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Abstract:

A field experiment was conducted to study the response of individual leaf spectral reflectance to

five levels of nitrogen fertilizer treatments in rice( Oriza sativa L.) plants. Sampling was combined through a

rice canopy at upper> medium and low levels for biomass, nitrogen and water content measurements with spec-

tral signals from the leaves. The vertical gradients of leaf biomass » nitrogen and water contents were associated

with the nitrogen availability during tillering, panicle formation, initial heading and heading. Rice plants

treated with the lowest rate of N could be characterized with the lowest value of gradient in leaf biomass and

leaf water content and the highest value of gradient in leaf N concentration. A spectral gradient of single re-
flectance( R); ratiol RVI) and normalized difference( ND) of two individual reflectances was defined as this
yielded a better relationship between the spectral data and leaf nitrogen concentration. The results suggested

the spectral gradients may be used as an improved diagnostic tool for nitrogen status.
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INTRODUCTION

Visible and near infrared reflection spectros-
copy was proved in recent years to offer the pos-
sibility of obtaining a rapid, non-destructive esti-
mation of plant nitrogen contents( Thomas et al.
1972; Hinzman et al., 1986; Takebe et al.,
1990; Filella et al.> 1995; Blackmer et al.>
1994, 1996; Ladha et al., 1998; Ruano-Ramos
et al.> 1999) . In these studies, the reflectance
measured from canopies, individual leaves or
other plant parts and its spectral indices were
correlated with plant nitrogen contents. This cor-
relation may vary with plant species, plant part,
growth stage and a range of environmental factors
as plant spectral reflection is affected by numer-
ous factors (Filella et al., 1995; Carter, 1993)
and this reduces greatly the practical application
value of the technique. For practical use, spec-
tral index response,> more specifically to nitrogen

nitrogen status, reflectance, rice, spectral gradient
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nutrition status> must be established.

In rice plants, nitrogen remobilizes from old
leaves into younger leaves when nitrogen is defi-
cient( Liu, 1982, so it could be deduced that ni-
trogen deficiency causes vertical N concentration
gradient within a plant. The relation between N
concentration gradient and the available N re-
source has drawn relatively little attention of re-
searchers in comparison with the extensive stud-
ies of N partitioning inside canopies and within a
plant in relation to leaf irradiance( Drouet et al. ,
1999) . Since leaf spectral reflectance is correlat-
ed with leaf N contents> a spectral gradient that
could exist within a rice plant deficient in nitro-
gen may give more specific implications of nitro-
gen nutrition status in comparison with spectral
reflectance measured from plant canopy or single
plant part> which changes in response to numer-
ous stress agents.

In this paper> we report results of our inves-
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tigation on the vertical spectral variation’ s rela-
tion to nitrogen nutrition status in rice plants.

MATERIALS AND METHODS

A field experiment was conducted from July
through October of 1999 at the Experimental
Farm, Zhejiang University, Hangzhou ( 30° 10’
N, 120°12"E)D . Rice( Oriza sativa L.) cv. ‘Xi-
ushui 93637 was selected for the investigation.
The sandy loam paddy soil was Inceptsols with
" and total
N 1.02 g*kg™'. A completely randomized design
consisting of twenty 4m X 5Sm plots was used.
The 20 plots represented five nitrogen levels(O,
45,105,165 and N 225 kg*ha™') and four rep-
lications. The plants were transplanted on 25 Ju-
ly 1999 with 13.3 em x 16.7 cm spacing.

The second uppermost leaf; second lowest
leaf and the leaf midway between them were
sampled for determination of biomass,

pH 5.66, organic matter 16.6 g*kg™

water
content and nitrogen content and for spectral
measurement on 19 August(tillering), 28 August
(panicle formation), 12 September(initial head-
ing) and 25 September 1999Cheading) . Leaf re-
flectance was measured by a Field Spec model
spectroscopy(a product of Irricrop Technologies
Pty. Ltd.). The GVI window was 333 to 1056
nm on the X axis and 0.00 to 1.10 nm on the Y
and the wavelength step was 1.4 nm.
VNIR dark signal was subtracted and data com-
pared to a white BaSO, reference. FEight repli-

axis;

cate spectral measurements per nitrogen level
treatment were made. After spectral measure-
ment> the leaves were immediately determined for
water content and N concentration.
Leaf water content was determined by weighing
the biomass before and after oven drying at 70°C
for 24h. Leaf N content was determined with the
Kjeldahl method after the plant materials were
oven dried at 70°C for 24h, ground and digested
with H, SO, — H,0, .

All crop and reflectance data were analyzed
using conventional statistical analysis. The spec-
tral indices were calculated as 1)R550 = (R546
+ R548 + R549 + R550)/4; 2)R680 = (R678
+ R679 + R681)/3; 3)R928 = (R925 + R927
+R928)/3; 4) RVI1 = R550/R680;: 5) RVI2 =
R928/R680; 6)ND1 = (R550 — R680) /CR550
+ R680) and 7)ND2 = (R928 — R680)/(R928

biomass>

+ R680) for analysis of relation between spectral
characteristics and nitrogen nutrition in rice pla-
nts( Zhou and Wang, 19930, where R indicated
reflectance at certain wavelength, RVI indicated
ratio and ND indicated normalized difference of
two individual reflectances.

RESULTS AND DISCUSSIONS

As shown in Table 1, leaf biomass and nitro-
gen content increased with N rate increasing at
various stages. The biomass of the second upper-
most leaves, compared to that of the medium po-
sition leaves and second lowest leaves, was more
responsive to N rates. Higher N rates caused
higher water contents in the second uppermost
leaves while responses of water contents in the
medium position and the second lowest leaves to
N rates were more complex.

The results( Table 1) show clearly leaf bio-
mass and N content decreased with the leaf posi-
tion becoming low at each N rate treatment and
at various stages. The leaf water content showed
similar changing at tillering> but it increased as
the leaf position became lower at all the later
growth stages. To quantify the vertical leaf gra-
dients of biomass> N content and water content,
we express the gradient as G, = (P, — P;) +
(P,—P)=P,+ P, — 2P, where G, denotes
the gradient of parameter P as biomass, nitrogen
content and water content> u > m and 1 denote
respectively the second uppermost leaf; medium
position leaf and the second lowest leaf. The
calculated gradient values are presented in
Table 2. As the growth stage progressed, the
gradient of leaf nitrogen content increased, that
of leaf water content decreased and that of leaf
biomass increased to maximum at initial heading
and started to decreased at heading. While as
the N rate increased, the gradients of leaf N
content and water content decreased and that of
biomass increased. This result may be of general
significance in crop N nutrition status diagnosis
as it is found that gradients of leaf biomass, N
content and water content were associated closely
with the nitrogen nutrition status and the plant
growth stages, although light environment and
developmental difference could be the major in-
fluencing factors of the gradients ( Grindlay,
1977). Plants with the lowest level of N could
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be characterized by the lowest gradient of leaf bi-

omass> highest gradient of leaf nitrogen and low-
est gradient of water content. Conventionally,
the leaf critical concentration is used for nutrition

diagnosis, but it should be regarded as a range

of values rather than a precise figure ( Smith,

1986) . If this is so, it greatly reduces the value
of plant analysis( Scaife, 1988) . The leaf gradi-
ents could characterize the plant nitrogen status
as they may be more specifically responsive to
the available N resource in comparison to N con-
centrations in plant.

Table 1 Leaf biomass; nitrogen concentration and water content at three leaf positions
of rice plants treated with different N rate at various growth stages”

Biomass (g/leaf)

Leaf N content ( % )

Leaf water content ( % )

Date (kN. ;atfl )
g-ha U M L U M L U M L
0 0.17a 0.11a 0.08a 3.50a 3.00a 2.88a 72.79ab 71.12ab  68.89a" * *
45 0.17a 0.13b 0.10b 3.50a 3.40b 3.21b  72.47a 70.54a 68 .46a
1?913;% 105 0.23b 0.15¢ 0.10b 3.60a 3.48b 3.23b 73.87b  71.52b 69.80b
165 0.24be¢  0.12b 0.10b 4.14b 3.72¢ 3.6lc¢ 73.99b 71.65b 69.50b
225 0.25¢ 0.15¢ 0.10b 4.11b 3.86¢ 3.76¢ 73.87b 70.45a 70.27b
0 0.30a 0.14a 0.10a 2.83a 2.40a 2.09a 71.68a 71.63a 72 .64a
45 0.32a 0.15a 0.14b  3.46bc  3.00b 2.71b  72.42ab 72.94b  73.0lab
251;91;;% 105 0.36b 0.17b 0.14b 3.40b 3.32¢ 2.96¢ 72.54b 73.65bc  74.42b
165 0.40c¢ 0.21c 0.16¢ 3.51c 3.53d 3.38d 74.46c 74.32c 74 .92a
225 0.38c¢ 0.17¢ 0.14b 3.44b 3.65e 3.42d  74.06c 73.27b 73.68b
0 0.24a 0.25a 0.12a 2.70a 2.07a 1.36a 67.70a 73.59b 76.27d
45 0.32b 0.25a 0.12a 2.91b 2.63b 1.99b 68.84ab 72.94a 75 .42¢
%9596911 105 0.37¢  0.26ab 0.14b 3.31c 3.18¢c 2.45¢  69.48b 74.46b 75.61c
165 0.37c 0.27b 0.16¢ 3.30c 3.27¢ 2.78d 69.20b 72.11a 73.25b
225 0.39d 0.24a 0.12a 3.55d 3.42d 3.36e 70.64c 74.25b 74.65a
0 0.26a 0.30c 0.18ab 2.42a 1.78a 0.86a 64.64a 72.60b  73.22bc
45 0.31b 0.24a 0.17ab  2.85b 2.09b 1.47b  66.55b 68.95a 73 .91c
25195969pt 105 0.36¢ 0.28b 0.16a 2.97¢ 2.50¢ 2.08¢c 66.48b 71.47b  73.07be
165 0.33b 0.28b 0.15a 3.45¢ 2.94d 2.65d 67.69¢ 69.35a 72.82b
225 0.39¢ 0.29b 0.19b 3.19d 2.96d 2.58d 67.15bc  69.23a 71.81a

" Values are averages of six replications for leaf biomass and water content, three replications for leaf nitrogen content.
** U denotes the second uppermost leaf, M denotes the medium position leaf and L. denotes the second lowest leaf.

Measurements followed by different letters are significantly different ( P = 0.05) by Duncan’ s multiple range test.

rice plants treated with different N rate at various growth stages

Table 2 The vertical gradients of leaf biomass, N content and water content in

Gradient on 19 Aug

Gradient on 28 Aug

Gradient on 12 Sept

Gradient on 25 Sept

<igjit§> Biomass N  Water Biomass N  Water Biomass N  Water Biomass N  Water
(gflead) (%) (%) C(gllead) (%) (%) (gllead (%) (%)  C(gflead (%) (%)

0 0.12 0.74 6.13 0.24 1.05 —1.97 0.25 2.05 —11.25 0.20 2.48 —-9.20

45 0.10 0.48 6.00 0.19 1.04 —0.66 0.33 1.56 -9.06 0.21 2.00 —12.32

105 0.18 0.62 5.79 0.25 0.80 —2.65 0.35 1.59 -7.28 0.32 1.31 -8.19

165 0.16 0.64 6.64 0.29 0.28 —1.06 0.32 1.0 -5.19 0.31 1.09 —8.60

25 0.20 0.45 3.78  0.27 0.25 —0.03 0.39 0.25 —4.41 0.30 0.9 —7.24
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Table 3 The distribution of reflectance maximum/minima number of 120 leaf spectr
a at maxium/minima wavelengths at various times

Maximum/minima wavelengthnm)

Date of measurement

546 548 549 550 678 679 681 925 927 928
19 Aug 1999 23 36 25 36 38 33 49 42 35 43
28 Aug 1999 7 13 33 67 19 41 60 40 34 46
12 Sept 1999 5 23 30 62 9 24 87 44 35 41
25 Sept 1999 1 7 30 82 2 8 110 36 50 34

All of the plant leaves measured had a simi-
lar reflectance pattern: maximum in the vicinity
of 550 nm and 928 nm and minima in the vicini-
ty of 680 nm ( The raw spectral data are not
shown as the data size is too large for publica-
tion) . We found the maximum and minima shift
(see Table 3, even among the leaves from the
same plant position and same N rate treatment,
which had not been clearly demonstrated before .
In the visible regionsCaround 550 nm and 680
nm), the reflectance maximum/minima shifted
toward longer wavelengths as the growth stage
progressed while in the near infrared region, the
shift of maximum was not affected significantly
by the growth stages. A possible explanation for
the shift toward longer wavelengths as the growth
stage progressed is the effect of senescence
(Guyot> 1990) .

Single reflectance values at the individual
wavelengths( 550, 680 and 928 nm) were more
highly correlated to the leaf nitrogen content than
to their spectral indices ( Table 4), which dis-
agreed with the previous results ( Zhou et al.,
1993; Filella et al.> 1995; Wang et al., 1998).
Maybe our use of a combination of leaves from
different positions in analyzing the correlation
between the spectral index and nitrogen content
decrease the coefficients between the spectral in-
dex and nitrogen content in this study. Wave-
length regions that appeared to be the best indi-
cators were centered around 550 nm and 680
nm; confirming the result of Filella et al.(1995)
and that of Blackmer et al.(1996) .

Spectral variation with leaf position was ob-
served in each plant measured in this study. We
define the vertical leaf spectral gradient as G, =
SP, + SP,, — 2SP; in the same way we define
the vertical leaf N gradient defined, where G,
denotes speciral gradient of a spectral index as
R550> RVI1 and ND15u denotes the second up-
permost leaf> m denotes the medium position leaf
and | the second lowest leaf. The higher coeffi-
cients between the vertical leaf spectral gradient
and the vertical leaf gradient of N content( Table
5) comparing with those between the spectral in-
dices and the nitrogen contents suggested the
spectral variation could be used as an indicator
of plant nitrogen nutrition status . The gradients of
ND1 + ND2 were most highly correlated with the
gradient of nitrogen contents> which may be at-
tributed to the specific response of this spectral
index to the chlorophyll content with sensitive
wavelength being 550 nm and 680 nm( Al-Ab-
bas,> 1974) and leaf water status with sensitive
wavelength being 900 — 950 nm( Riedell et al.,
1999) associated closely with the nitrogen nutri-
tion status. The subtraction among spectral index
of leaf at different position from the same plant in
the spectral gradient analysis may reduce greatly
the effects of some biological and environmental
factors on the leaf spectras so the spectral gradi-
ents could be highly related to gradients of leaf
biological featuresCe.g. N concentration) . Fur-
ther studies must be conducted for confirm of the
results in different plant species, cultivars and in
different plant growth conditions.

Table 4 Coefficients of determination between leaf spectral indices and nitrogen contents at
various growth stages of rice plants treated with different N rate ( n = 45>

r

Dates R550 R680 R928 RVII RVI2 NDI ND2  NDI + ND2
19 Aug 1999 049" -0.52° -039° 0.18 -0.12 0.067 -0.11 0.16
28 Aug 1999 0.59" -0.41" 0.54" 0.18  -0.17 0.55" 0.57°  0.63"
12 Sept 1999 0.47°  -0.65°  0.18 0.17 0.69" 0.42" 0.71° 0.58"
25 Sept 1999 051" -0.58"  0.40° —0.11 0.49% —0.31 0.47° —0.11

* Denotes significant ( P =0.05)



Vertical leaf spectral variation as an indicator of nitrogen nutrition status in rice plants 293
Table 5 Coefficients of determination between vertical leaf gradients of spectral indices
and vertical gradients of nitrogen contents at various growth stages of
rice plants treated with different N rate (n =15)
r
Dates

GR550 GR680 GR928 GRVI1 GRVI2 GND1 GND2 GND1 + ND2
19 Aug 1999 0.84° 0.90" -0.18 0.89" -0.54" -0.89" -0.56" -0.96"
28 Aug 1999 0.41 0.45 0.25 0.75" -0.59" -0.91" -0.93" -0.91"
12 Sept 1999 0.77" 0.72" 0.72" 0.60" -0.77" -0.80" -0.83" -0.82"
25 Sept 1999 0.69" 0.78" -0.19 0.69" -0.82" -0.82" -0.59" -0.81"

% Denotes significant( P =0.05)

CONCLUSIONS

Gradients of leaf parameters (biomass, water
content; N concentration and spectral index )
were proved to exist and be associated closely
with nitrogen availability in rice plants. When
interpreting plant nitrogen status in rice by using
leaf spectral data,
plant may be more indicative than spectral index

spectral gradient within a
from individual leaves.
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