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BB ETABONA R, R 7S A B 24T o SO BRI U R 77 o NS HER AN EARF R T (M s
EFD RS E, T 2 A EE, SREANE 4 A CEAEE I (T AR, JFIEE. ERAD A3 At
FARFEMT (N1 N2 fIN3) (2 s, ihfr . ZEFFE & & &M H SPAD (soil and plant analyzer development,
SPAD) fH. 87T T AR & IR E KT &4 N st g e 8o v i A S 2 0BURME, IR46 5 Fs FMpLES
FIEE: BENLARMRENS (random forest regression, RFR) . Z#¢[Al & [F] 4 (support vector regression, SVR) . fhifx />
ZJR[El) (partial least squares regression, PLSR) . = #7id #£[Fl 0 (gaussian process regression, GPR) . I & #2245
[51J3 (deep neural networks, DNN) #JEE4&/NEIH F FIZFF A SR EHE . SRR motib g o i f 2247
Z BB Z 3R E A E KIS . TERES, S AR SO0 5 2 R B FE 4 DCNIT (double-peak canopy
nitrogen index) XM & & B IHUR RS, R? N 0.866. ST ZEFTR S &, FEMBUNMEURIE RS, REMEERH—
143 2 HAE 520 NPQI (normalized phacophytinization index) 5% & EAH K R R2=0.677. ME/KTFRI4R TN 76
HERE B TR HON AR S EEUR M. 454 SPAD EHMLAE ) BUERIA T A S 2NN ERE, St ESE, EAFE
B A B A AR IR T T 1%~7%, T4 E Hm A — 377 iR 1% % NRMSE M 0.254 &7+ 0.214,
AR NRMSE #2715k, M 0.201 32715 0.128. X Z2AT& G 7, 24 F W NRMSE M 0.443 $271 2 0.400, itk
I NRMSE #2750k, A 0.323 #2711 0.268. 7E4EEH M, 454 SPAD {ff) DNN A% /4 (R*=0.782. NRMSE=
0.214) FIZEFF (R’=0.802. NRMSE=0.400) % & (M MG FEmtE. WFFCULNT, SPAD 5t IR S s 5B 7 142
FHA/NEAR A G BRI E KT 54 T i A S R SRR .
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1.1 HRXER

W78 X AL F 7 505 B TR KRR 2k 56 0
(118°7'E, 32°2'N)D, Wi XKL 30 m, 44F-FHiR
JER 13~22 ‘C. RIGLE 2011 A 2014 4 2 NMEHITE,
o 2011 4 & /N 2 LRI SR O AR 2 31 F e #E 12,
2014 £ N4 % 13 Flg 32 13, B WAEE 3 DMK
FERBEEE, 73518 04 150, 300 kg/hm? (Z35IF N1, N2,
N3 ER) . KX N 18 AN H B, HEA M He i fH A
3mx3m. L 60% 1EAFHEAL, 40% TENIRTIAE, K3 H
Byt (P,05) 150 kg/hm® FIARAE (K,0) 150 kg/hm?,
At A B e A 24 3t A /N FE F ) B AR
1.2 HIEIREN
12,1 A )ERERERS RN T

N F 26 R G % R EE ASD A F
FieldSpec3 {F 45 2 e i A & o 7 )2 6 1 Il 52 3% 7 15 B
TR SBAT, ME AN 10:00 -14:00 2 [0, FEF
TEATEREZE KL 1m B &, ST EEA HE & 3 Ak
A OBEANRE IR 3 IR, FEREANRE SR JE G TS I B T G
BEAT FRAE T EVBGI 2 (8 AR v VAR S %6 100%)
Tl i) 5 v a2 6 1S %, BAZ IR P
B 1E 9 R R S % . ASD SIS IR fa A 250, Wl
B 6 EEJE Bl A 350~2 500 nm, JGiE S FEE A 1 nm.
JE 46 e T e S 2 et ok AR ) 15 AN EE AR IR £ T
AT Savitzky-Golay JESE AL EE,  [FII 25 B 52 ) g 5 0
KRR K B, B &R B 400~1 340, 1430~
1790 F1 1 970~2 350 nm 3 BEHOGE R . K 1 o8&/
F ANEF WM 3 Rt ZUKF A& E T I Eaig R .
1.2.2 A EAthRS5EFRASENE

K NFE R R ZEFF S B I e ok v & R 25 .
AN HELEL 30 cm*30 cm FE 7 N I A AIZERFAHA, A
P BEAR %, 105 °C 2875 30 min, 80 'C FHLTF. #X
B, WG KA bR dE R LR E BRI E T A A =
(leaf nitrogen content, LN) Fl1Z2FF %% & (stem nitrogen
content, SN)!'4,
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Fig.1 Canopy reflectance of winter wheat at different growth
stages and nitrogen treatments
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1.3 SiEERER

el 25 A ARG TR, AR TT X
R 1 R . EOGE R S BRI SRR
BERUR, AEXHMEWAERKRSH o mARis . EYE
55 BUK.

R 1 ZARPRANSAIEERIE

Table 1 Hyperspectral vegetation indices used in this study
T TR AL THHEAN PRV
Vegetation index Formula References
DCNI (R720-R700)/(R700-R70)/(R720-Rs7910.03) [3]
TCARI 3*[(R700-Re70)-0-2(R00-R550)(R700/Re70)] [15]
SR1 Rgoo/Rsso [16]
SR2 Re75/(R700*Reso) [17]
SR3 Re7/(Rss0*Ragg) [18]
SR4 R/ (Rss0*Ragg) [18]
SR5 Ry50/Rsso [19]
SR6 Rsso/Rsso [20]
SR7 Ryis/Roio [21]
TCI 1.2%(R700-Rs550)-1.5%(Re70-R550) *sqrt(R700/Re70) [22]

TCARI/ TCARI=3*[(R709-Ry70)-0.2(R709-Rs550)(R700/Re70) ] [23]

OSAVI OSAVI=1.16(Rgpe-Rg70)/(RgootRg7010.16)

MCARL/ MCARI=(R705-Rg70-0.2*(R709-Rs550))(R700/Res70)

MTVI2 MTVI2=1.5(1 -22(Rxou-Rssu)-2-5(R<,70-Rsso))/ [24]

Sqrt((2Rgost1)"~(6R400-58qrt(R¢70))-0.5)

MCARI [(R700-Ri70)-0.2*(Rago-Rs50) I* (R700/R70) [25]
NPQI (Ry15-Ryzs)/(Ry15TRyss) [26]
NDI2 (Rgs50-R710)/(Rgso-Reso) [27]

TVI 0.5*[120(R755-R550)-200(Rg7—Rs50)] [28]
NDI1 (R750-R710)/(R780-Reso) [29]

MTVI1 1.2%[1.2*(Rgoo-Rs50)-2.5*(Re70-Rs50) ] [30]

NDCI (R762-Rs27)/(Ry6:+R527) [4]
REP 700+40*((Rg70TR150)/2-R00)/(R740-R0) [31]
GNDVI (R750-Rss50)/(R75+Rs550) [32]
NDVI1 (Ryg0-Rss50)/(R7g5+Rs550) [33]
DVI Rgoo-Reso [34]
MTCI (R50-R710)/(R710-Reso) [35]
PSNDc (Rg00-Ra70)/(RgogtRaz0) [36]

¥i: DCNI R XU e R TR B TCARI FoR oSk BT 28 W RORE 4% TR 5
SR FoR I LG HG TCT FoR i Bk AR E: OSAVI Form btk L3 17t
WA H: MCARI FoR B IER SR 5. MTVI2 R B 1E = il
WA 2; NPQI R H— it 4R & LA 4R 4 NDI 2R H— 16 2% F R4
TVI R =M S MTVIL R EIE = MR % 1; NDCI &R —1fk
ZAHM SR IREL REP RORZLUAL BIEG GNDVI Rngktad — 4L 2 gl
848 NDVI RoR A — (L2 [EE ARG DVI RoR ZEMEE: MTCL &R
Fli s %3 F5 4 PSNDe #oR LB R ZE 8. TR,

Note: DCNI represent Double-peak canopy nitrogen index; TCARI represent
Transformed Chlorophyll Absorption in Reflectance Index; SR represent Simple
ratio; TCI represent Temperature condition index; OSAVI represent Optimal soil
adjusted vegetation index; MCARI represent Modified chlorophyll absorption in
reflectance index; MTVI2 represent Modified triangular vegetation index 2; NPQI
represent Normalized phaeophytinization index; NDI represent Normalized
difference index; TVI represent Triangular vegetation index; MTVII represent
Modified transformed vegetation index 1; NDCI represent Normalized difference
cloud index; REP represent Red-edge position index; GNDVI represent Green
Normalized difference vegetation index; NDVI represent Normalized difference
vegetation index; DVI represent Difference vegetation index; MTCI represent
The MERIS terrestrial chlorophyll index; PSNDc represent Pigment specific
normalized difference c. .Same below.

1.4 ETHB[FIEENERENT

KH 5 MR AL 2 2 0k CRLAG REATL AR AR [0 9
THREFE R s TR SRR R
PR R 2 B UFD 5 3 DA s e ok A B HE 2R R 4 A
SPAD {HAE NI N, FEEM B A2 R & &AM AR,
IR R B A SRR T, BB Rl S I S H0 AT AL ob
T NEFAEBEAT AL, DA 23 B A 30 i ' T ARl 45 2
PENBERIE N . 76 R G B R 205 B & 2 Uit
Fenth b, fEREANEE WA RUKCE 24 T 2 ) BARUR
AR 5, 10, 15, 20, 254> 6% M g 18 Bk 45 &
SPAD {E{E ki NG AR
14,1 FEAURMRE T H %

BEHLARAR[EH (RFR) & —AN i@ 4 8 2 S U S p)

X REASBEAT IR IE T 1) 73 2K 4% . A bootstrap = 14+
THENEIEREA B 2 S REA, T 45 SR 2 S sk
PR, RSB R T 2K T BRI
E W/ NEESH n estimators 1 max_features, 437 T~
B8R A 5 ) e SRR ) B B R R SR 1 A B AN B
FEZHE T bR F A 48 2= 7 N 2 i S 3G, Hoh
n_estimators {71 Z JE v 5~1 000, max_features [ %
R 1 BN REHEE 2/3.

L4.2 ZHFmEwafx

RS i e/, BITESUHE B I RS S 5T R B E 2
GRS R B R AL R A0S, KB R
KHZMZEREFEZRAR 2 NS0 A AET R C
% R BBy, K S R0 € 2 >S5 EUE ,
Horr, &5 250 C RN 0.5~500, RS
y I 23 A 0.000 1~0.05,
1.4.3 fafk =Rk

i fe /N 3 [al 9 8% (PLSR) 2ilid W B A& K F
HR PRI — 2 B A A T B8 ) 0 1B RS DR DA SIE I AR B T
W —Fh Bl 30530 ZEEER TR . Zonsk
P [B] U3 20 b7 AL T AR S 4 B . AR TINS5 7 B T R
IANEL, I FE ) 32 B IARALE L D 2 BIRHEELT) 2/3
1.4.4 Zppidfzwa gk

E A FE BT 5 (GPR) & —Fd i & i F2 4
IO B B AT RUR 0 A B HES B R AR . GPR AR DA
T Ik AL G E AP 5 22 eR AR R B A I 2R 508 ) s
SR, R SR AR A AL PR B, R SRR R vk
iS5
1.4.5 REMZEMEEHEE

IREEFZ M2 (DNN) & — s e AN T2 M
7%, (R A N AR B2 W H 2 AR . TR
H, DNN 7 # FHAE —A 2748 & Al A A DU S 3 A\ F e
AR (] ok RPN, eF A, R E bR SR
LR —EX N e, HMERAMHFEME T
B2, B A7 15 e N4 2/3; Input fn 1
SEN lambda, 1% QK E A 3 000 %, WOE R HCLE
ReLU, fift#sf8f Adam 5Hi%.
1.5 fHEREEETFM

AT A B BT python 3.6.13 [3REE, i
H scikit-learn 0.23.2 5% tensorflow 2.1.0 fEZE &4 . & &
Pl —AF PR EAN, Prig@es s HE —
7%: (leave-one-out) 23X X IGiF. fEAX X IIFLFEH,
FEARHA — IR AE ML, X Z Rk &
P i e R 20, PP T I RS 1 45 SR 52k
BN IR 1 R B o B O S i B S B
SRR TR IEOE (1) o 5E BB RS, YR %2 RMSE A5
— AT AR R 22 NRMSE SR PPA A ors B, Hooh 5
ARWT:

R2:1_27z167i—y1')2 (1)
S G-y
RMSE = , %}3@,@92 ©))
i=1
NRMSE = "MSE (3)
y
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AV, Y Y S A BB AR A AR .
HAESE . R {E#R#ET 1, RMSE I NRMSE {8
N, FORBEAY (KR T AN e PR

2 FERS5HH

2.1 SHEEWIEEENEIT R AEFTR S 28RN

2 MK 3 NE/NFLEA A G WK F 2% 14
FEOGIERE RS S A RS BT, &4
B, G AE E BOT S i U A
B2, H DONI 5 RS ENBURMERE, 7N
0.480. P IS ZF A& EMBUSHERAL, Ho e
AR B A FE L DCONI, W8 KRB RN 0262, 1 44
BAEFHYT, REEEERST A A SENBUERER

BB R 2R, YeE BB R AE 0.438 1 0.866 2 [i], H:
FPTE B R A R R M B, AR R M AR
DCNI 4 5E 250 R 9 0.866. 153K W1 i UM f 11K,
IEERE TR SR4 L€ R R7 N 0.438. [ 1 R
Ab, BAE R AR E S 2R R ACA B A S B T AR
R, EHEMY, R NPQI 5ENEASE
AR B, RERB R N 0.677, HIRAEVERM,
R AR R SRA [k E R HL R® N 0.629. [FIFE, M
FRBON ZEAT RS B I BURPE AR T W AR, e R
B SR3 [H U E 250 RP M 0.235. 7E 3 PP — i BUKF 4%
PR, SR R B A BRI U R AE 0.414
F10.508 2 18] o ot HEAE 3 BOok 25 7T B & B U R
7£ 0.249 F110.382 2 [a], 7E N3 %/ DVI 5XHEA S E
(BB e e o

*2 ZNETFREFHSAEERIERIM R NEFR S BRI

Table 2 Sensitivity of hyperspectral vegetation indices to winter wheat stem nitrogen content

EEE AW Jointing Hi ] Heading FFAE ] Anthesis HEH A Filling
Index H4%( LN 2% SN H4%( LN 2% SN H%( LN 2% SN 4% LN 2% SN
DCNI 0.378 0.039 0.059 0.005 0.586 0.386 0.866 0.611
TCARI 0.023 0.072 0.248 0.333 0.298 0.452 0.605 0.362
SR1 0.385 0.194 0.087 0.229 0.372 0.059 0.683 0.479
SR2 0.388 0.056 0.007 0.064 0.622 0.285 0.841 0.605
SR3 0.094 0.235 0.233 0.384 0.182 0.444 0.608 0.414
SR4 0.438 0.136 0.065 0.179 0.565 0.200 0.784 0.629
SR5 0.395 0.207 0.079 0.218 0.360 0.050 0.674 0.459
SR6 0.330 0.166 0.057 0.192 0.303 0.061 0.661 0.352
SR7 0.004 0.033 0.212 0.201 0.148 0.283 0.054 0.023
TCI 0.022 0.175 0.257 0.404 0.209 0.418 0.533 0.331
TCARI/OSAVI 0.321 0.028 0.011 0.008 0.576 0.432 0.749 0.396
MCARI/MTVI2 0.260 0.008 0.038 0.001 0.486 0.311 0.771 0.424
MCARI 0.047 0.199 0.278 0.420 0.184 0.405 0.512 0.322
NPQI 0.006 0.187 0.525 0.677 0.150 0.325 0.012 0.008
NDI2 0.318 0.112 0.037 0.159 0.283 0.066 0.732 0.408
TVI 0.156 0.210 0.102 0.263 0.013 0.171 0.067 0.059
NDII 0.321 0.117 0.032 0.152 0.263 0.048 0.718 0.396
MTVI 0.158 0.195 0.113 0.279 0.006 0.146 0.048 0.042
NDCI 0.340 0.192 0.047 0.175 0.334 0.058 0.651 0.358
REP 0.288 0.096 0.059 0.195 0.300 0.067 0.743 0.426
GNDVI 0.348 0.183 0.055 0.188 0.303 0.046 0.656 0.366
NDVII 0.342 0.175 0.062 0.201 0.306 0.051 0.663 0.373
DVI 0.174 0.198 0.113 0.278 0.001 0.118 0.012 0.015
MTCI 0.339 0.128 0.046 0.171 0.290 0.040 0.739 0.508
PSNDc 0.265 0.123 0.113 0.273 0.310 0.059 0.574 0.299
#z3 ZNEFEBRKETEAEERIERNMTFANEF RS2 NEEMN
Table 3 Sensitivity of hyperspectral vegetation indices to winter wheat stem nitrogen content
FEEA SEH I Al e RBRE 1 N1 T EBRE 2N2 TR L 3N3
Index % LN % SN %0 LN 2% SN % LN % SN "% LN 2% SN
DCNI 0.480 0.262 0.414 0.249 0.366 0.259 0.362 0.251
TCARI 0.315 0.201 0.208 0.143 0.449 0.211 0.463 0.276
SR1 0.153 0.034 0.322 0.130 0.001 0.003 0.002 0.002
SR2 0.360 0.181 0.371 0.197 0.147 0.127 0.262 0.187
SR3 0.223 0.189 0.156 0.142 0.503 0.243 0.382 0.278
SR4 0.240 0.095 0.370 0.197 0.026 0.044 0.104 0.059
SR5 0.155 0.035 0.322 0.122 0.001 0.004 0.003 0.002
SR6 0.190 0.053 0.318 0.123 0.024 0.015 0.001 0.002
SR7 0.021 0.047 0.248 0.140 0.006 0.008 0.156 0.181
TCI 0.252 0.173 0.144 0.128 0.508 0.224 0.443 0.244
TCARI/OSAVI 0.359 0.168 0.342 0.158 0.305 0.140 0.297 0.161
MCARI/MTVI2 0.388 0.160 0.370 0.177 0.353 0.152 0.199 0.073
MCARI 0.227 0.151 0.126 0.120 0.507 0.213 0.393 0.199
NPQI 0.085 0.095 0.228 0.144 0.195 0.107 0.197 0.167
NDI2 0.224 0.062 0.358 0.136 0.074 0.037 0.001 0.005
TVI 0.020 0.062 0.001 0.024 0.399 0.206 0.449 0.372
NDI1 0.220 0.060 0.339 0.120 0.071 0.037 0.001 0.005
MTVI 0.016 0.059 0.001 0.022 0.414 0.213 0.446 0.383
NDCI 0.193 0.057 0.311 0.124 0.021 0.017 0.005 0.001
REP 0.213 0.054 0.347 0.131 0.066 0.031 0.001 0.009
GNDVI 0.184 0.050 0.310 0.112 0.016 0.013 0.002 0.001
NDVI1 0.182 0.048 0.313 0.116 0.015 0.012 0.001 0.002
DVI 0.006 0.046 0.001 0.013 0.370 0.199 0.422 0.382
MTCI 0.190 0.045 0.334 0.124 0.023 0.024 0.002 0.002
PSNDc 0.129 0.038 0.248 0.088 0.001 0.001 0.001 0.001
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Fig.3 The relationship between best vegetation indices and winter wheat leaf nitrogen content at
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Table 4 Estimation of winter wheat leaf and stem nitrogen content based on machine learning algorithms at different growth stages

AE oLt K715 4] Jointing i FE ] Heading FFAE Anthesis #EH ] Filling
Organ Model R RMSE NRMSE R RMSE NRMSE R RMSE NRMSE R RMSE NRMSE
RFR 0582  0.388 0.279 0738  0.397 0.215 0.767  0.292 0.155 0.842  0.231 0.185
SVR  0.854 0229 0.165 0702  0.427 0.231 0.662 0353 0.188 0.872  0.207 0.166
WA Leaf  PLSR  0.602  0.382 0.275 0.769  0.370 0.201 0.638  0.379 0.202 0.829  0.240 0.192
GPR 0713 0319 0.230 0612 0.480 0.260 0.594  0.383 0.204 0.827  0.241 0.194
DNN 0878  0.251 0.181 0.863  0.449 0.243 0.803  0.347 0.185 0900  0.291 0.234
RFR 0185 0222 0.372 0815  0.210 0.342 0549  0.379 0.495 0.700  0.099 0.326
SVR 0532 0.163 0.272 0681  0.276 0.451 0.59  0.360 0.471 0.692  0.102 0.334
ZFf Stem  PLSR  0.635  0.146 0.244 0.804 0216 0.353 0.655  0.336 0.439 0683  0.103 0.336
GPR 0531  0.163 0.273 0760  0.241 0.393 0.503  0.398 0.520 0.655  0.107 0.350
DNN 0548  0.173 0.290 0.875  0.197 0.323 0.866  0.274 0.358 0.804  0.103 0.337

: RFR ZRBEHLARMKIA; SVR RoRSCRFFIE RIS, PLSR onfiifh 3R [JT; GPR Ko milfid #2101 H; DNN ZoRiREMLMZ )T, T,

Note: RFR represent random forest regression; SVR represent support vector regression; PLSR represent partial least squares regression; GPR represent Gaussian process

regression algorithm; DNN represent deep neural networks. Same below.
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Table 5 Estimation of winter wheat leaf and stem nitrogen content based on machine learning algorithms at different nitrogen treatments

Py PRI} EAEFH M Al N1 N2 N3
Organ Model R RMSE  NRMSE R RMSE  NRMSE R RMSE  NRMSE R RMSE NRMSE
RFR 0619 0429 0.264 0488 0413 0.310 0.602  0.363 0.244 0.661 0412 0.202
SVR 0590 0447 0.276 0426  0.446 0.334 0.631  0.350 0.235 0.667  0.409 0.200
M} Leaf  PLSR  0.626 0425 0.262 0.610  0.364 0.273 0.658  0.338 0.227 0.563  0.479 0.235
GPR 0508  0.488 0.301 0350  0.463 0.348 0.630  0.351 0.236 0.535  0.486 0.238
DNN 0675 0413 0.254 0.697  0.362 0.271 0.842  0.239 0.160 0.836  0.326 0.159
RFR 0384  0.359 0.607 0266  0.408 0.786 0317  0.344 0.640 0491  0.324 0.452
SVR 0423 0352 0.594 0403  0.374 0.720 0415  0.320 0.596 0.601  0.288 0.402
%#F Stem  PLSR 0481  0.331 0.559 0223 0421 0.811 0499  0.305 0.569 0.639  0.280 0.390
GPR 0441 0341 0.577 0245 0413 0.795 0354 0338 0.629 0.506  0.322 0.450
DNN 0723 0.262 0.443 0.670  0.293 0.564 0.779  0.208 0.388 0.855  0.211 0.295
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Table 6 Estimation of winter wheat leaf and stem nitrogen content combined with SPAD and hyperspectral vegetation indices at different
growth stages

wE | 5] Jointing Y Heading FFAEH] Anthesis HEH W Filling
Organ Model R RMSE  NRMSE R RMSE  NRMSE R RMSE  NRMSE R RMSE  NRMSE
RFR  0.654 0351 0.253 0914  0.236 0.128 0778  0.287 0.153 0.856  0.220 0.177
SVR  0.865  0.218 0.157 0.739  0.398 0.215 0.759  0.297 0.158 0.888  0.195 0.157
-} Leaf  PLSR 0559  0.409 0.294 0.838 0310 0.168 0.681  0.369 0.197 0.844  0.229 0.184
GPR 0505 0422 0.304 0.684  0.432 0.234 0.607  0.377 0.201 0.862 0216 0.174
DNN 0850 0278 0.200 0.891  0.296 0.160 0.854  0.259 0.138 0919 0211 0.169
RFR 0205 0216 0.362 0.838  0.196 0.321 0.561  0.374 0.489 0.705  0.101 0.330
SVR 0475  0.173 0.289 0.700  0.268 0.438 0.663  0.329 0.430 0.677  0.103 0.338
ZFF Stem  PLSR  0.634  0.146 0.244 0.831  0.199 0.325 0.689 0319 0.417 0.672  0.104 0.341
GPR 0550  0.159 0.267 0.839  0.195 0.318 0.641  0.338 0.442 0611  0.114 0.372
DNN 0742  0.152 0.255 0919  0.164 0.268 0.867  0.250 0.327 0.805  0.104 0.340
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Table 7 Estimation of winter wheat leaf and stem nitrogen content combined with SPAD and hyperspectral vegetation indices at different
nitrogen treatments

W [ 2/EHH Al NI N2 N3
Organ Model R RMSE _ NRMSE R RMSE _ NRMSE R RMSE _ NRMSE R’ RMSE __ NRMSE
RFR 0654  0.409 0.252 0562  0.381 0.286 0.624 0354 0.238 0672 0.405 0.198
SVR 0659  0.405 0.250 0681 0331 0.248 0611 0361 0.242 0657  0.420 0.205
W} Leaf  PLSR  0.662  0.406 0.250 0670  0.331 0.248 0.659 0342 0.230 0.584  0.468 0.229
GPR 0574 0454 0.280 0.500  0.407 0.305 0534 0393 0.264 0488  0.506 0.248
DNN  0.782 0347 0.214 0772 0.302 0.227 0.909  0.201 0.135 0.853  0.296 0.145
RFR 0404 0353 0.596 0296 0397 0.764 0371 0329 0.614 0.524 0313 0.437
SVR 0364  0.366 0.618 0341 0387 0.746 0393 0.324 0.604 0.570 0301 0.420
ZFFStem PLSR 0486 0330 0.558 0306  0.396 0.762 0467 0317 0.591 0612 0292 0.407
GPR 0454 0337 0.570 0215 0423 0.815 0342 0.344 0.640 0.507  0.322 0.449
DNN  0.802  0.237 0.400 0.778  0.284 0.547 0.805  0.209 0.390 0.844  0.205 0.286
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Fig.5 Combining SPAD for winter wheat leaf nitrogen content estimation at different growth stages and nitrogen treatments
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Fig.6 Combining SPAD for winter wheat stem nitrogen content estimation at different growth stages and nitrogen treatments
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Estimating winter wheat nitrogen content using SPAD and hyperspectral
vegetation indices with machine learning

FENG Huifen'**, LI Yingxue®, WU Fang®, ZOU Xiaochen®***

(1. School of Remote Sensing and Surveying Engineering, Nanjing University of Information Science and Technology, Nanjing 210044,
China; 2. Technology Innovation Center of Integration Applicaitons in Remote Sensing and Navigation, Ministry of Natural Resources, P.R.
China, Nanjing 210044, China; 3. Jiangsu Engineering Center for Collaborative Navigation/Positioning and Smart Applications, Nanjing
210044, China; 4. School of Applied Meteorology, Nanjing University of Information Science and Technology, Nanjing 210044, China; 5.
Xinghua Meteorological Bureau, Xinghua 225700, China)

Abstract: Leaf nitrogen content is closely related to leaf photosynthesis and the nutritional status of winter wheat plants, which
directly affects the plant growth and development. While the stem nitrogen content is closely related to the proportion and
content of cellulose, hemicellulose and lignin in stems, which directly affects stem quality and plant lodging resistance.
However, it is still lacking on the direct estimation of stem N content in winter wheat. It is very necessary to evaluate the stalk
quality and predict lodging from the perspective of stem nitrogen content. In this study, a 2-year field experiment was
conducted to accurately estimate the nitrogen content in different plant organs (leaves and stems) of winter wheat. Winter
wheat canopy spectral reflectance, leaf and stem nitrogen content, and leaf SPAD (Soil and Plant Analyzer Development)
values were obtained at four growth stages (jointing, heading, anthesis and filling) and three nitrogen application levels (N1, N2
and N3). A systematic analysis was made to determine the sensitivity of hyperspectral vegetation indices to leaf and stem
nitrogen contents at different growth stages and nitrogen application levels. Five commonly-used machine learning algorithms
were used to estimate the leaf and stem nitrogen contents of winter wheat, including random forest regression (RFR), support
vector regression (SVR), partial least squares regression (SVR), partial least squares regression (PLSR), Gaussian process
regression (GPR) and deep neural networks (DNN). The hyperspectral vegetation indices only or combined with SPAD were
used as the inputs to construct the nitrogen estimation models for leaves and stems. The results showed that the sensitivity of
hyperspectral vegetation indices to the nitrogen content in leaves and stems was influenced by the growth stage and nitrogen
application level. In the filling stage, the best vegetation index DCNI (Double-peak canopy nitrogen index) shared the highest
sensitivity to leaf nitrogen content, where the determination coefficient R* was 0.866. The sensitivity to stem nitrogen content
was the highest at the heading stage, and the R” between the best vegetation index NPQI (Normalized phaeophytinization
index) and nitrogen content was 0.677. The sensitivity of the spectral vegetation index to the stem nitrogen content increased
with the increasing nitrogen application level. The machine learning combined with the SPAD value and vegetation indices was
improved the estimation accuracy of the nitrogen content, compared with only the vegetation index. In leaf nitrogen content,
the estimation accuracy increased by 1%-7% under different growth stages and nitrogen application levels. The normalized root
mean square error (NRMSE) increased from 0.254 to 0.214 during the whole growth stage. In a single growth period, the
NRMSE increased from 0.201 to 0.128 at the heading stage, indicating the most increase. In the stem nitrogen content, the
NRMSE increased from 0.443 to 0.400 during the whole growth stage. There was the most increase during the heading stage
with the values ranging from 0.323 to 0.268. In the whole growth period, the DNN model combined with the SPAD value was
achieved the best accuracy to estimate the nitrogen content of leaves (R*=0.782 and NRMSE=0.214) and stems (R’=0.802 and
NRMSE=0.400). The combination of the SPAD value and spectral vegetation index can be expected to improve the accuracy of
the nitrogen content in the leaves and stems of winter wheat at different growth stages and nitrogen application levels.
Keywords: winter wheat; machine learning; leaf ; stem; nitrogen content; SPAD; hyperspectral vegetation index
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