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Abstract: The number of tillers has a significant effect on the winter wheat field management and the prediction of winter
wheat yield. However,the traditional manual counting method of the tiller counting is inefficient. With the development of
spectral technology and the application of low altitude remote sensing technology in agriculture, a method was provided for
monitoring the number of tillers and growth of the winter wheat by calculating crop canopy reflectance and vegetation index.
A 4-waveband crop monitor with speciral reflectance was used to carry on the experiment ( Tainong 18). The instrument can
obtain the crop canopy reflecting signals at 550 nm, 650 nm, 766 nm and 850 nm simultaneously. After that the crop
canopy reflectance was first calculated and then nine vegetation indexes: OSAVI, MSAVI, SAVI, EVI2, TVI, NDGI,
NDVI, RVI and DVI, were also calculated. The relationship between the tillering of winter wheat and each index of nine
vegetation indexes was analyzed in both regreening and erecting stages. In regreening stage, the correlation between OSAVI
(650,850) and tillers was the highest (R* is 0. 85, RMSE is 118.93), while in erecting stage, the correlation between
EVI2(650,850) and tillers was the highest (R* is 0. 84, RMSE is 73. 04). The results of the test showed that there was a
significant relationship between the winter wheat tillers and the two vegetation indexes. This may help the development of
the instrument for winter wheat tillers counting based on canopy spectral reflection. The conclusions can be used in rapid
predicting of wheat tillering and giving suggestions to field precision management.
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. development of spectral technology and the application
0 Introduction

of low altitude remote sensing technology in

The number of tillers and spike rate determine the
robust degree of individual development, thereby affect
the final yield. Currently, extensive researches had
been launched against the regular pattern of the wheat
tillering domestic and international. Studies have
shown that the tillering of winter wheat is strong
between turning-green stage to early jointing stage.
Well field management during this period has very
important  significance to wheat nutrition and
reproductive growth'' 7.

At present, manual counting is still being used in
obtaining the number of tillers in the filed in China.

cannot be automated,

farmland. With the

It is time-consuming and

unavailable for large-scale
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agriculture, a new method was provided for monitoring
the number of tillers and growth of the winter wheat by
calculating crop canopy reflectance and vegetation
index.

In the field of advanced sensors on crop spectrum,
domestic and foreign scholars have made a lot of
USA ASD

portable

practical results.

FieldSpec HH

company developed
visible/near-infrared
spectrometer, which measures the wavelength range of
325 ~ 1075 nm, spectral resolution of 1nm, mainly

on-line
[8]

used for monitoring  of crop canopy

hyperspectral data Oklahoma State University and
the US N-tech

GreenSeeker canopy spectral reflectance measurement

company successfully developed
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apparatus using 656 nm and 770 nm light source
emitting alternately which can obtain crop canopy
reflectance in two bands more accurate, and calculate
crop NDVI index 7). ZHU, et al. "°~"*' designed
and developed a dual-band sensor for crop growth
information monitoring and verified by monitoring the

1. 1310 developed a crop

growth of wheat. LI, et a
reflectance spectrum meter based on 2-band and 4-
band daylight to get the crop canopy reflectance in
real-time and calculate the NDVI, RVI and other
vegetation index, and established model for wheat, rice
crop nutrition diagnosis. Domestic and foreign scholars
apply the above instruments has achieved fruitful
results in the chlorophyll content and other nutrition
indicators detection of crop like wheat and corn "'°~'%).

Domestic and foreign scholars have carried out
relevant researches in the use of vegetation index to
forecast wheat tillers. PHILLIPS, et al. """’ conducted
a preliminary exploration in using NDVI index for
winter wheat tillers forecast and provided basis for
decision making of variable fertilization prescription.
FLOWERS, et al. "™ used NDVI, RVI, DVI,
SAVI and other vegetation index and color infrared

aerial to predict tillers of winter wheat. WU, et al. ™"

studied the relationship between NDVI and RVI index
and early growth of winter wheat tillers to give a
preliminary correlation model. These studies show that
the use of existing advanced crop spectrum sensing
equipment used to fast monitor and evaluate the wheat
tillering state is feasible. This paper selects wheat
tillering state between turning-green stage to erecting
stage as object to study, because the early winter wheat
( before flowering) has strong vegetative growth and
tillers monitoring is more important at this stage. Using
spectral measuring instruments to conduct spectral
scanning on winter wheat canopy between turining-
green stage and erecting stage and calculate a plurality
of vegetation index. Selecting the best detection index
and response band combination of winter wheat at
different growth stages by analysis of the correlation
between different vegetation indices and winter wheat
tillers. Finally, establishing fast online forecasting
model of winter wheat tillers. Fast real-time detection
of winter wheat tillering at different growth stage could
be done by the model and could provide a basis and

support for the further development of winter wheat

tillering on-line detection equipment.

1 Materials and methods

1.1 Experiment area

This study was conducted from October 2013 to June
2014 in academy of agricultural sciences experimental
farm (118. 002 103°E, 36.904 988 84°N) , Zibo city,
China. The experiment included one variety, five
nitrogen levels, three repeated times, a total of 15
cells. This experiment uses a split-plot design (Tab. 1),
the experiment species (V) is Tainong 18, residential
setting different levels of nitrogen levels (N ). NI
(0 kg/hm*), N2 (84.375 kg/hm*), N3 (168.75
kg/hm*), N4 (253.125 kg/hm*) and N5 (337.5
kg/hm*). 50% as basal fertilizer was applied before
planting; 50% more fertilizer was applied at jointing
stage. The cell acreage is 1.5 m x 10 m, carriageway
width is 0.5 m. In addition, the base fertilizer P,Oj
fertilizer is 195 kg/hm” and K, O fertilizer is 127. 5 kg/hm’
watering at 0 ~ 60 cm soil layer to 50% of the
maximum water holding capacity. Other management is
the same as large-scale farmland high yield cultivate
management. At the same time, observing the wheat
growing conditions during the experiment, recording

ambient temperature and humidity and sis situation.

Tab.1 Field experiment design

Repeat times Nitrogen levels

1 N1 N2 N3 N4 N5
2 N3 N4 N5 N1 N2
3 N5 N1 N3 N2 N4

1.2 Spectral data measuring of crop canopy

The experiment is conducted in early March 2014,
wheat turning-green stage and early April 2014, wheat
erecting stage, once each. Crop canopy spectral
measurement using a 4-band and 8-channel crop
reflectance spectra measuring instrument which is

China

. Schematic diagram is shown in Fig. 1.

independent  developed by Agricultural

University[ 1

T
\ !
W reflected light Yy
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Meter is divided into two parts; the measurement
nodes and handsets, using ZigBee wireless transmission
between the two parts. Wherein the measurement node
can simultaneously detect 550 nm (G), 650 nm (R) ,
766 nm (R), 850 nm (NIR) 4 bands of sunlight
Handheld

terminal uses 32-bit embedded central controller which

incident and vegetation reflected light.

could calculate 4 bands crop reflectivity in real
time'""!. For 15 cells, each experiment cell randomly
selected three 1 m x 1 m plots as a duplication, and
selected plots central location for winter wheat canopy
scanning. During the test, the distance from
measurement node to the canopy is about 50 cm,
canopy and node are parallel. Before data collection,
using whiteboard measuring to calibrate the instrument
to minimize the impact of changes of sunlight to the
generated spectrum data. The experiment collected 45
group data in total. Based on four measurement
wavelength reflectance, nine vegetation indices are

calculated combinatory. The formulas are shown in

Tab. 2.

Tab.2 Spectral vegetation indices

Vegetation
Formula
indices
Tosavi Tosayi = 1. 16(Vy = Vi )/ (Vg + Vg +0.16) 2
Tevp Loy =2.5(Vyg = Vi) /(1 + Vyg +2.4V;) 12
Iy Ly =0. 5[120( Vi = V) =200( Vg = Ve) ] 23
Tysavi =0. 5[ 2V +1 -
Iysavi 5 (4]
2V +1)7 =8(Vyw - Vi) ]

Iy T = 1.5 (Vg = Vi )/ (Vyg + Vg +0.5) 1%
Ixpar Inper = (Ve = Vi) / (Vg +VR)L26'
Inpvi Loy = (Vg = Vi )/ (Vg + Vi) 127
Ipvt Igyi = VMR/VRW'
Iy, Iy = Ve _VHLZ()'

1.3 Winter wheat tillers collection

The experimental farm had 15 cells and each cell
Using “ Hundred
Thousandth Sample Segment Method” in each point,

randomly selected three points.

which means using 0.1 m’ sample segment. Cell
seeding line spacing is 20 cm, so the sample segment
length is 50 ¢m. Mark at both ends of the segment,
and then use one end as starting point, count the
number of tillers in the sample segment one by one.
Each sample segment is measured double lines per
point, counted separately, calculating the average as
the number of tillers in the sample segment. Collected

45 group of data in total.

2 Results and analysis

2.1 Trend of tillers number under different
nitrogen levels

By the twice experiments, the comparison of the
mean number of tillers under different nitrogen levels in
turning-green stage and erecting stage are shown in
Fig.2. The detailed statistical results of number of
tillers under different nitrogen levels in turning-green
shown in Tab.3.
According to Fig. 1, nitrogen levels affected tillering

stage and erecting stage are
greatly in turning-green stage and erecting stage. With
the increasing amount of nitrogen, the total amount of
winter wheat tillers showed “single peak” type which
increases at first and the decreases. This may be
because of nitrogen as the main element of the
synthesis of chlorophyll and photosynthesis-related
enzymes, when less supply, crop weak, fewer tillers or
no tiller; when oversupply, also did not increase in
winter wheat tillering.

-
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Fig.2  Average quantities of tillers between re-greening and

erecting stage under different nitrogen levels

Tab.3 Tillers of winter wheat re-greening and erecting

stage in different nitrogen levels

quantity/m’
Growth stage N level Average Median SE CV
NI 1421.4 1381.4 188.6  0.132693
N2 1713.5 1680.1 194.7  0.113 604
Turning-green
) N3 1981.4 1920.0 195.4  0.098 612
stage
N4 1710.0 1799.8 214.9  0.125684
N5 1651.6 1650.0 170.6  0.103323
NI 766.3  744.0 106.0  0.138345
N2 849.4  862.8 81.1 0. 095 532
Erecting stage N3 1073.9 1050.0 94.6 0. 088 094
N4 1017.0 1001.2 135.3  0.133075
N5 951.1 930.0 69.6 0.073 177

According to Tab. 3, the entire plots tiller number
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variation coefficient in the range [0.073,0.138 ],
standard deviation range [69. 6,214.9 ] are within the
statistically acceptable range, data reliable.
Comprehensive Fig. 2 and Tab. 3, the tillers number
to 50%
different

in erecting stage was decrease by 40%

according to turning-green under

and both

number of tillers at N3 level. This may be because with

stage

nitrogen levels, reached the maximum
the development of winter wheat, growth and nutrition
centers transform, and the generated tillers gradually
“polarization” : early tillers continues to develop into a
spike, while younger tillers and little tillers gradually
become invalid tillers apoptosis eliminated, resulting in
decrease in the number of tillers. At the same time a

reasonable amount of nitrogen can promote tillering,

too little or too much are not conducive to carry out
tiller.
2.2 Vegetation index distribution characteristics
under different nitrogen levels

Calculating the average of each vegetation indices
under different nitrogen levels, and the results are
shown in Tab. 4. Analysis of data in Tab. 4 shows that
each vegetation index showed a “single peak” type
curve in turning-green stage and erecting stage under
different nitrogen levels, with the increase of nitrogen
application, each vegetation index increased first and
then decreased. This variation consistent with the
foregoing number of tillers under different nitrogen
levels, indirectly prove the validity of the collected

spectral data.

Tab.4 Distribution characteristics of vegetation index under different nitrogen levels

Vegetation index Turning-green stage

Erecting stage

average N1 N2 N3 N4 N5 N1 N2 N3 N4 N5
OSAVI(650,850) 0.567 0. 651 0. 780 0.756 0.731 0.577 0. 699 0. 805 0.730 0.710
OSAVI(650,766) 0. 583 0. 658 0.718 0.702 0. 685 0.518 0. 655 0. 740 0. 696 0. 652
MSAVI(650,850) 0. 485 0. 634 0.765 0. 740 0. 647 0.543 0. 682 0. 780 0. 730 0. 689
MSAVI(650,766) 0. 492 0. 569 0.674 0.610 0. 600 0.470 0. 535 0.730 0.670 0.634
EVI2(650,850) 0. 549 0. 608 0.781 0.723 0. 647 0.421 0.622 0.784 0.700 0. 649
EVI2(650,766) 0. 500 0.554 0. 688 0.613 0.573 0.420 0.502 0. 681 0. 628 0.514
NDVI(650,850) 0. 741 0. 811 0. 892 0. 832 0.775 0.712 0. 842 0. 891 0. 862 0.791
NDVI(650,766) 0. 540 0.791 0. 860 0. 810 0.750 0. 688 0. 830 0. 884 0. 853 0.770
NDGI(550,650) 0. 402 0. 440 0.574 0.501 0. 481 0. 483 0.541 0. 669 0.59%4 0. 588
DVI(650,850) 0.267 0.328 0.432 0. 407 0. 386 0.310 0.333 0. 467 0.393 0.371
DVI(650,766) 0. 225 0.285 0. 366 0. 356 0.352 0.258 0.292 0. 426 0.362 0. 346
SAVI(650,850) 0. 602 0. 630 0. 656 0. 641 0. 606 0.634 0.672 0.715 0.704 0. 692
SAVI(650,766) 0. 545 0. 563 0. 581 0.568 0. 546 0.538 0.557 0. 607 0.611 0. 596
TVI(650,850) 25.183 26. 950 28.910 27.878 25.402 28. 155 31.365 34. 670 33.821 32.913
TVI(650,766) 21.692 22.612 23. 856 23.110 21. 808 22.413 23.790 26.902 27.240 26. 195
RVI(650,850) 7.512 9.614 15. 852 13. 623 10. 631 7.632 8.525 12. 152 10. 982 9.773
RVI(650,766) 6.078 8.623 14. 188 11. 840 8. 146 5. 856 6.320 9.978 8. 860 8.523
2.3 Correlation analysis of winter wheat vegetation index and tiller numbers in descending order
vegetation index and tillering number are OSAVI, MSAVI, NDVI, EVI2. The values of
According to Tab.3 and Tab.4, it could be NDWI, DVI, SAVI, TVI, RVI are lower than the

qualitatively obtained the relevant between the number
of tillers of winter wheat at turning-green stage and
erecting stage and vegetation indices. Then directly
calculating the coefficient between the number of tillers
and vegetation indices, quantitatively describing the
correlation between them. The result is shown in Tab. 5.
Nine vegetation indices and the tillers in two growth
stage have higher correlation.

According to Tab.5; in turning-green stage, the

correlation coefficient of the same band combination

previous four and little difference between them. This
may be because in turning-green stage, group coverage
is low, soil background noise is the main source of
noise, atmospheric conditions, sun angle, terrain and
other noise sources are the secondary source of noise.
OSAVI is better able to filter out the soil background
noise while other vegetation indices are not enough,

7 In

which is same as the results of previous studies'
erecting stage, the correlation coefficient of the same

band combination vegetation index and tiller numbers
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Tab.5 Coefficient of determination between vegetation

index and tillers

Vegetation index

Turning green tillers

Erecting tillers

0SAVI(650,850) 0.9119 ™ 0.8654 ™
OSAVI(650,766) 0.8409 0.843 1™
MSAVI(650,850) 0.8743 ™ 0.8401™
MSAVI(650,766) 0.8216™ 0.798 6 ™
EVI2(650,850) 0.8567* 0.908 4 **
EVI2(650,766) 0.8176™ 0.8498 ™
NDVI(650,850) 0.8618 " 0.8193 ™
NDVI(650,766) 0.8362 " 0.7497 *
NDGI(550,650) 0.8138* 0.7937*
DVI(650,850) 0.8539 " 0. 6866 ™
DVI(650,766) 0.764 1™ 0.6593 ™
SAVI(650,850) 0.8325™ 0.7991™
SAVI(650,766) 0.8027 0.768 8 ™*
TVI(650,850) 0.8261™ 0.7893 ™
TVI(650,766) 0.8114™ 0.776 7
RVI(650,850) 0.8539 " 0.7776 ™
RVI(650,766) 0.796 7 " 0.7212*
in descending order are EVI2, OSAVI, MSAVI,

NDVI. EVI2 index increased sensitivity. This may be
because when entering to erecting stage, although tiller
number is decreased, the early tillers and strong tillers
growth are better, the biomass accumulation. EVI2 is
sensitive to crop group biomass and the index reduces
background and atmospheric noise at the same time.
So the correlation between the index and the number of
tillers is improved representing to turning-green stage.
Soil background noise and atmospheric effects are still
obvious in other vegetation indices at this stage, the
sensitivity of vegetation coverage is not enough, not
suitable for the present phase of the monitoring. For
the same vegetation index, combination (650, 850) is
better than combination (650, 766 ). This may be
because 850 nm band is in the vegetation NIR
“platform” with high and stable reflectivity and 766 nm
band is at the vegetation NIR “red edge” with unstable
affect by the

reflectivity and  easy surrounding

environment, which is the same as the results of
previous studies /.

To sum up, at different growth stages, winter wheat
population density differences, different vegetation
indices have different sensitivity to tiller number. In
this study, two prediction models were established for
two different growth stages of winter wheats tiller

numbers.

2.4 Forecasting model of winter wheat tillering in
turning-green stage and erecting stage

According to the experimental data and conclusions,
combined with the development of embedded systems
and rapid online testing needs, selected OSAVI (650,
850) as a parameter for turning-green stage tillers to
conduct unary linear regression and EVI2 (650, 850)
as a parameter for erecting stage tillers to conduct
unary linear regression. There are 35 sample point in
modeling set and 10 point in validation set.
Establishing prediction model for tillering numbers and
relating vegetation index respectively for turning-green

stage and erecting stage ;

y, =3 102. 4x, -408. 62 (1)
y, =1457.9x, +28.451 (2)

In which: y, means predictive value of winter wheat
tillers in turning-green stage; x, means OSAVI (650,
850) parameter value; y, means predictive value of
winter wheat tillers in erecting stage; x, means EVI2
(650,850) parameter value.

According to Fig. 3 and Fig. 4, the determination
coefficient R’ of calibration model for tillers at turning-
green stage is 0. 85, the determination coefficient R’ of
validation model is 0. 79 ; the determination coefficient
R of calibration model for tillers in erecting stage is

0. 84, the determination coefficient R’ of validation

model is 0. 75.
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Measured value of tillers/m™
Fig.3 Correlation between measured tillers and

predicted tillers in re-greening stage

The results show that using the crop spectral
reflectance measuring instrument for Tainong 18, the
tillers number could be forecasted accurately with index
OSAVI (650, 850) at turning-green stage and EVI2
(650, 850) at erecting stage. The study will continue
for multi-year continuous experiments and spectroscopy
diagnosis to validate and improve the applicability of

the model. The model will be embedded into the
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Fig.4 Correlation between measured tillers and predicted

tillers in erecting stage

central controller of the instrument and combined with
previous crop nutrition diagnosis model to design a
rapid diagnostic instrument for complex parameters

including wheat tillers and nutrition indicators.
3 Conclusions

(1) According to the experiments for Tainongl8,
under the same circumstances sowing, the amount of
nitrogen fertilizer has a significantly affect in winter
wheat tillering. Too much or too little nitrogen will
reduce the growth of tillers in turning-green stage and
erecting stage. In this experiment, the optimum amount
of nitrogen fertilizer is about N3 (168.75 kg/hm’).

(2) The experiment analysis the correlation
relationship between nine kinds of vegetation indices
(OSAVI, MSAVI, EVI2, NDVI, NGVI, RVI, DVI,
TVI) and winter wheat tillering. The results show that
at turning-green stage, while tillers is grow strong,
using OSAVI (650,850) for regression analysis, the
coefficient of determination is up to 0. 85 and the root
mean square error is 118. 93, the forecast accuracy is
higher. At erecting stage, using EVI2 (650,850) for
regression analysis, the coefficient of determination is
up to 0. 84 and the root mean square error is 73. 04,
the forecast accuracy is higher.

(3) At turning-green stage and erecting stage of
winter wheat, (650, 850) band combination can
better reflect the correlation between vegetation index
and tillering situation, which provides the basis and
supports for the design and application of winter
wheat tillers on-line detection equipment based on
the principle of spectral reflectance. In the future,
multi-year experiment will be conducted in a variety
of winter wheat varieties to improve the system

suitability.
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Prediction of Winter Wheat Tiller Number Based on 4-waveband

Crop Monitor with Spectral Reflectance

Zhang Meng'®  Sun Hong' Li Minzan' Zhang Qin® Zheng Lihua'
(1. Key Laboratory of Modern Precision Agriculture System Integration Research, Ministry of Education,
China Agricultural University, Beijing 100083, China
2. Center for Precision and Automated Agricultural Systems, Washington State University, Prosser WA 99350 - 8694, USA)

Abstract: The number of tillers has a significant effect on the winter wheat field management and the
prediction of winter wheat yield. However,the traditional manual counting method of the tiller counting is
inefficient. With the development of spectral technology and the application of low altitude remote sensing
technology in agriculture, a method was provided for monitoring the number of tillers and growth of the
winter wheat by calculating crop canopy reflectance and vegetation index. A 4-waveband crop monitor
with spectral reflectance was used to carry on the experiment ( Tainong 18). The instrument can obtain
the crop canopy reflecting signals at 550 nm, 650 nm, 766 nm and 850 nm simultaneously. After that the
crop canopy reflectance was first calculated and then nine vegetation indexes; OSAVI, MSAVI, SAVI,
EVI2, TVI, NDGI,NDVI, RVI and DVI, were also calculated. The relationship between the tillering of
winter wheat and each index of nine vegetation indexes was analyzed in both regreening and erecting

stages. In regreening stage, the correlation between OSAVI(650,850) and tillers was the highest (R” is
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0.85, RMSE is 118.93), while in erecting stage, the correlation between EVI2 (650,850 ) and tillers
was the highest (R’ is 0. 84, RMSE is 73. 04). The results of the test showed that there was a significant

relationship between the winter wheat tillers and the two vegetation indexes. This may help the

development of the instrument for winter wheat tillers counting based on canopy spectral reflection. The

conclusions can be used in rapid predicting of wheat tillering and giving suggestions to field precision

management.

Key words: wheat; tiller number; canopy spectral reflectance; OSAVI; EVI2
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KONFE AP BERCR 5 R AR T A S G Ak
SRR HE T B W de 7 B . H VR 9 A © B
INEESYEEILER BT T R RERT 5T, BF 58 R WA 16 & /N 3
IR T AR TR, /A A BENE I, 30T ) AT RL A
F) FE )7 06F J5 00 /I8 22 5 90 2 KR AR B AR K LA
HEwmE ",

(EL 76 FH 1) 36 T2 e i — R4 1, H AT
5% R AN TAH 80T 8, g 3 ) H TG ¥ 52 9L A 3
A, TG 3 7 R R A T v 30 4 Ok B 5 O 385
HEARTERE A A 77 B R AT K i S RS
RSB HNG A 38 0 o 15 838 AR TR W 0633
SR, 8 S T A% R B B /N S 4 T A
T g S B A /N FE 4 BEBCH H TG 48 1 4 ) 42
THT

TEAE Y 613 0 5 15 R RS 44, 1 N A2 H B 4
WG TR 25 AL . 35 ASD A RIBFE T
FieldSpec HH ff {5 7] I, /3T £1 416 35 3, Fo i & 11
WKL K 325 ~ 1075 nm HEIE B 1 nm, F 5
JH T 76 2k A 0 6 2 186 006 38 A 5 R A
M7 K5 FEE N —tech 2 T W] TS GreenSeeker
ek 2 0 1 5 A %6 L ) 656 nm 1 770 nm
B 585 5 6 T LA S o st 2 A 400 5 )2 A A
P BEW RS FE BB NDVI Fs 500 5 K
R T S P - S 1 I ul (7 R R - =W =N RN DD
W B AL B T 0ob /N 32 A K W AT T B IE 5 2R B Ak
AP TR BIEE T H O 2 BEBER 4 B B A
W 5 55 S A, T LA S SRR AR 2 R R
T3 NDVI RV 25 1815 5, I % /N2 KRG 1 0 e
SETEFSWEAL, B NN BT R AR
INEE B KR EAEYR R R S SR A AR A T
PR T SRR A

TE 32 FI R W 4 BT /N 22 25 B 07 1, [ o 4h
S L HEAT T M % BF 98, PHILLIPS 2170 R H
NDVI $5 50 & /N 2 2L BER B HE AT T 9 B R,
- A8 i AR A 7 48 4t T B 5 4K 4% ; FLOWERS
AU OIH ] NDVIL RV, DVI SAVI %5 2 i 4 % 48

BRI LML W 4 /N 22 ZEBEREAT T Bl 5 5 42
#e 2 20 FE ST T ONDVIEHI RV 45 805 & /N3 4 K
W) 43 BEFH G C R 19 2] T W10 B9 AH G A

DL B R B, R H C A WAE P65 A% AL &%
PR W PE AN N2 BER SR AT . A /NE
HT A (FFAE IR ) B 37 A2 K RE &, 78 I B B X 25 BE %K
PEAT W EL A o AR, PR AR Sk R R A A
S B WA /N S BEAE A ST 4 o SR OGRS I 54X
AT IR TR 5 B A /N 22 ek J2 AT O A O
VIR Z2 A M B 48 B, 38 5 4 A S R AR Bk 4 k5 A& /D
72 Gy BERORH R OC 2R, Ui 0 th 4% /N2 AN ] A K 9 1) i
AR Y i RN i L U B 4 G, B e L A /N A 2R BE
BT T TE 2 0 A R A B A AT D S R A
WA /NFEAN R AR 0 43 B4R O, OF it — 2P F k&
/INF7 ZEBERNCAE e o AL B A A A S A

1 HBSHE

1.1 RERE
F2013 4F 10 §—2014 4F 6 H 73 19 i Al B}
PRI 437 (118. 002 103°E ,36. 904 988 84°N) i
TR I 1 A SRR S ANt R K P, 3 IR E
LI 15 AR IX G, SRR (R 1), iR
it Ay 28 A 18, /I8 X 5 A [R) 45 2 it /K - (N) : NI,
N2 N3 . N4 N5, jifi & & 4> %% 0.84.375.168. 75,
253.125 .337.5 kg/hmZO 50% 1F AR, 75 3 Fi 7 it
A 350% VEIBRE, R TTWIREA . DX HEFUY 1.5 m x
10 m, 7358 0.5 m, oAb, )it P,O AEKL 195 kg/hm’
1 K,0 BB RH27.5 kg/hm® , £ 0 ~ 60 em + 2 + 3 5
7K R I 35 K F5 K B 1 50% Bt ek o HL At 4 B [
RHH R 7 R A PR [ B 0 0 R WL N 2 K A
B, 10 S FRBE IR 1 AN
F1 KWigit

Tab.1 Field experiment design
V2754 Jiti 2K T
1 N1 N2 N3 N4 N5
2 N3 N4 N5 N1 N2
3 N5 N1 N3 N2 N4
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TEAT A F e
R SR 7 5

Fig.1 Diagram of crop reflectance measuring instrument

TS TR R g Z AR ZigBee JUZ L . b
I 5 A] DL ] A 550 nm (%56 G) (650 nm
(4056 R) (766 nm (£t R) 850 nm (L 4L 4k NIR)
4 A PCBLRR FHOE ASC R B S 50 . T 45 & g
K 32 ik A b e il A, n) DL SE I A 4
B VE R SE  EERE 15 AN X, A I
B/NKBEHLEESE 3 A 1 m x 1T m FETFAE N, %
EE AL AR VAN %L SN O = B | RS .o A
Y N W2 2 50 em, Y 5 2 AR R F
A7, 2R K0 Hha S I A AT B R A, SR AT RE ek
/N BH 67 A3 S 1 B de 7 A R R . i B 3ok
AT 45 AR s . BT B 4 AR AL RS
ROCHATH T 9 MR g s R Ak 2 i

N o

R2 RIEEBIEH

Tab.2 Spectral vegetation indices

LRSS

P AL S PR A B B (Tosavy)
B AR AR B (Tgyy)

A TR AR L (Lryy)

16 TE 1 38 98 JE AR B 2 (Tysavi)
iﬁ%ﬂ“‘]ﬁkfﬁﬁi‘ﬁbﬁ( Isavi)

H— 1k 28 5 ¢ BEAR R (Typer )
)]*ﬂﬁ%#’lﬁﬁ?ﬁiﬁl(fwn)

VU A AE B 6 2 (T )
ZEMHAR R (Thy)

et = (Ve = Vi) Z/ (Vg +Vy)

RVI — VV\]R/VR

A SCIkY 5
Tosavi = 1. 16 (Vg = Vi )/ (Vg + Vi +0.16) [21]
Ty =2.5 (Vg = Vi) Z(1 + Ve +2.4Vy) [22]
Iy =0.5[120( Vi = V) =200( Vy = V) ] [23]
wsavi =0.5[2Vyp +1 =/ (2Vyg + 1) =8(Vy = Vi) | [24]
savi =15 (Vg = Vi) /(Vy + Vi +0.5) [25]
[26]
[27]
(28]
[29]

I
I
I
Ivovi = (Vg = Vi) 7/ (Vg + Vi)
I
I

= Vi Vi Ve 23 AR AT E ¢ B Bl NI 2150 (2008 (0 i R 54

1.3 BNZEBEHRE

AR 3L 15 AN/ AN /N X BEBLEE E 3 A4S
Mo BARESMEH T2 B BIRH
0.1 m BB, /NMX AT A 20 em , PN AR BECS0 em
FEREB B S VE AR T, SR 5 DA — i e A, B — B0 R
Bry/INAZ 2R BER fﬁ&fﬂﬂii’%ﬁﬁﬁﬂk Uiy
STHE, TS B R A B R R, R AR
5] 45 4508 .

2 HRE5SMW
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Fig.2 Average quantities of tillers in re-greening and

erecting stages under different nitrogen levels
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BEELNERRE ERMERPOLRERE . &

LR LR e I AY BETR W PR A AL ¢ A 4 DRk S R 7
Tab.3 Tillers of winter wheat in re-greening and erectin e S B o el - PRI
& & ) & FEL, T W6 A B R /DN BE B Oy I K BE S T R TV K,
stages under different nitrogen levels ~/m’ i e — — N e
ZF RO EERCT o [R5 B A it 60 B e e i BE
AEH EEKT  FHE LIRS bRz 5 RA S N . T g
- =7 &AL el Z2 R F T o BE AT .
N1 1421.4 1381.4 188. 6 0. 132693 2.2 Z_ §§ }(:F *E%&?bﬁﬁﬁﬁ’jf
. NEREKFET ; 3
N2 1713.5 1680. 1 194.7 0.113 604 IE'I = T H 1
N 1 e , %
BRW N3 1981.4 19200  195.4  0.098 612 T AN R RGP B 2 R B P 2 (E, 25
N4 1710.0  1799.8  214.9  0.125684 BNz 4 B,
NS 16516 1630.0  170.6  0.103323 SR 4 4 BOHR T A0 3 0 B 000 At 0
N1 766. 3 744.0 106. 0 0. 138 345 NS =1 = « < N
AR R R KT Yy 5 90 s AR A il £, B
N2 849.4 862. 8 81.1 0. 095 532
Y J= L S, B 3k N Y
. Wit o it S 3 I, % R R R B S R R N . X
EEH N3 1073.9  1050.0  94.6  0.088 094 N H AO
5Hii HEA LR 2 BE B [l AR UK [
Ne 10170 100L2 1353 0.133075 SRR W R R KT ZBERUW ALY A ]
N5 951. 1 930.0 69.6  0.073177 F R B T R A G R EOHE i A R S
4 AREHEKRETHEHEIEHTEHE
Tab.4 Average value of vegetation index under different nitrogen levels
, . BH FRE=g i
LEREERA
N1 N2 N3 N4 N5 N1 N2 N3 N4 N5
OSAVI(650,850) 0.567 0.651 0. 780 0.756 0.731 0.577 0.699 0. 805 0. 730 0.710
OSAVI(650,766) 0. 583 0. 658 0.718 0.702 0. 685 0.518 0. 655 0.740 0. 696 0. 652
MSAVI(650,850) 0. 485 0. 634 0. 765 0. 740 0. 647 0.543 0. 682 0.780 0.730 0. 689
MSAVI(650,766) 0.492 0.569 0.674 0.610 0. 600 0.470 0. 535 0. 730 0. 670 0. 634
EVI2(650,850) 0. 549 0. 608 0.781 0.723 0. 647 0.421 0. 622 0.784 0. 700 0. 649
EVI2(650,766) 0. 500 0.554 0. 688 0.613 0.573 0.420 0.502 0. 681 0. 628 0.514
NDVI(650,850) 0.741 0.811 0.892 0. 832 0.775 0.712 0. 842 0. 891 0. 862 0.791
NDVI(650,766) 0. 540 0.791 0. 860 0. 810 0. 750 0. 688 0. 830 0. 884 0. 853 0.770
NDGI(550,650) 0. 402 0. 440 0.574 0.501 0.481 0.483 0.541 0. 669 0.59%4 0. 588
DVI(650,850) 0. 267 0. 328 0.432 0. 407 0. 386 0.310 0.333 0. 467 0.393 0.371
DVI(650,766) 0. 225 0. 285 0. 366 0. 356 0. 352 0. 258 0.292 0.426 0.362 0. 346
SAVI(650,850) 0. 602 0. 630 0. 656 0. 641 0. 606 0. 634 0.672 0.715 0.704 0. 692
SAVI(650,766) 0. 545 0.563 0. 581 0.568 0. 546 0. 538 0. 557 0. 607 0.611 0. 596
TVI(650,850) 25.183 26.950 28.910 27.878 25.402 28. 155 31.365 34.670 33. 821 32.913
TVI(650,766) 21.692 22.612 23.856 23.110 21. 808 22.413 23.790 26.902 27.240 26.195
RVI(650,850) 7.512 9.614 15. 852 13. 623 10. 631 7.632 8.525 12. 152 10. 982 9.773
RVI(650,766) 6.078 8.623 14. 188 11. 840 8. 146 5.856 6. 320 9.978 8. 860 8.523

TE 321 (650,850) FIx 9 Fikif Y45 K AE (650,850) P Be A 1 HF ML, Tl

2.3 ZMEEWEBSZELNEXEST

a2 3 AIFE 4 A LLE MM A B & /N A R 7 )
S By 3] R BE R A A WA K 1) B A G PR Y 4
o MG B MR R AL 8 ik — AR
KFERUNE S 7R 9 LR RS WA A T
HRERO A B A

WAL RS ALA AR T A — I B A A A
B0 2 BE RO A 56 A B R B /MK Ul - OSAVI
MSAVI NDVI EVI2, jfif NDGI,DVI SAVI,TVI, RVI
X5 RS BCBCHT 4 IR, HARZE AR XA RER
DR 3R 75 39, T ARE o BT AL, Ly S o &
TR AR R, KA KB Ay 3t T 25 6 75 R U R
RIS R, OSAVI R bY 4 4yl 8 B 1 1 7 55 1

T Al TL A i BN 32 M PR B BR AN
SR FE G RAR T AR I T — D B4l
A A AR B 2R BB A 06 R B R BN MK
EVI2 . OSAVI MSAVI NDVI, EVI2 #§ 7 B 1 32
55, 31X AT RE R B HE A B T, AR ZEBERCT L (H
SRR R, RS E R REM,
EVI2 X AE Yy 1A A= ) ik 45 88008 ) I o i 2 1
S MR AU A B2 IR O 5 2R TR RO S R IR
Wi o AR RS B IR B B T SRS R R
R WA AT A W A o e A S U AN AN S T
FIF AR B Wl o 5] — F A w45 %4, (650,850 ) 24
BT (650,766) 445, ix Al AE 2 K 850 nm K
A TAE WO LD ARG S B AL O AR AR R LR
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Tab.5 Coefficient of determination between vegetation

index and tillers

LR E R SRR 5 /G SRS E Y 3
0SAVI(650,850) 0.9119™ 0.8654 ™
OSAVI(650,766) 0.8409 0.843 1™
MSAVI(650,850) 0.8743™ 0.840 1™
MSAVI(650,766) 0.8216™ 0.798 6™
EVI2(650,850) 0.8567 " 0.908 4™
EVI2 (650,766 ) 0.8176 ™ 0.8498 ™
NDVI(650,850) 0.8618 " 0.8193™
NDVI(650,766) 0.8362 " 0.7497 "
NDGI(550,650) 0.8138" 0.7937"
DVI(650,850) 0.8539™ 0.6866 "
DVI(650,766) 0.764 1™ 0.6593 ™
SAVI(650,850) 0.8325™ 0.799 1™
SAVI(650,766) 0.8027 " 0.768 8 ™"
TVI(650,850) 0.8261" 0.7893 ™
TVI(650,766) 0.8114™ 0.776 7"
RVI(650,850) 0.8539 ™ 0.7776 ™
RVI(650,766) 0.796 7" 0.7212™

e FIRTE 0. 01 KF BB E MK,

FE L 1M 766 nm B 4 AL T A T A0 T Ak I R
TR 32 JA L PR B 58 i K, X 5 AT N B 4G 2R A
IR
i EAR AT, & /NERIREEERE
K A TR 4 500 25 B B0 R S ), D i
SRAEE XA A F B 43 ) ST A% /N 27 25 HE R A
A,
24 BNEEEHERSPEELRTNEE
AR bR R 5 458, [ 5 A AR R
GiIT K B bR W AE 28 4G I 75 5K, {2 OSAVI (650,
850) F: S Hout iR 75 ) 28 BE RO AT — Ju 2k vkl ),
EVI2(650,850) ff: Jy 2 Kot 2 £ 0 25 B Kk 47— o6
VRIS, B REAE 35 S SRAE S, BIESE 10 4
SRAE AT, A3 N ST R 3 RN R B 30 25 BE S A S A
B B A 7 g
y, =3 102. 4x, —408. 62 (1)
vy, =1457.9x, +28. 451 (2)
Xy, ——&/NFRE 2L BER A
X, OSAVI(650,850) =% {H
y, 2 /N S By S 2K BE R B
X, EVI2(650,850) = %8
g 3 FE 4 fros, 3R T 25 BERURS B A e
SERBLR? N 0.85 BRI UE ke i REX R N 0.79;
A B 0 25 B BObr B Y e s R B RD O 0. 84 B Y
B EgE R R R 0.75,
2 LU, BT AR 0 S O T A A A %

2500
22001 o B & BEHE o o
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Fig.3 Correlation between measured tillers and

predicted tillers in re-greening stage
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Fig.4 Correlation between measured tillers and

predicted tillers in erecting stage

AR 18 /N ZTEIR T W AE B 391 70 5% OSAVI(650,
850) Fl EVI2(650,850) fif %24 n] % 25 BE B HEAT 40 5
ARSI o AR R I 5 20k B T X A [ Aok 2t Ao 26
NZENEW 4 03 BERIEAT 22 4 03 1) 1 SR AL 3 2
WTHIE T, A2 0 UE S 4 o B 20 I R R T ik
A B e il 45 v, O 4 A BTV W 3R 12
BERY, Bt i/ 22 2 BERORE Fr 15 b B2 5 S B
HZ Wi

3 Hig

(1) Jl i X 284 18 A /N2 43 X 4 w0, A [
RGBT, SUIE it FH 2 fk 3 5 i A /N FE 4y BE R, 7
R AR B, i 2l it R R 8 S AR
BEMAK, ARXE P REREMSAEA N3
(168.75 kg/hm*) Z4i o

(2) IR 4 #F T OSAVI,MSAVI EVI2 NDVI,
NGVI .RVI .DVI TVI iX 9 F #5505 78 4k 18 &/
SRBEROM OGO R, 25 R R W AR IR 75 19147 BERE BB, R
F OSAVI(650,850) & % i 47 [0l U4 43 A7, Ho ke R
Bhe ik B 0. 85, ¥ 7 MR 25y 118. 93, T IKS
B s 16 B 0T, f e % T EVI2 (650,850) 454
HEAT [BLH 43 B, ook 8 & Bl 35 31 0. 84, 1 )5 i



346 & Ak Pl ¥ 2016 4

D25 73. 04, T INKS B A8 o A A BT 55 A 4R AL T A3k R SO HE R R a8 s X

H

(3)AEA/NZE R TR B8], (650,850) P Bt k& /N b Mt AT 22 4F 0y D U0 0k DL 88 R S0

B U M S WA AR BT A BRI LR A OGO A

B, R HET OO S I B B A& /) A2 2R BE R 2 A D

10

11

12

13

14

15

& % x Wt

A, EEE. REY RSN E L GEBUNT]. 4ol TR2R 1999, 15(3) 214 -218.
YANG Bangjie, PEI Zhiyuan. Definition of crop condition and crop monitoring using remote sensing[ J]. Transactions of the CSAE,
1999, 15(3) :214 —218. (in Chinese)
PRE,B)A AT, SF . NE BRSNS S NIEME R RBISELT]. fEY2E4R, 2000, 26(6) :963 - 968.
LI Chunxi, ZHAO Guangcai, DAI Ximei, et al. Research on the relationship between wheat tillering dynamics and endogenous
hormone[ J]. Acta Agronomica Sinica,2000,26(6) :963 —968. (in Chinese)
R R AR KR L S b R /N A BE AR MO R AE T S [ 1] R A, 2001,32(3) <140 - 142.
GAO Erming, ZHAO Quanzhi, LIU Huashan, et al. Regulation of tillering of wheat grown in Shajiang black soil [ J]. Chinese
Journal of Soil Science, 2001,32(3) :140 - 142. (in Chinese)
PHR. NESBEN BRI AR E RRE S AR R LT]. h E AR K2R, 1997, 2(5) 279 - 84.
LI Jianmin. Leaf-blade growth and ear development of tillersand their survivals in wheat plants[ J]. Journal of China Agricultural
University, 1997,2(5) :79 —84. (in Chinese)
AR, WicE, BOVR. PNESERMAEFERNIITLI]. NERIT, 2004, 25(2) :21 -23.
GUO Chungiang, JIN Wenkui, LTAO Ping’an. The research of wheat tillers index in core stages[ J]. Journal of Wheat Research,
2004, 25(2) :21 -=23. (in Chinese)
BB, SR, SRIXGE 5. TR I AR K B 23 BE H] 1 22 SR 4R /N 22 BE AR i A BRI [T ] ARdb AR 24, 1996,
11(3) .35 -40.
ZHAO Changping,GUO Xiaowei, ZHANG Fengting, et al. Physiological mechanism of wheat tillering and earing under different
accumulated temperature in the vegetative growth period[ J]. Acta Agricultural Boreali-Sinica,1996, 11(3) :35 —40. (in Chinese)
PRI, A8, OO0, % BT RO PSSO & /N RIS BfE 31 ()] R0l L2441k ,2012,28 (1) 167 - 172.
CHEN Hanyue, NIU Zheng, HUANG Wenjiang, et al. Estimation of winter wheat LAI using hotspot-signature vegetation indices
[J]. Transactions of the CSAE 2012, 28(1) :167 —172. (in Chinese)
B4, R, £5, % BT E300EM A — RSB E REMELT] RPERFST, 2012, 34(12) :170 - 173.
WEI Shiping, CHEN Yan, WANG Xiu, et al. Study on NDVI measuring system based on active light source[ J]. Journal of
Agricultural Mechanization Research, 2012, 34(12):170 - 173. (in Chinese)
ARG, £ 55, ERNLAE. JUA IR R REIEIEER R IT R [T]. RYUEOISE, 2010, 32(11) :91 - 94.
HU Lingyan, WANG Xiu, HAN Yingzheng. Development on control system of variable rate fertilizer application based on optical
sensor[ J|. Journal of Agricultural Mechanization Research, 2010, 32(11) :91 —=94. (in Chinese)
R, Elhehs, Wilk, & WA KE B E 61 & B BT 518 [T]. Ol UL 2R 2013 ,44(5) 207 -212.
NI Jun, WANG Tingting, YAO Xia, et al. Design and experiments of multi-spectral sensor for rice and wheat growth information
[J]. Transactions of the Chinese Society for Agricultural Machinery, 2013, 44(5) :207 —212. (in Chinese)
W7, SRR, RS RS SR A K IS O RE IR [ ] RO HLBR 24 42,2013 ,44 (4) 1208 - 212,201.
YANG Jianning, ZHANG Jingchao, ZHU Yan, et al. Experiments on performance of portable plant growth monitoring diagnostic
instrument[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2013, 44(4) :208 —212,201. (in Chinese)
ez, XU/NE, E8, 5. /N RER TCH I A BUR K i B AR R B IS BE BT S ()] AR AL 4% ,2011,42(2) 1162 - 167.
YAO Xia, LIU Xiaojun, WANG Wei, et al. Optimal bandwidths of sensitive bands for portable nitrogen monitoring instrument in
wheat[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2011, 42(2) :162 - 167. (in Chinese)
i, R, B, BT BAE YA S BT A AR ALK R S i [T]. Aol R4 4, 2011, 27(8) 1206 -210.
LI Xiuhua, LI Minzan, CUI Di, et al. Monitoring of rice plant in Northeast China using dual-wavebands crop growth analyzer
[J]. Transactions of the CSAE, 2011, 27(8) :206 —210. (in Chinese)
PRI, R, AN SE AR E SRR R AL BT S [T ] A HUMF R, 2013, 44 (37 2) :215 - 219.
ZHONG Zhenjiang, LI Minzan, SUN Hong, et al. Development and application of a smart apparatus for detecting crop nutrition
[J]. Transactions of the Chinese Society for Agricultural Machinery, 2013, 44 (Supp.2) :215 —=219. (in Chinese)
BE, SCRE, IhAL, 55 NEE R EF WO RIAGR TSI T]. R AL AE R, 2015, 46 (34 T) 1222 - 227.
ZHAO Yi, WEN Yao, SUN Hong, et al. Design and test of nutrition diagnosis system for wheat canopy based on spectroscopy
[J]. Transactions of the Chinese Society for Agricultural Machinery, 2015, 46 ( Supp. ) :222 —227. (in Chinese)
WA, S, XNIRH], 4. BT AL L8 19 K H R BT /N 22 A BT RO ik [T ). RO LA i, 2015, 46 (3% 7)) 234 -
239.
FAN Mengyang, MA Qin, LIU Junming, et al. Counting method of wheatear in field based on machine vision technology[J].



5919 SRAE A T 4 BB OIS I A /N 2 4 BERCHTN 347

17

19

20

21

22

23

24

25
26

27

28

Transactions of the Chinese Society for Agricultural Machinery, 2015, 46 ( Supp. ) :234 —239. (in Chinese)

PHILLIPS S B, KEAHEY D A, WARREN ] G, et al. Estimating winter wheat tiller density using spectral reflectance sensors for
early-spring, variable-rate nitrogen applications[ J]. Agronomy Journal, 2004, 96(3) :591 - 600.

FLOWERS Michael, WEISZ Randall, HEINIGER Ronnie. Remote sensing of winter wheat tiller density for early nitrogen
application decisions[J]. Agronomy Journal, 2001, 93(4) 783 —789.

FLOWERS Michael, WEISZ Randall, HEINIGER Ronnie. Quantitative approaches for using color infrared photography for
assessing in-season nitrogen status in winter wheat[ J]. Agronomy Journal ,2003, 95(5) :1189 - 1200.

RFEAR, RE, RIS, % T A /DRSS I [T ] ek 5% #2011, 31(2) :535 -538.

WU Junhua, YUE Shanchao, HOU Peng, et al. Monitoring winter wheat population dynamics using an active crop sensor[ J].
Spectroscopy and Spectral Analysis,2011, 31(2) :535 -538. (in Chinese)

RONDEAUX G, STEVEN M, BARET F. Optimization of soil adjusted vegetation indices[ J]. Remote Sensing of Environment,
1996, 55(2): 95 -107.

JIANG Z, HUETE A R, DIDAN K, et al. Development of a two-band enhanced vegetation index without a blue band [ J].
Remote Sensing of Environment, 2008, 112(10) 3833 —3845.

GITELSON A A, KAUFMAN Y J, MERZLYAK M N. Use of a green channel in remote sensing of global vegetation from EOS —
MODIS[J]. Remote Sensing of Environment, 1996, 58 (3) ;289 -298.

QI J, CHEHBOUNI A, HUETE A, et al. A modified soil adjusted vegetation index[ J]. Remote Sensing of Environment, 1994,
48(2):119 - 126.

HUETE A R. A soil-adjusted vegetation index (SAVI)[J]. Remote Sensing of Environment, 1988, 25(3) : 295 -309.

JOHN G L, DING Y, ROSS S L, et al. A change detection experiment using vegetation indices [ J]. Photogrammetric
Engineering & Remote Sensing, 1998, 64(2) . 143 - 150.

ROUSE J, HAAS R, SCHELL J A, et al. Monitoring vegetation systems in the great plains with ERTS[ C] // Proceedings of the
Third Earth Resources Technology Satellite- 1 Symposium, NASA, 1974.

HUNT E R, ROCK B. Detection of changes in leaf water content using near and middle-infrared reflectance[ J]. Remote Sensing
of Environment, 1989,30(1) : 43 - 54.



