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(1. PELRE RN RIESH AR SR, % 710054; 2. EFRAEBATREERBR AL, L5 100097;
3. A EBANAE BRORE A sih s, db5T 100097; 4. dbIT iAo EE N TR AT 50, JERT 100097)

# . MREE SR (grain protein content, GPC) 2 /N i i I E BHE bR, KW HERA I TIN/NEZ GPC HH| T/
15 BWENFN o B AP . AT Re BT — GG AR E R E A AR R I /NE GPC, 1% 3CH A4 7 LA IE A
M A 2 RAE (plant nitrogen accumulation, PNA). fH# & & & & (plant nitrogen content, PNC). T J7 & & R (leaf
nitrogen accumulation, LNA) FlH K48 &K & & (leaf nitrogen content, LNC) 4 NRKEFEI8r AFIAAL R, HidH 3k
ML (support vector machines, SVM) HiESIHL 4 MNEREFRIASHAGI, &5 8 RPN T IR “ bt iad
(vegetation index, VI) -HZEE #4545 (nitrogen nutrition index, NNI) -GPC” iz & /N GPC TR, 45 BB,
D TSRS B R E R IR M, PR $ MSAVIL PSRI. DVI. RDVI #l GNDVI ff NE R E 7R 1k
PR AR A R 2) IEH] SVM J5iEMEE Y VI-NNIT B3 LNC AOEEASORS B 5 00 B LA B i, JE R e SR L
(coefficient of determination, R*) FMIFAESFAEL 5 HRI%ZE (normalized root mean squared error, nRMSE) M MAFAR AL
PR (normalized average error, NAE) 437108 0.820. 9.553%. —1.4%, A4 REEMRLE; 3) #E NNI-GPC #
Reht PNC [ EAKE 15 5 50 UEAG AN B, L EEAE R A101UE nRMSE 2 NAE 4354 0.653. 9.843%. —0.3%: 4) &
PR VINNI-GPC A5EAL i, DUFFAE I PNC Ay v ) AR 8 (F AR A8 R S sk P dc i, JL AR R ANSGHIE nRMSE J& NAE
PN 0.631. 8.564% —0.9%. AR ERE FRiEAR PRI AZ B A GPC 3B Ss A AT /Y, JF HILE 4 MEERE FRIEhR
A8 & #H GPC, PNC B EFEEMTIMA R, JRsiRiE GPC 1Rt — AN TR MIKIE, BA—E MR,
KR B A AFAEI AAREARESE; AETHRIER Lh Xk
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0 51 & GPC B FIH “HEB 4% (vegetation index, VD) -HEKE

INE R BRI —MN, SR KLE
35%MIN TN A FEARE . BEELTEARPIRE, A
RATE K 28 IR AR T2 0 T 2R, B DR =
B U S SZ2 3 T T2 oy . Rk, dnfer bR, #ER,
JC AT Hb TR /N 22 R A A B TR S . AN RFRLE
& (grain protein content, GPC) /N & UFIR 1)
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Fef8br (nitrogen nutrition index, NNID -GPC” [A]J4A5 A4
BT KRN GPC TR . Liu 2RI F 16 3 A0 E 25 4
FRRE SR SR M R 4R 20 5 &N 1K GPC iy, 15
BRI 0 SRR B s 475 RS0 I ik 2 1 e i pl 4R
HOFH T GPC BT, 45 53R L e A b 5 — 1
FE B PR BTN GPC (RS FE 22 : Song I 78 F &/
PR QuickBird 218, I AT AEELS GPC 1)
A, FEEPMEY RS GNDVI HT GPC ryfil, 1#
EESECI R TM SRR i 5 /s 3Rk R A 2 22 4
WEAE%L GPC BEAY, BRI [K e REL (R 4 0.642, 375
MikZ (RMSE) 4 0.307%, JIEZCRBONEAL; HKE
A0V 57 2 BRI /N 22 S R 5 30 1 LA A 4 P2 Cratio
of vegetation index, RVID) HEAT GPC BTl 4 = ¥ S sk
FEIE . B TR R S E 3 S GPC, HAR &6 11 K i,
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PN M 2 . Wang U@ Mg Lo RS =
(leaf nitrogen content, LNC) N [H[AF &[] “VI-NNI-

PC” [} GPC TSRS, #AFE] T HAF I RIEMR. £
LESEPIRI A 5 LNC M 341561 820~ 1 100 nm % B
JE SRR E A 1 150~1 300 nm 3% B 1k 1%
S FRESL T E5XAEF LNC EEER, HE#EH
for 3 7K S R B Y Rl SR, AR Ak BT AR I R I
GPC. Z=ME SO T R 01, /NEFFAE)E 1 14 d Lo
BARERVI (1220, 710) AERAFH S B LNC, 1 HLUL i
1 GPC 5 LNC s E MM, Bk, DHEE 14 d 1)
LNC Jyh a8 & fe it th 7] 42 S 38 GPC. Huang %5
WA RS E S & (plant nitrogen content, PNC)
b AR SR GPC TN AL, 75 21 1 R r A
BREE . BT “VINNI-GPC” BisUHE 1 GPC #A!,
HEAFREFRERUN FEAREG2ERTRZS, YRR
BEMEE AL “VI-GPC” B Frdemr, HA2E AN AME
F R “VI- NNI-GPC” AL 58 b AN 7] B BIF 73
EER R R EARE, KER RIS T HR—1. &KHN
— M, FERA X LR R E SRR T AR — M E S
) A% B o> 15 B B P I 25 SRR NI 7, 9F HOkie s
WRH R R — R, BIRRRE MR ZE . AR SOiiX
PR AR T A

AR SR EML (support vector machines, SVM )
Tk, RAFAGEER, FHAZEEEEURE 4 MR
BIfabR: MR R ZE (plant nitrogen accumulation,
PNA). fHFEE Z & & (plant nitrogen content, PNC). I
& BfE (leaf nitrogen accumulation, LNA) Fli
B & & (leaf nitrogen content, LNC), 7 HI#IE 4 ME
REFRfYE GPC PR ABA, G 2 Mk fEgis, I
K H M e E 2% (coefficient of determination, R®)
FIIGUEEEARHES) IR 2 (normalized root mean squared
error, nRMSE) & 5 ik #5 #E AL "F 3% 2 (normalized
average error, NAE) VPPN EARRIEAT 4 A “HEIBIEEL-
HEEFIEIR-GPC” B GPC AL, LUHAA/INEHF
7 2R 1 5T 2 JEORG VEE RO 5 (A O B A4 AR SR o
1 RS
1.1 IR

RET 2008—2011, 2012—2015 £EFELE [ FHSHER
bR B 3 AT, e A T AR T & XN g 1L E

(40°10'31"N~40°11'18"N, 116°26’'10"E~116°27'05"E),

IR 1, HAE 30 em DA BRI HIEHEAS R 2%
AR AN AR o 4% 3.16~14.82 mg/kg,
1.0~12 gkg, 3.14~21.18 mgkg, 15.8~20.0 g/kg,
86.83~120.62 mg/kg.

TR —: 2008-2009 4 FE 1058 A i A K 58 4 B AL i
3 ANRNE RSN 195, 5T 9428 FIHHA 19, A
HE, SiF3/NX. #2008 429 H 28 H, JERIKE
NIE—FEACH AN R, AL N 44.62 kg/hm?, P,0s
60 kg/hm’, K,0 76.5 kg/hm?, - 1iHHIE N 157.78 kg/hm?,
BEEE 215 mm,  FAth 42 6 () S s B4R A

RIE " 2009—2010 FLERIE A Rl -5 AR E 1) 58
AFENLREE A FI5 RS R E AL IAL B, W58 A
HE 3 MNE/NE P LK 195, 5 9428 7R 13; 4
AMNERIEHE: (N 44.62 kg/lhm?®. (N,) 72.68 kg/hm’.

(N3) 109.02 kg/hm?. (N,) 134.78 kg/hm?, $&F1J9 2009
9 A 25 He W5 B B3 3 MRS (FERE A,
3ANERP: 2009 429 H 25 H, 10 A 5 HA1 10 A 15 H;
R 8 N 109.02 kg/hm?s A 2 4N, St 36 /MX.
AERLKF AR N 56.12 kg/hm?, P,Os 60 kg/hm?, K,O
76.5 kg/hm?, HEBEE Y 210 mm, oA 2 8 FH (8] 52 /s B
VB BRI S AR B e B SR A T B AT

IS = 2010-2011 4F BERES A it F 5 A BEA LIRS o
3ANKINEE SR AR 1950 BT 9428 UL 19, AHE
2, it 3 /hX. BRI 2010 4 10 A 3 Hy JERDK
AR IR R RN N 114.08 kg/hm?, P,0s 60 kg/hm?, KO
76.5 kg/hm?, RFTWIHEE N 117.76 kg/hm?, #EEHN
240 mm, HAth 2 FE FH A S bR EERAE

WIGPY: 2012—2013 4RI A SRR LK 58
SRR . 4 ADNA/NERF: 4K 211, 5T 9843 F1fE 206
A2 1755 4 ANEIE#EFE: (Np) 05 (N}) 104.88 kg/hm’,

(N,) 209.76 kg/hm®. (N3) 419.25 kg/hm*. EE 24, &
TF 32 /MX. FEFIHN 2012 429 H 28 Hi AERIKFEAER S
RS, RIEA P,Os 60 kg/hm? Fl K,0 76.5 kg/hm?,
VEBERL N 187 mm; At 42 e FH () 2 P/ B A

I TL: 2013—2014 FRERIG Pl e U AIERE
EMIEA AL, 2 NN P 5T 9843 Rl 175; 44>
BN & (Ng) 0. (N;)90.16 kg/hm?. (N,) 180.32 kg/hm’.

(N3)269.56 kg/hm?, 3 MEERE S 9% IEFREBEC(171 mm)
A SR (317 mm). EHHE 34, it 48 /hX. R
WA 2013 410 H 4 H, IEEDKF AR & AL B R &5,
JEEAE A P,0s 60 kg/hm? £ K,0 76.5 kg/hm?; HiAth #2118 FH 7]
SEBRE BRARAE o BRI FH I R e s B R RS
AT b7

RIE7N: 2014—2015 AEFERIE Al il S AN
WL E A IE AT RS, &AL FE 55 2013 —2014 E1R5 52 4 AH [H .
3IANEE, 48 NIX, FEMIN 201449210 H 7 H, &
AR RS, AR P,Os 60 kg/hm? F1 K,0 76.5 kg/hm’;
A 2 R F () S By BB . B R G R R e sk
SR FEIEATHAE 4T
1.2 RIEHIEIREN
1.2.1 &EkEgn

TV 52 4 BIAEFFAEH] (2009 4 5 A 12 H. 2010
£5H 19 H. 2011 5 A 17 H. 201345 A 22 H.
2014 45 H 7 HA 2015 4 5 A 14 H)Y X/ EREZEE
TEREAT I , HTHl =6 TS R A Fieldspec FR2500 28T 41
HEFE SIS (ASD, USA), iy~ 350~2 500 nm,
350~1 000 nm Y153 #5454 1.4 nm, 1 000~2 500 nm A
2 nm, GG ERAEAIFE N 1 nm, MEFELEETEE
1 m AT E, D AT S Y BT AR E
T RAGEFRIG BT = I B, A 10:00~14:00,
BEANCIE: 20 Y%, BCFBIE N iZ AL B e 26
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1.2.2 REEHIEAFIRIR

TEARRAN /N X SR BG4S 510 [R] I 7E AN /N X H R
HREMER 20 MNEZE, ZEbr g, SaEEALUS,
AR 105 CAAH 30 min, FHMEAR 75 CHEt 24~48 h 21
i, REN ST E, 55 YUK E AL (Buchi
B-339, Switzerland) MEXNMHEHEESE. TS
T 4 B E IR bR I B =

PNA(kg/hm?) = N1-10B1+ N2-10B2 + N3-10B3 (1)
PNC(%) = (N1-Bl+ N1-Bl+N1-BI1)/(Bl+B2+B3)  (2)
LNA(kg/hm?) = N1-10BI (3

LNC(%) = N1 (4)

Hor, NI (%) N2 (%), N3 (%) 251 F S &,

ZEGE. BASE; Bl (g/md), B2 (gm®), B3 (g/m®)
SRR R AR R, AR, BUEME.
1.2.3 #EEORE=E

INE R, FEREANNXEL 1 m® (/N BT b,
FIH Infratec TM 1241 I ZLAME P53 4 (FOSS, 432
Kl 2 4 /N GPC, {EAVGRIET 6 a GPC H ¥ 1L H]
N 11.14%~19.30%, L GPC MG 11.14%~
19.30%, IeiE4E GPC HIYEFE N 11.60%~18.90%.
1.3 A%
1.3.1 AAkdE40GEH

PRI 4 /N2 1 e B AR AAE LA e i N IR 78 g SR Uik
F 14 N8 WA PR UL R T I 4 MR R E R0

x1 ERERHHEAR

Table 1 Vegetation index calculation formula
HHHEH Vegetation index 4 ¥R Name A3\ Formula 2Rk References

NDVI JA— LA 4B % Normalized difference vegetation index (Reo = Rero) /(Rygy + Rz) [14]
RDVI 9 — AL R B HE L Re-normalized difference vegetation index VNDVI*DVI [15]
SAVI LI T AL AR L Soil-adjusted vegetation index L5(Ry — Ryyp) /(Rygy + Rzg +0.5) [16]
OSAVI TFEE - e 4 $5 8 Optimized soil-adjusted vegetation index 1.16(Ryy, — Ryyo) /(Ryg + Ry +0.16) [17]
MSAVI & 1E -3 A #4481 530 Modified soil-adjusted vegetation index 2Ry +1-—

0.5 (18]

V2Roo 1) =8Ry ~Ryy)

NRI BT HE S Nitrogen reflectance index Ry = Rirg) AR + Resy) [19]
GNDVI 2 09— A AR 2T Normalized green difference vegetation index (R = Risp) (R + Rig) [20]
Normiled pement hlorophyl et nd (Ron = Reo) (Ros + Reo) 2
SIPI £ M UK AR S Structure intensive pigment index (Rygo = Rus) (R + Rigo) [22]
PSRI H b FERAE L Plant senescence reflectance index Rys (R, + Ry,) [23]
DVI Z (Y FE W5 5L Difference vegetation index Ryo — R [24]
RVI FU A LB 754X Ratio vegetation index Ruo / Rero [25]
NDCI VA— 1 2 fE 4 32 4R 41 Normalized difference chlorophyll index (Rigs = Rygs) /(R + Res) [26]
PPR L # (3 LL 3 Plant pigment ratio (R = Riso) /(Rigy + Rysp) [27]

T ROAIE B A 1 S A
Note: Rare the reflectance values at the respective wavelengths respectively.
1.3.2 ZHFREMNE )2

SVM REHLae 2 RIEA R & /I — DA, W]
LR o i Bl (0 B 16 5 s SVM A EE S
FEAE T A ML 73 ST L A5 B A IO DI R A B i
PRI 2RI R ZE e/ o PRS2 P I S5 A0 R AL
BN R, AR B R M, bR S
AR T R 2 b o AT LA, SVM ENAFE SN TT
T (1 B2 FH P02t Mok B V2 o ARBIF ST L MSAVIL
PSRI. DVI. RDVI. GNDVI{EABAZE, 4 MAKE TR
T o3 A AL Bz H SVML B IEAT I ZRAN T o

AHFFLH SVM [FIIF 2 7E MATLAB f] Libsvm!*#k
GRS N CIPE RS TP /G C R VSRS PPN & =
BB A B 1 A TR GR A B A, JF BRI
Rt RESHULZ LIRS, %A AT BU# IR
Z I B A 1), A VR FUA% B BCR ] RBF A% R0, IS
A MIGIEVE F R B HE S C (YT ) F1Z4 g (RBF

BB 7 2D, FHRENSEBIZEL.
1.3.3  “itatr
AUGRIRHHE LT 88 4, BEAAHENL) 2/3 FIFEA (n=

58) T8, 213 AR (n=30) FTHARIE.
X AR (PR BE VT e SR VAN i bm A BB AR v E R4

(coefficient of determination, R®) I ilF&EARER /7 HEi%
7% (Normalized root mean squared error, nRMSE) K #nifE
1 F#4)i% % (Normalized average error, NAE) /E AV R
R S5: nRMSE TERER IS UF AL FRE B — AT /2 45 8
ERREERR, Bl nRMSE<10% AL ZE R, 10%<
nRMSE<20% N /NE 5, 20%<nRMSE<30% A+ 4,
nRMSE =30% A5 K2 5P, Hit 5 A58

nRMSE = (5
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(6)

Xy (%) ARNIREAR S ESCNE, y; (%)
NTE, ¥ (%) ASEIMERFEE, Y, (%) AT
WHERFME, n RS

2 HBREHH

2.1 EHERSSRREFRERNEXMES T
W=k 2 fin, & MHEETEES PNA. PNC. LNA.

LNC 4 NEREFRIEbs Z [0 1A R AR IR ) T H) 2
FERIIKF (P<0.01). TEIEREE MR E0EAT 4 DA
RE RPN, FOERUFENY: A mptails 4
MREE FRFaPR MM, TN EER S R ba A
RIFHIRRE IR, W5 PNA AHCM: R IF IR B 8 5k
MSAVI, FARYE AR R E 77 48 b5 5 M8 1 e B0 S 1t
¥, EHUE 4 ANEERE FRHR bR HPAH G HE & A S A ) HL 3t
BB AR, MR ARSI ARG e I 80T 5 4
TR FRECR [ 4 NMERE FRTEbR, IA SR AR
M #5509 MSAVI. PSRI. DVI. RDVI. GNDVI,

®2 BEHEHSRFEFETENEXME (=58
Table 2 Correlation between vegetation index and nitrogen
nutrition index (N=58)

o
Vegﬁzﬁii% dox PNA PNC LNA LNC

NDVI 0.640%* 0.522%%  0.655%* 0.636%*
SAVI 0.733%* 0.603**  0.757** 0.718%*
OSAVI 0.706** 0.581%*  0.725%* 0.695%*
MSAVI 0.750%* 0.626**  0.771%* 0.718%*
GNDVI 0.714% 0.586%*  0.723%* 0.7217%*
NRI 0.509%* 0.473%%  (0.533%* 0.425%*
SIPI —0.588%* —0.462%*%  —0.609%* —0.612%*
PSRI —0.719%* —0.677*%%  —0.726%* —0.705%*
DVI 0.739%* 0.606*  0.773%* 0.724%
RVI 0.721%* 0.672%*  0.719%* 0.616%*
NPCI 0.646** 0.632%*  0.659** 0.584%
NDCI 0.429%* 0.425%%  0.473%* 0.416%*
PPR —0.135" —0.155N  —0.094™ —0.192¢
RDVI 0.727%* 0.597*%  0.752%* 0.714%*

T PONTE 0.01 YRR Ns RN EE: n MHEAKE. T,
Note: ** represents significant at the 0.01; Ns represents no significant; n is the
number of samples. The same below.

2.2 RFEEFETIERE

AW TORE SVM. (BRI SR B TR AR 1 S
FIH 5 MEYHRECR S 4 DMREEE TR AR
PEENE, FIRIAZ AR K 5018 TR IR AR B T e 0 =
o7 ] (R 2 i) ). AR 5T 32 B R FH MATLAB f)
Libsvm FCPFELSEBLm A RITEIK . Herb AP /5 2205 P
ANEZESH C GENRFET) Mg G Bch i ) 1
YO E TR RN 2R, Ak C A g IVEH -8, 8],
IR SRR LL 0.5 AW KKAL R 4 DREE TR IR
MR AEES AU, Wi SEBU B A ZRER BEAT VI ZR 3R U
PSR . MR PTIER) 5 MEBIR B R R R E TR

BhRA SRR, HAERWE 1 B AR gEEHUx
) 4 DNEERE IR, B R BCKM PNA N 0.872,
H/ME LNA N 0.668, FEARERIA S 2 Al B K, Bt
DATERE RS (PR R b, 4 ANERE FRIR bR n] LR AR B i 2k
RS, HAEBRERT T AR S N AR E TR bR . R
PRI0UF AT 0K B2 nRMSE, A % % =11 LNC 24 9.553%,
JETLZES, PNC N 15.796%F /N ES:, LNA N 27.189%
J& T &2 5, PNA N 31.030%)8 T8 K% 7 . Hi4E NAE
B, WRER/PM PNC N-1.0%, #ZERKK LNC N
—1.4%, &M LERALS ER 2 72 A AR RN w2, B
je /2 PNA FRE A FIE =y £l TS, Hpth 3 MERE
FEFRFREOA N B ARG TS . 258 BN EAEE 536
WEAE RS FEBRAIE TR b, 7 SVM MR M 4R HUS s N R
REFHIBFRIER A, LNC HI RS E R %, nRMSE
BN, NAE fWZ8U/DN, LNC PR REFa e . M T
i 3 ANEEE TR bR, N HEIEEIE ET LNC B
RS R

= FHE4E Modeling set n=58 » IiiF 4 Validation set n=30

Em R =o0g72e 307 o= g 7420

= 250 [ IRMSE=31.030% £ 2.5} nRMSE=15.796% ,

&7 | NAE-1.3% S |NAE=-1.0% gaprt
32001 N - PX el
=2 N B Al
& 2150 . . Eg1s N
STl 3 -

& 5100 . A E1or
E A A Q
Ssop A0 £ o5
0 100 200 300 0 0510 15 20 25 3.0
PNAZCHIIE PNC:HI{E
PNA measured values/(kg-hm2) PNC measured values/%

b. HETHBHEEPNCAGHZ R
b. PNC estimation results based on
vegetation index

a. TR ERPNAMG 451
a. PNA estimation results based on
vegetation index

—_
(=3
(=]

[ R2=0.668* St

| nRMSE=27.189%
NAE=1.2%

R2=0.820%*

| nRMSE=9.553% _

NAE=—1.4% _ allihs
5 ‘

hy
[]

'
A

3
o
I

» o]
=) S
T
-
»
s
) w
T T

[53
(=}
T
P>
—_
T

LNABR{E
LNA predicted values/(kg-hm™2)
»
w
b
L
"
LNCHiilH&
LNC predicted values/%

0 20 40 60 80 100 0 1 4 5
LNAZCHI (&

LNA measured values/(kg-hm2)

c. ETHEGHERHLNAMEZR

c. LNA estimation results based on
vegetation index

B 1 RE BT ZAEL A X &
Fig.1 Relationship between measured values and predicted values
of nitrogen nutrition index

2 3
LNCIZll &
LNC measured values/%

d. EETHPHEBINLNCHE 45 R
d. LNC estimation results based on
vegetation index

2.3 [EREFIEIRS/ZE GPC ERIE

HE 3 WLLEH, el 4 MEEEFRERE LD
# GPC IR RZEII KT 0.6, LB £ 7MW EZ KT,
it 4 MR EE FRI8h 5 GPC AR ER &1 PNC 54
/N GPC WitHoetEfE; GPC 5] LNA [
T LNC, HJER AR LNA &R 7 H A TR &,
X RS R T4 R — 5 R 4 A
REE RIS /N R A& E A R AR
RS P R BOAIEAS FE ] 2 T o
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R3 AREFERSSNEIFNERSEEN
HXXAEREYIIRE (n=58)
Table 3 Relationship between nitrogen nutrition index and winter
wheat grain protein content and regression model (n=58)

BEE IR GPC A R EH e YA 7Y
GPC model of nitrogen Correlation Regression
nutrition index coefficient r model
GPCpna 0.628%* y=0.025x+ 11.735
GPCpne 0.808%** y=4.727x+ 6.386
GPCrna 0.621%* y=10.069x+ 12.194
GPCine 0.603%* y=2.209x+7.472

E: x RRBRE TGS, yRor/hE GPC.
Note: X represents nitrogen nutrition index, Yy represents wheat GPC.

sEE4E Modeling set n=58 + IHIF4E Validation set n=30

211 pa = 3954 21 1Rz = 0.653** .
& 19 [nRMSE=11.522% w19 nRMSE=9.084M .
S |, |NAB=—2.6% & Ep NAE=—03% .
B = areut &% . A
gg 15 u R . 2315 . X
542 %‘ At E'(S n - N
05 13 i 513 o
@ 2 &2 IARLIE
8‘11 0311
G 9 59
7 7

7 9 11 13 15 17 19 21
GPCILMUME
GPC measured value/%

a. - TFPNARIGPCAR S LR
a. GPC estimation results based on PNA

7 9 11 13 15 17 19 21
GPCEMME
GPC measured value/%

b. ZFPNCHIGPCALE B 451
b. GPC estimation results based on PNC

N

_
N
s

R?=0.385%* R?=10.364**
X 19 | nBRMSE=11.473% 2 19 [ nRMSE=10.046%
E 17 NAE=-24% =« A B 17 NAE=-1.2% =
g ’ ol 'S wyant g
2315 % " =g ls5 "a s
s TV SN X2 oL
8%13 L T 8:613 - ‘; a
(2] -
O &g O &al11
Q &)
&9 5 9
7 7
7 9 11 13 15 17 19 21 7 9 11 13 15 17 19 21
GPCSZMIME GPCAZME

GPC measured value/% GPC measured value/%

c. HFLNARIGPCAE S 5 d. FEFLNCHIGPCAE L5 5
c. GPC estimation results based on LNA d. GPC estimation results based on LNC

1:: PNA-GPC %7 PNA #J % GPC #%!, [f] PNC-GPC.LNA-GPC.LNC-GPC.
Note: PNA-GPC represents PNA construction GPC model, the same with
PNC-GPC. LNA-GPC. LNC-GPC.

B2 R[REEREF—LDIIFEEAESEN
FE AL FURAE 6 X &
Fig.2 Relationship between measured values and
predicted values of NNI-GPC model
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Remote sensing prediction of winter wheat grain protein content based on
nitrogen nutrition index at anthesis stage
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Abstract: Grain protein content (GPC) is an important quality index for wheat to meet a variety of needs of the commodity.
Advanced site-specific knowledge of GPC would provide opportunities to the classification of wheat harvest and graded
storage. Areas with higher GPC can be distinguished from the rest to maximize the price premium. Advanced knowledge of
grain protein of the wheat may also provide opportunities to manipulate inputs to optimize outputs. In order to select an
appropriate nitrogen nutrition index as an intermediate variable to improve the inversion accuracy of wheat GPC, in this study,
the GPC predicting models at anthesis with vegetation index (VI) —nitrogen nutrition index (NNI) — GPC pattern were
constructed and evaluated. The NNI included 4 nitrogen nutrition index, i.e. plant nitrogen accumulation (PNA), plant nitrogen
content (PNC), leaf nitrogen accumulation (LNA) and leaf nitrogen content (LNC). In previous studies, only a single nitrogen
nutrition index was used as the intermediate variable to construct GPC model, and it did not indicate which of the parameters
could be utilized as the intermediate variable to obtain the best result. To improve the prediction model accuracy of GPC, we
chose the optimal intermediate variable to retrieve the GPC of winter wheat in this study. Field experiments of 6 winter wheat
cultivars in Beijing during the growing seasons of 2008-2011 and 2012-2015 were carried out for model building. Firstly,
suitable vegetation indices were selected through analyzing the correlation between vegetation indices and nitrogen nutrition
index to construct the model of VI-NNI by the support vector machines (SVM) algorithm and the optimal one was selected
from the 4 nitrogen nutrition index. Secondly, the measured nitrogen nutrition index and winter wheat GPC were used to
construct the NNI-GPC model, and another optimal one was obtained from the 4 nitrogen nutrition index. Thirdly, the 4
nitrogen nutrition index would be used as the intermediate variables to construct and evaluate VI-NNI-GPC prediction model
of winter wheat, and we could get the optimal comprehensive model to retrieve GPC of winter wheat. We used modeling
determination coefficient (R*), normalized root mean squared error (nRMSE) and normalized average error (NAE) to evaluate
the accuracy of models. The results showed that: 1) The selected 5 vegetation indices, MSAVI (modified soil-adjusted
vegetation index), PSRI (plant senescence reflectance index), DVI (difference vegetation index), RDVI (re-normalized
difference vegetation index) and GNDVI (green normalized difference vegetation index), which were used to retrieve the 4
nutrition index, produced higher correlation than the other vegetation indices. 2) In the model of VI-NNI, the LNC estimated
by SVM was relatively better with the R® of 0.820 in the modeling, and the nRMSE of 9.553% and the NAE of -1.4% in the
validation. 3) The modeling precision and validation precision of PNC in constructed NNI-GPC model were relatively high,
with the R, nRMSE and NAE values of 0.653, 9.843% and -0.3%, respectively. 4) The “VI-NNI-GPC’ model with the PNC as
the intermediate variable performed better than the other intermediate variables, with the R of 0.631 in the modeling, and the
nRMSE and NAE values of 8.564% and -0.9% in the validation, respectively. It demonstrates that it is feasible to use nitrogen
nutrition index as intermediate variables to retrieve GPC by remote sensing, and using PNC as the intermediate parameter
achieves more accurate prediction results. This study provides a reliable reference for the accurate prediction of GPC and has a
broad range of potential applications.

K eywords: remote sensing; models; support vector machine; grain protein content; nitrogen nutrition index; winter wheat



