in the booting stage in
order to detem e points of sensitivity for nutrients in
the spectral signatures The ain of the study was to
establish a theoretical basis for the detection of nutri-

ent deficiencies w ith spectmal technique
2 MATERIALS AND METHODS

Research was carried out from April to September in
2004 at the Chinese Academy of Agriculuml Sci-
ence Adopting standard potted plant experment de-
sign. we used pots(40an deep and 30 an in diame-
ter) contained 12kg of natural drying soil(e g damp
soil with 1.2% organic maties 24.8m g/l available
NH, N,  18.3mg/.  available
43.5m g /L available K)- W e used com (Zea mays
L. ) variety Nongda 108 i this experinent Before

phosphate  and

the jonting stage there were two plants in each pot
A fier the jointing stage each pot contained only one
com plant K as KClwas applied n five concentra-
tions ofokg/hm2 K (K1), 15Okg/hmZ (K2), 300kg/
hm” (K3), 450kg/hm’ (K4), 600kg/hm” (K5). N
as urea was applied in concentrations of 300 kg /hm”
as 60% for preplanting basal 15% for jointing dress-
ng and 25% for booting dressing respectively: P
as monocalciim phosphate [ Ca (H2PO, )5 | was ap~
plied at a concentration of 15Okg/hm2- O therm icro-
nutrients w ere adjusted as needed P K, and micro-
nutrients were applied and incomporated into the soil
before sow ing The experment was a random ized
complete design with three replications for each K
treatnent Hyperspectral reflectance m easurem ents and
sam pling analysis were perfomed at jointing booting
anthesis-sikking and filling stage respectively
Hyperspectral refleciance m easurem ents were collect-
ed from 3950 to 1100pm in 1.4nm intervals with the
FieldSpec Pro ( 350— 2500nm )

spectoradiom eter

manufactured by Analytical Spectral Devices The
spectral resolition is 3nm at 700nm. A1l spectral
m easurem ents w ere made on cloudless or near cloud-
less days at 10, 30 10 14; 00 local tine Spectral data
were acquired as digital nimbers with a 25 field of
view- W e chose the sixth fully-expanded leaf to get
spectral data for the jointing and booting stages and
the welfth fully-expanded leaf( fruit leaf) for the an-
thesis-silking and fillng stages W e analyzed each
leaf wenty tines to collect the spectral data Before
and after the same leaf spectral data acquired the ra-
diom eter was calibrated before and afier each analysis
with a white reference panel W e aggregated the raw
spectral data by taking the average of every five con-
secutive bands to reduce the volume of data This re-
duction n data produced 215 spectral bands with a
bandw idth of approximately 10nm.

Inmediately follow ng spectral sanplng we deter-
m ined chlorophyll~( aTh), moisure N» P K. Ca
Mg Cuw Fe Mn

stored w ith dry ice for chl testing D irt was rem oved

and Zn content Leaves were
from the surfaces of the leaves with pledget and the
main artery was elimmnated We then brwoke into
pieces Approxinately 0.2g leaf sanples were dipped
in a 90m 1 ethanol (95% ) -acetone (9%% ) (1:1v/v)
m ixture and stored i the datk for several days until
the leaves became white The absomptance (OD) of
extracted liquid was measured at 663nm and 645nm
on a 722 spectophotometer The results were caleu-

lated as follow g

Cy, = 12 70Des; — 2 590Dgss (1)
Cp = 22.90Dgs — 4 670Dgss (2)
Cysp = 20. 30Dgis + 8 040Dges (3)
where Cy; Cp» Cy+p represented for chl-a chl-b

chl-(aTh) concentration respectively The units are
nmg/L

chl(mg - gfl ) = C* V/(W* 1000) (4)
where C (mg/L) is chl concentration V(m1) is the
total volme of extracted liquid and W (g) is the
fresh weight of the leaf
The fresh moisture content( FMC ) was testing by
using .electrical drying method n oven FMC was de-
fined as the ratio betw een the quantity of water( fresh

weight-dry weight) and the fresh weight
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FWC (% ) = (FW —DW) /FW X100  (5)
where FW is the fresh weightm easured before drying
and DW the oven-dried weight of the sane sample
For nutrient analysis O 5g samples were wet-ashed
by the H: SO, H:0: digestion at 300C A shed eximcts
were brought to 100m I vohme N was detem ied by
distillation and titration P was detem ined by vanadi-
Ca Mg
Ce Fe Mn and Zn were detem ined by atom ic ab-

un molybdenum yellow colormetry K,

somption spectrom etry-
3 RESULTS AND DISCUSSION

3.1 Analysis of spring corn leafmoisture chl-(a™
b)s and nutrient content for the five K ~fertili-
zation concentrations and four corn develop-

ment stages

Table 1 illustrates that spring com leaf moisture chl-

(aTh), and other nutrients varied as a function of
variable K -fertilization during the four stages of com
development K content in the six fully-expanded leaf
at the jomting and booting stages and the welfth
fully -expanded leaf at the anthesis-silking and filling
stages gradually increased w ith increasing amounts of
K fertilization The difference betw een treain ents w as
significant at the 0.05 probability level The com posi-
tional changes in other elements were not as well or-
dered At jomnting stage the concentrations of five el-
ements incliding chl-(a®b), N» Ca Mg and Mn
decreased w ith increasing K fertilization; butmoisture
content increased The relationship betw een other nu-
trients and ncreasing amounts of K fertilization are
not clear Ca Mg Mn and moisture contents ap-
pear to behave the same in the booting as the jointing
stage butZn and Cu content decreased w ith increasing

K fertilization At the anthesis-siking stage the

Table 1 Nutrients content change of corn leaves for the four developm ent stages and the four K fertilizer treatm ents

K 2% N % P % Cat Ml Zn/ Mn/ Cu/ Fe/ W P chl”
(mg’kg) (mg’kg) (mg/kg) (mgrkg) (mg/g W)
Jointing Stage (9 June)
KL| 073 L 544 0. 234 0. 484 0. 694 22 84 52 6a 7. dbe 162 64 69, 4¢ 2 524
K2 | 1084 L 57a 0. 234 0. 43} 0. 57 19.0ab 46 1p 9 8a 177 1a 69 9he 2 53a
K3| L 46¢ L 36} 0.22ah  0.42he 0O 49¢ 18 51 10, 6¢ 8 Sab 156. 24 70 4¢ 2 11p
K| 221 1 33} 0. 221 0. 384 0. 374 16. 91 36 74 6. 3ed 151 1a 72 4ab 2 ldp
K5| 2 60a L 27) 0. 234 0.34ed 0 33e 17. 51 38 14 5 3d 17224 73 1a 2. 06}
Booting Stage (28 June)
KL| 017, 2 004 0. 124 0. 694 0. 764 26. 0a 64. 1a 1232 30924 7L2h, 3 02ed
k2| 023 L 82} 0. 124 0.69ah 073 25 7a 57. 91 1182  317.2a  7L4p 2974
k3| 027 1 841 0. 124 0. 664 0. 65¢ 20. 8}, 51 6 10 0ab 30124 7L 8 3 46}
Ki| 048, L 74} 0. 113 0.65ah 0. 534 13. 7¢ 52 4 86h  310.9a 732 3 19¢
K5| 0 50a L87ab O llah 0 634 0 476 15. 9¢ 50, 0¢ 9.7p 311 6a T4 6a 3 92,
Antesis-siking Stage (19 July)
KL| O 14 1 63} 0. 094 0. 79 0.90a 19 3abe 73 0a 9.5he  224.3a 6774 1 81}
k2| 0214 1 561 0 11¢ 0. 83a 0.84p 22 04 58 dp, 8 0¢ 218 1ab 68 7he L 94
K3| 0 25¢ L 824 0. 13} 0. 691 0.72¢ 18 9pe 5755 10 7h 2073, 70.8ed 2 92a
Ki| 0 56p L 864 0. ldah 0 68 0.60d 16 9c 541c 10,6} 162. 8¢ 72 7ab 2 79
K5| 072 1 85a 0. 1dg 0.62be 0566 19 Sab 54 0e 13 34 216 4ah 73 9a 1 89)
Filling Stage (15 August)
K1| 015 1. 58}, 0. 10¢ L 074 0. 97a 42 34 79 2} 1552 484 72 69 04 2 18¢
k2| 0184 L 61} 0. 1lpe L 02p 0. 934 41 84 88 94 108,  31L 8¢ 69 1, 2. 63
K3| 029 L 67) 0. 134 0. 98}, 0. 88 39 0ah 77 5e¢ 117, 298 9¢ 69 3a 2. 61p
K| 092y 1875 a2, Y3 8 76 350, 20, 2 54 112958 PCTVEHy: 8, ENA
K5| 037 L 76ah 0 124 0 874 0. 664 37. 4}, 75 4d 118,  3360p 7L 3a 2. 77
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change in nutrient contents for the fruit leaf and the
sixth fully-expanded leaf was similar P, Cw and
moisture content increased and Ca Mg Mn content
decreased w ith increasing K fertilization At the fill-
ing slage moisture conlent decreased but Ca Mg
Zn Mn increased with icreasing K fertilization In
summ ary, different amounts of K fertilization had a
variable effect on com ot absomption and transport of
other nutrients resulting in differences in overground
leaf cell stucture and elem ental concentration There-
fore we expect that these com leaves w ill have a var-

iable spectral response when irmdiated by visible and
NR light

3.2 Correlation betveen corn leaf gectral reflec-
tance and keafK content for the four develop-
ment stages

Fig 1 shows that through the four stages of com de-
velopment the correlation between com leaf spectral
reflectance and K content varies across the entire
spectim  from 300 to 1100pm. This correlation has a
significantly positive relationship at 730— 930mm and
960— 1100mm in the booting stage and a significantly
negative relationship at570= 650nm and 690— 715nm
in the filling stage Note that the qualitative and quan-
titative correlation in the jointing stage and anthesis-

siking stage were symm etrical before 760nm, but that

Correlation coefficient

signinicance at the 0.05 probabiligy level

Fig 1 Correlation between leaves spectral reflectance

and K content in four stages

there is essentially no correlation atwavelengths grea-
ter than 760nm. A1l grow ing stages have a positive
relationship from 760 to 1100mm, but the extent to
which each stage is positive varies at wavelengths
greater than 760nm. The best corelation at high
wavelengths is betw een the booting and filling stages
W e conclude that it is possible to assess K nutrition in
com leaves by analyzing spectral reflectance i the
visible spectral region for the jointing anthesis-sil-
king filling stages and the N R (near-infrared) spec-
tral region for the booting stage Therefore the ap-
propriate spectral wave band should be chosen to asses

com leaf nutrition according to com grow ing stage

3.3 Construction of regression model betveen
lkeaf pectral reflectance and keafK content n
the booting stage

According to the previous analysis 730~ 930nm and
960— 1100pym wavelengths are the best at assessing
potassium nutrition condition n the booting stage

So we selected 767nm and 1057mm from the wo
sensitive wave bands to perfom a regression analysis
n ower to constmuct a single and dual wave band
component spectral mdex Our calculations showed
that although the correlation betw een spectral proper-
ties at 767 and 1057mm and leaf K content were al-
ways significant at the 0. 01 probability level (Table
2), the coefficient of variance (C. V=0.38% ) of
the regression equation constucted by the single wave
band spectral reflectance and leaf K content exceeded
the coefficient of variance(C- V=0.01% ) of the du-
al wave bands spectral reflectance and leaf K content

In other wonds

gression equation constiucted for the dual wave band

the coefficient of variance of the re-

component spectral index are relatively stable W e
therefore conclude that it is possible to assess com leaf
K nutrition condition using dual wave band com po-
nent spectral index Perthaps the spectral ndices from
single wave bands were more easily affected by the
angle of leaves or background reflectance D aughtry
etal also found that attem pts to assess plantN status
based. on canopy reflectance in a single band often
were confounded by the variability i background

reflectance and/or LAT). So we conclude that a
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Table2 Comparison of single and dualwave band com ponent spectral indices used to

assess leaves K content in the booting stage

Spectral variables

Rze7
Rios7
Rie7 Ruosr
(Rzs7 TRios7 ) /( logRas7 T logRigs7 )

(Res7 —Ruosz ) /( logRzsr — logRuos7 )

Equation Detem ine coefficient
y=0. 05595x—2. 311 R? =0. 9482
y=0. 058x—2 4221 R® =0. 9533
y=0. 0285x—2. 3669 R:=0. 9511
y=0. 1288x—3. 3104 R® =0. 9509
y=0. 0247x—2. 3668 R?=0. 9511

spectral ndex based on multiple wave band com ponent

can estinate more accurately plant nutrition condition

3.4 Correlation betveen leaf pectral reflectance
and lkafchl-(atb), moisture and nutrient
content in the booting stage

Nutrient uptake is greatest during the booting siage
Com grow th is hypersensitive to many nutrients The
variation in K levels caused the differential absorption
of nutrients by the com mot This caused changes in
the m etabolisn of the plant ncluding alteration of the
anabolic organic com pound mner leaf The change in
the compound mner leaf caused the variation in the
leaf spectral reflectance in the different bands
Accordingly: the correlation between leaf spectral re-
flectance and leaf chl-(a1b). moisture and several
nutrients changed w ith this change Fig 2 shows that
correlations betw een the sixth leaf spectral reflectance
and its chl-(aTh), moisture and nutrient contents
occur either in the visible orN IR spectral region in the
booting stage W e hypothesize that the reason that
com metabolisn increased was due to the increased
assin ilation of nutrients just as the mner leaf changed
significantly at this stage The correlation betw een the
leaf reflectance and leaf chl-(aTb), moisture nutri-
ents contents have to be significantly mproved be-
yond what is shown in Fig 2 i order to pinpoint in -
portant changes n com developm ent

Nutrients w ere classified into three groups according to
the correlation between spectral reflectance and com
development stage The first group consisted of mois-
ture content K. and chl-(aTb). The correlation be-
ween thapand spectial-efleciance was m the visible

region the largest correlation coefficient was —0.77

(615mm ), —0.72(630nm ) and —0.93 (572 ),

Correlation coefficient

————r{CHL) * r(P riMn
(W) ©— rCa) r(Cu)

A nK -+ Mg - W= =gFe)
nN - r{Zn)

Fig 2 Correlation curves for leaf spectral reflectance
and leaf chl-(aTb). moisture and nutrient content

in the booting stage

respectively.  These nutrients had a positive correlation
w ith spectral reflectance in the NR region where the
largest correlation coefficient was 0.87 ( 770pm,
1057mm ), 0.98 ( 770mm, 1057pm ) and 0.57
(1057mm ). The second group consisted of N; P, Ca
Mg Zn Mn and Cue The corelation between these
nutrients and spectral reflectance was in the visible re-
gion The lamgest correlation coefficient was 0.35
(680mm ), 0.56 (660— 680mm ), 0.96(630mm ), 0.82
(630mm ), 0.79 (662nm, 692pm ), 0.85 (662pm ),
and, 0.83 (667— 687mm ). These nutrients werw nega-
tively correlated with spectral reflectance n the NIR

region The largest correlation coefficient was —0.96
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Table3 Correlation coefficient am ong chl-(a+h), moisture and nutrients in leaf in the booting stage
r W chl N p K Ca Mg Zn Mn Cu Fe
W 1 00
chl 0. 827 1 00
N —0. 35 —0. 05 1 00
P —0. 67 —0. 29 0. 84" 1 00
K 0. 95™ 0. 67 —0. 57 —0. 86 1 00
Ca —0. 89™ —0. 85" 0. 38 0. 71 —0. 89" 1. 00
Mg —0. 977 —0. 78" 0. 50 0. 817 —0. 99™ 0. 95" L 00
Zn —0. 86" —0. 61 0. 62 0. 92™ —0. 95" 0. 92™ 0. 95™ 1. 00
M n —0. 75 —0. 76" 0. 67 0. 71 —0. 79" 0. 86™ 0. 84" 0. 81" 1 00
Cu —0. 74 —0. 55 0.73 0. 93 —0. 87" 0. 89™ 0. 88 0. 97" 0. 87" 1 00
Fe 0. 11 —0. 30 —0. 14 —0. 06 0 11 0. 33 0. 02 0. 13 0. 25 0. 26 1 00

na s 5 =0 7545, g oy 5 =0 8745
(950mm ), —0.96 (815~ 830mm ), —0.88(775mm ),
0.95(750— 802pm ), (850— 870mm ), —0 98(747—
892mm ), —0.89(972= 992mm ), and —0.95(742—
892nm, 997— 1092 ).

The last remaining element is Fe The correlation co-
efficient between Fe content and spectral reflectance
was 0.78(440nm ) in visible region There was very
little correlation w ith iron in any of the other visible or
NIR regions

In additionr when the correlation between nutrients
and the spectral reflectances were large and positive
the curves were coincident W hen the correlation be-
ween nutrients and the spectral reflectances were
large and negative the curves were symmetrical
This was most true for the correlation betw een nutri-
ents in the mner leaves and spectral reflectances A I-
though 410mm, 550nm, 710mm, and 950mm were in-
flection points in most curves correlation coefficients
at these points were inconsitent Future research plans
are to discover the relationship between leaf spectral
and

nutrients and assin ilative products

property:
the m echaniam s that link them-
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