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Hyperspectral Remote Sensing Monitoring of Leaf Nitrogen Content in
Winter Wheat under Different Nitrogen Application Levels

GUO Xinhui, QIAO Xingxing,ZHAO Yu, WANG Chao,FENG Meichen, XIAO Lujie,
SONG Xiaoyan,ZHANG Meijun, YANG Wude, LT Guangxin
(College of Agriculture, Shanxi Agricultural University, Jinzhong 030801, China)

Abstract: To investigate the hyperspectral response mechanism of leaf nitrogen content in winter wheat under different
nitrogen application levels and to achieve hyperspectral remote sensing monitoring of winter wheat leaf nitrogen content, in this
study, 65 winter wheat varieties were selected as the study objects. Three nitrogen fertiliser gradients were set: O(N1), 100
(N2), and 200(N3) kg/ha. The sequential projection algorithm(SPA) was used to screen characteristic bands, and a random
forest(RF) and BP neural network(BPNN) were combined to construct a drone-based hyperspectral monitoring model for
winter wheat leaf nitrogen content. The results showed that there were significant differences in leaf nitrogen content among
different nitrogen application treatments. The nitrogen content in winter wheat leaves increased gradually with increasing
nitrogen application levels during the same growth stage. The spectral reflectance of winter wheat was more sensitive to
changes in nitrogen application levels in the near-infrared spectral region(780-1 021 nm). As the growing season progresses,
the hyperspectral reflectance of winter wheat showed a downward trend. By constructing monitoring models for winter wheat
leaf nitrogen content under different nitrogen application levels, it was found that the SPA-+BPNN model performed best under
the N2 treatment, with a coefficient of determination(R”), root mean square error(RMSE), and relative prediction error(RPD)
of 0.807, 3.173 mg/g, and 2.279% , respectively, for the calibration set, and R*, RMSE, and RPD of 0.802, 3.201 mg/g,
and 2.246 % , respectively, for the validation set.

I %5 B #8 :2025-01-21

E L THE 1098 050 R S B AUHI5 H (2023S1119) 5 1176 27 B AR b 7= b 3 AR 4 58 g i 4 101 9% 42 (2024C YISTX02-23) 5 111 P4 25 1 FH i
WFFE 41 (202303021212090,202203021211275) ; % H 2AFL2F 34 (31871571)

P & 18 A - S8 B 7+ RS O 1 AR AE S 5 15 B R  E-mail : gxh6224@163.com

BEMEE A E AL L, EENSEED A S 5EBBRFSE  E-mail:nkylgx@163.com

<02



SR RS < AN [ B SR P A /N2 I R Y e Ol i e S

Keywords: winter wheat; nitrogen application level; leaf nitrogen content; hyperspectral reflectance; characteristic band;

random forest; BP neural network

RNERERBEBEIREEDZ — KX A
T3 1 W0 L 4 5 ) VR W 1 A G R R R
R Z 8 R E S X EY 7= B A R, R
JAVEY M A BTG Y PSR R A TR L
EE L FEANEM A KSR, AR
Wi 25 it 2R e 140 48 ik A A K 0D % o 2R 5 B I
WA Ak #h . WEIR T, & /N FE I 3R Gy WU AR
HAERPRL b FPRLE K B h iR R R R AR
E B T, A 2R3 B FE A TG B R A W R
FZEFE I o 09 R B S A BRI R, 3l
B A W A& /N i R S SR IE AR N AR OIS
HE S B A PR AR E B, R
450 R A BRI Ty vk B AR D BB RORAR LA
i FE IR AR 1 & e v e LA N . Bl G
N AL 5 3 38 8 R &, R JE L& ok
B AR E Y A S R T — R
B ARFEMR RO B, e AN DTS R 4 AR AT
DLAE R 91 T P 52 B 30 BB o 19 4 400 D16 1% 5 i %2 4
i, A5 AT UL ) 30T 21 b BE Y % S6IE . ok
TR A 2D B, R D B AR R TR Y
JEIEAE B, I B Y A [R) 2tk 2 5 ) A5 AR (1 Pk
Al A2 B o 4 i BB VT R A AR Dk BT
A, AN ) I B 22 TRLAE 7 v B AH DG il T OC 4 i U
Br ot 5 e, 5 OB AL S LA B2k ) T8 o6
R RRAE o 38 3k 4R AF 0k B R I 1 5 OC B 4 A A G
P38 v 0 U B, T AR 2D AN b R ) A e, DT 4
o S TR (Y o G 1 R 2 AR RE T e L b
REE G FAE D Bk B 7, T R IRE e A R
i R A VR AR AE O Y RO B
S5, R A5 R i B A W A K AR i A AR
fbo X BB AR AR LAHS Bl 45 5 Rl A 7R AR
U/ B85 0 g A ARG A Al 1 T R L R e A it
TH 13 HE.

UE AR, R G B R W DE Y A R
B RC SIS THEERR. CAFRE
B, JC AL i ol i 3 Ja B R e W R v L R
RE S L HAHEEHRSY, — B fF 5 R H W i
/N3 B H (PLSR) S HF 1] 5 AL (SVM) (B HL A%
M (RF) BP #1122 M 2 (BPNN) & Jy sk kg it 73 T
Jo N AL % 1 B 1 A PR AG A A . R

X SRR /INEE KR R SR ) A AT
A S U T R AR RCRTTY, ZHANG SR
FH i 22 $5% 5% 50k (SPA) X O 31 B 4l #E 47 ) 46
46 , i 16 O 0 B ST R 1 Dl B AT A
RORAR TR 52 2% B2, OF $ s 1 AU IR AN Y
KA o Tk AR AR AEIE G Ot 5 K AR R A
A DG A 5 1) A 4 i L 25 B 42 I 4% TR A
AT DR R R AR BB SR R B RPIAF T
0.669, 1Z A5 B BE 45 A7 A MK RS R R L. B
T AEOR T O 1 B B T T A N E A&
TR AR E IR, 45 R B, M T AL =D
XA ) A ROR D AN R B IR s S AT I, A
Bl EEdE . RO R, Jo AL G i B
ARAALAE AR o 1 9 56038 A A B0 o 0 P D T B A 9
I3, HAE AP0 A2 RS B R A B A
Qe WA E T B RN VR N I AN TIPNE 2
I Jo BT B — il b A /N 22 D ) A /N2 A R
BAE [ — A5, AR RZAC AL 3R 592 /N 2O i 4y
TEAATE B 22 5 R, BF 50 AN ) BUNE Ak
BT HA B AR e ANz AL RE T &N R
e I T S M R Y LA O

AT TE LA 65 Fift A [ 5 DA 20 ) A& /N 22 s Aift Ay
FER G RV R BB K P T & /N2 1S
{14 6 N HIL s D' 3 i I R 3 T F 5 A [ RUNE Ok
S Kb B A /N A2 R R R R )
M, S B T 0 AL G 3 B X &N i R
i i N, TR O ORS AR I B 3 B8 K
PEMBEARZ T

L AR

1.1 I8 Hh iR R

WK T 20224F 10 H & 20234 6 H ¥ 47. Hb
RO LT A8 R A DXL 78 ARl R 2 o 5 S 56 A
H1(37°44'N,112°59'E) o J&@ W& IR 7 KBl v A e, 1
T, AFFHAE/NT 10 C, 2 EZF AR
KT 22°C,HF KFEFHRI A 10~22 C,
1.2 RIE A

A /NFE BRI A RE R 65 0y, AL HE AR R R
F2 B TR R R Tl T N A T A Y A N2
di R, 33 /N S i ol e IR 2 i 0T A T A

03



W PGP R 22 2025 4R 45 53 45 5 )

1.3 R HE

I 1954~/ X ,/NX K 2.0 m, 58 1.5 m,
A ATIE R 20 emo PR X301 3 A ANE VR B
BB BE 20 51 0(N1) L 100(N2) . 200(N3) kg/hm?,
TEHE AL B, 50 %6 19 B T2, F0 4% 5096 H T4k
A A, SR BRI A & %0 120 kg/hm?, H ¥
VE Ry FE R — W PRt A, v AU 0 IR 2 & N it
46.1% WAL PO, 1 16 %, A1 AR & KO i 50 %, H
fib/INAZ T R] 45 B 55 Y b /N 22 45 B TD
1.4 HEX&E

FEA/NZ AR, 3P A A7 1 R FE 0] LA
R SN R o N N N 1 T N S
HERKERAP R, &N EX AR TR
B, AN ) K PR R A 4 /N 22 AR R [ it K7 R i 3R
P2 S0 B R AR 5 1R BT il A A L E Y
I R I 5 01 0 A N AR RS RT &, LIRS
[ it R KT X A /N FE I e A S R g . AR
$ MATRICE 600 PRO Jo AMLIE 3% =5 )t % A AL,
A T AR B o B TS R < 10: 00—
14: 00 #EA7 R4 o o AML €47 M BE 52 0 30 mo
TG I B BBl A 383~1 021 nm, 3 150 4 gy
W Bt OGBS HE R R 41 nm, SREMEUE &
18 TE RN DE B B2 B0 H b X0 B R . R
ARG M AN FE I BRI I R RS R MR
FE AT 105 “CF 4% 30 min 7,80 ‘C F 4t + & 5
Ji, R IR TS RN B OE T 4 A sh e
JCE S T ALHEAT LB 43 B, AR R A A

1.5 A

K % S B Bk (SPA) RS & /N it
P A OG0 O T R AE U B IR 45 A BE AL AR AR
(RF) 1 BP #2225 (BPNN) #4 8 4 /N % 1 F &
i WA SPA G b K BB A ) ) R 1
o TE B R AR I, R 05 A Ak 2 B D AR O 3 £l Al
M ICA S B 38 T 6 R AE I B O 121, RF
SRR e A CINIE 2 ST el TR0 N 7 S 2
W AT £ A T AT R SRR 1 it 4 SR ok 4 T 9 AR
PESMERPEY . BPNN 3T % 2 57 [0 (£ #% 5 21, 8
T T R R AR 4 AR, DA /N S B
O 2 R R 25

K P2 R B(R?) B LR 24 (RMSE) FlAH
X iR 22 (RPD)PEMM B AL . REBE = \RMSE {1k
P R 5 T AR B AT s RPD=>2.0 26 A
B 5 v B O BE F7 L 1.4<<RPD<C2.0 % /1 A5 1Y
i W B J7 — i, RPD<C1.4 W) & B A% 70 $5 ) g
22 XELLR MY

2 HR G AT

2.1 BNEMRERSESH

AT 50T AR ST i 300 RN R 30 3 A i
W1 49 3% 585 By & /NF - R RO BEAT S R
MERIG , Fe AR B 552 iy & /N A2 i Jr R A i ode
B R R B RO vk B B T /N B R R 1
3= 11 L1 3 43 S A0 1 B AN TE B L A I AR FTER
RS R RS A TR A iR 1R

F1 ZNEHRFRSERBRESIT SR

Tab.1 Descriptive statistical analysis of winter wheat leaf nitrogen content

e ORES R B (mgle) R wp sy UM SR

Treatment  Data set  Sample number Mean (mg/g) Skewness Kurtosis (A% (mg/g) (mg/g)
SD Min. Max.

MEEA A 552 29.766 7.254 -0.401 -0.111 0.244 8.823 47.526
Total VERS 414 29.803 7.246 -0.379 -0.123 0.243 8.823 47.526
LA S 138 29.656 7.302 -0.472 -0.041 0.246 8.918 45.038

LR EEA 195 26.684 7.268 -0.381 -0.417 0.272 8.918 44.534

N ERS 146 26.756 7.266 -0.343 -0.393 0.272 8.918 44.534

EoaniE S 49 26.469 7.344 -0.507 -0.425 0.277 8.950 38.522

N2 EfeEN 183 30.625 7.155 -0.282 -0.325 0.234 8.823 47.526

e S 137 30.673 7.160 -0.296 -0.229 0.233 8.823 47.526

EoaniE S 46 30.483 7.218 -0.249 -0.524 0.237 14.781 45.038

N3 LR A 174 32.317 6.038 -0.324 0.063 0.187 11.661 47.220

eSS 130 32.347 6.010 -0.323 0.172 0.186 11.661 47.220

LTI S 44 32.228 6.189 -0.336 -0.108 0.192 15.911 44.298
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Tab.2 Leaf nitrogen content in winter wheat under each

treatment at different growth stages mg/g

Ak B il R ] A=)
Treatment Heading period Pre—filling period Late filling period

N1 33.434£3.504b 27.433+3.873b  19.18545.374c
N2 37.700£3.425a 30.8184+2.679a  22.008+4.129b
N3 38.243£3.057a 32.10542.880a  25.727+4.364a

T 1.51QRAM K3 The range within 1.51QR

T AR IS B [R)/ING R 2 b H A 25 5 .35 (P<<0.05) .
Note: Different lowercase letters after the numbers in the same
column indicated the significant difference among the treatments(P<<

0.05).
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Fig.1 Analysis of winter wheat leaf nitrogen content
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Fig.2 Spectral reflectance of the same winter wheat under different treatments at three growth stages
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Tab.3 The characteristic bands of the treatments screened based on the sequential projection algorithm (SPA) nm

fib 7 J5 IR G 1 RIS 4 B R AIE I BE Jigid JE IR 6 1 IS 3 B R AIE I B
Treatment Characteristic band of original spectral reflectance Treatment Characteristic band of original spectral reflectance

N1 926.1 016 N3 395.703.763.944

N2 720,750,944 BEEA S Total 572.926.1 016
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Tab.4 Leaf nitrogen content monitoring model of winter wheat under each treatment

4Bt Full band FEAEPE B Characteristic band

AL Y VAN 4 b
Model type Evaluation index Bk % 4 Bk % HEgE

Calibration set Validation set Calibration set Validation set

N1-+RF R* 0.879 0.534 0.804 0.646
RMSE/(mg/g) 2.606 5.032 3.407 4.418
RPD/% 2.869 1.466 2.257 1.682
N1+BPNN R’ 0.774 0.705 0.734 0.763
RMSE/(mg/g) 3.489 3.981 3.739 3.556
RPD/% 2.104 1.840 1.939 2.056
N2-+RF R* 0.883 0.786 0.899 0.799
RMSE/(mg/g) 2.496 3.356 2.518 3.351
RPD/% 2.929 2.163 3.150 2.231
N2-+BPNN R* 0.866 0.746 0.807 0.802
RMSE/(mg/g) 2.675 3.925 3.173 3.201
RPD/% 2.728 1.986 2.279 2.246
N3-+RF R* 0.917 0.535 0.906 0.598
RMSE/(mg/g) 1.820 4.253 1.959 3.926
RPD/% 3.465 1.467 3.254 1.578
N3-+BPNN R* 0.833 0.727 0.825 0.735
RMSE/(mg/g) 2.658 3.384 2.523 3.181
RPD/% 2.449 1.913 2.390 1.943
Total+RF R* 0.924 0.744 0.901 0.725
RMSE/(mg/g) 2.082 3.763 2.412 3.911
RPD/% 3.629 1.977 3.174 1.908
Total +BPNN R* 0.787 0.755 0.731 0.759
RMSE/(mg/g) 3.340 3.664 3.749 3.651
RPD/% 2.169 2.021 1.929 2.039

hy SR WL R 7 A TR B R 4 ) S [R) N Ak

BT e oA B ) BS UL BN T 3 s TAE S

.97.



g 4k Bl 2 2025 4E 55

53 %55 5

SCMME AT B 5] AR 1: 1 4R, SPASS &

50rp
N1+ SPA + BPNN

R'e=0.734
40F R»=0763

30F

0%°° o #ZIF£E Calibration set
.’.a o WiF%E Vahdatmn set

. = Branad
Callbratmn set fitting line

- -RIFENEL
Va.hdatmn set fitting line
REV =
l 1 fitting line

0 10 20 30 40 50
it R &R/ (mglg)

Measured leaf nitrogen content

20F

et EE R (mglg)
Predicted leaf nitrogen content

50p
N3 + SPA + BPNN

Re=0.825 000
40F R =0.735

30F

et AR (mglg)
Predicted leaf nitrogen content

e AZIE4E Calibration set
Ky o IHHIE£E Validation set
10F o’ — % E £ 4G4 Calibration set fitting line
. - gﬁﬁ%%A”Z Validation set fitting line
. o1 AL 1 ] fitting line
0 10 20 30 40 50

Lt A AR (melg)

Measured leaf nitrogen content

BPNN 7] DL i F il 2 /N2 | /o &

50
N2 + SPA + BPNN

R’c=0.807
R'v=0.802

IS
=)
T

[N
=]
T

1
(=
T

L e G4 Calibration set

o IHIFEE Validation set

— WIEEHI AL Calibration set fitting line

-- QAIE%T/{A”Z Validation set fitting line
LA yi‘ 1 : 1 fitting line

o FEE R/ (mglg)
Predicted leaf nitrogen content

—
(=]
T

0 10 20 3 40 50
St R A Y (melg)

Measured leaf nitrogen content

50
Total + SPA + BPNN
s E 40F
%5
Es
Ilim %0 30F
du E
55 20
£73
e g
gg 3 P o AZIEZE Calibration set
& 10F Cb' . o IBUE%E Validation set
. — WIEEHI AL Calibration set fitting line
4 - - Eﬁﬁ%%A% Validation set fitting line
<1 1A 1 fitting line
0 10 20 30 40 50

SR &R (mglg)

Measured leaf nitrogen content

B3 ZNEMHRERIEENRIBE

Fig.3 Leaf nitrogen content monitoring model fitting map of winter wheat

3 %5tk

3.1 AEABERAKEMENEHRFRSENZMN
AN TR) it K TR B A& /N R B i AR AR
. FfERER W HEAT A — il J KT A& /N
HhHASEZHZE TR BE W -, A
[ Ab R () 2 /N e B A S i A 2R B
S N1<IN2<IN3 1y 3, 5K 5 10 i 26 3000 2 W
o kA S AR AR AR K R R A 3
SRR o E IR S 2 /N2 2 K O B 3T
R TEAED R 9 19 55 6 R0 143 TG T S AT R 1
KBEFREE, EXNEY, A XM 5
M) 38 F R 1) T R0 7 e ) B 208 N, X S 2
SO AN [] it I 5 it R A% /I 22 W O R Wl oy
Be i B 52 T 304 /N 22 R T s AU AR R R 2
MIELZAHAT . N2 N3 AH R 4L 7 2 i i &R, 12

+08-

e A&NE A S R, A BT
I 0 R A L T N A B DU 3 B A A Y
HH”AE ATRE S I M AR AN R, o N BR il /N 22
Y IE B A R SR G R
PN N SR SV W s iR e
55t F KT B 3 4 YDA G TEAS TR A B B B, A
RS XEMARKRMER T E T REL W, 7F
il A0 A AT AR AR i R /S
Wi 58 /0 , T AE e 10 R0 3R ) b I 2 5 U)o i
#AEFETE*EW HE T AT B 5w 2 /N 27 1
HEAROR R 2 7= i, 3 5 W A A5 OR 58 ke SR O
kﬂm@¢aﬁ5%%ﬂAﬁmﬂ?&,Tu%
HEEW AR MRS R —8 Bk, A EmAD
B FAE AN [R] A2 B Bk R N 22 o L
HEEE L SR, ARG W5 R AL 65 Fh
2 /NGB AN T R N 2 A 1 A& /N 22 R A R



SR RS < AN [ B SR P A /N2 I R Y e Ol i e S

W] it K7 R i A i R R AE RO, ROk
AN I — 7 T i — 2D AT A /N I R AL T i O
T R R &R
3.2 4FME R B XA B A B B2

B 3 5 T 5L B 0 T B4 R AR O B, AT Lol A
RUTE N 78 T A 805 B R TR ™ AR5 A
SPA fifi 1 A /] jite 040 B R I R S B REAE D B
£ 780~1021 nm I B 4], A [ jits & /K F T ¥ £ 7E
5 R S R DG R AE D B H R YRR AR
e B 7E B dk B [ b A A B 25 S B R — B
G 5 1 M i BE W B E— RN
A 5 S A O 1 HAR . ARAFSE AR
FH SPA B3k E 47 R AF 1 B i 2, I 22 W 5 m] )
AN TRVFRRAE 356 5 J7 3k 6 AT A A1 D BE 0T 3

AW 58 45 4 RF A BPNN 43 518 2 5 T 5506
T 4 Y BERIBE T RR AR D B i A /N ZE I e L A
TUASE AR | DA R0 ) A e B 45 I I, ML % 2] Bk
R Y 28 5 SRR IR D B 16 5 1T LA A b 90 A% /N 2 1
B i X5 R RV RO AR A
LIPS G LA 2 S R S UK R T A
K A 0 285 SR — S0, BPNN X 42 Ik B AR AiE 0k B
HEL A B E W T fE ) Az A AR T L 4 I B
T AE A% 4 (I 0T 2 00 B A KRR AR B, e AT A
FEEH T B RORTE AR A RMSE . 78 B AF 3k 575
M O RRAE B I L R A% E A5 A F )
PRAFAH M PERE , U H R E SRS E W RPD HA
8 ok 4 U Bt i . PR, R A A Y ot Uk B
JEE FRAE TC A W] 08 AL Ty 12 XoF 44t e M ) 85 780 () o
Wbk 2= H T, 5 WANG™ 3@ i 7 2 14 24 16 1%
15 B4 = K e 25 v 60U A R T 5 SR A A
A FE R W], 38 ik 48 R AE % B, 25 B I8 I B vl
L 3k G M 75 R T G 15 B 52 ) A TR0 3R B, 7 4 v 5
RURS B b BAT — 2 W

AT 5 38 5 TG A HLAT 2T A0 A% 8 6 3 B AR
PE 3 JCHE A F B 09 AN BTG RRAE L 25
FET i) S92 0 o e 4B BOH L DT TS [ KO
YN R A A RS ARRRAE R SPA K i
R L Y R S N AR AE SR A REF UBPNN
S5 2 PP HLAS 27 2 SR R[] it UK T 4 /2 it
ARSI AR 25 SRR R AR L B
RACH BG4 /Nt i R R & 5 s R R
AT o R TC L e D 1 R A /N A
ORI EL AT 5 A o s P T SE L fE N2 A HE R

) SPA-+BPNN BRI R I A A IEER RP . RMSE
FIRPD 43514 0.807.3.173 mg/g.2.279 % , B IE 4
1) R* . RMSE #l RPD 43 4] 24 0.802.3.201 mg/g #il
2.246 % o ASBIEFESE R R A TC AL OG5 k& Ik
A7 HE e RUBE A9 4% /)N 22 K5 o it JIES 48 18 7 Rk 2 4 43 A

S % k-

(1] Xl . 6T mDEEE R & N Em /& el iy

FCEEATFED]. 75 & AR, 2018,
LIU H Y. Modeling and inversion of nitrogen content in winter
wheat leaves based on UAV hyperspectral remote sensing[D].
Qingdao: Shandong University of Science and Technology,
2018.

(2] Mok 2, Wrife e, LAY, A5 ICIRS 10 IR 38 204 X & /)

S 77 Ak R A Y R R ], 9 R R lL B o7, 2024, 53
(4):9-19.
HAO Y H,JINH Y,YAN Y Q, et al. Effects of nitrogen top-
dressing rates on yield and nitrogen uptake and utilization of
winter wheat under long-term straw returning[J]. Journal of
Henan Agricultural Sciences,2024,53(4) :9-19.

[3] BTugrue, A AL, R HE 05 , 55 . S [R] il 28 3 X 2 /N 22 9 0 e 1k
Bep R A [T]. v Al B4, 2022, 50(6) - 823-829.
JAZR,HAOJL,HAO Y F,et al. Effect of different nitrogen
application on grain filling characteristics and yield of winter
wheat[J]. Journal of Shanxi Agricultural Sciences, 2022,50(6) :
823-829.

(4] H RZE, 2% 2547 30, 4 30 T 00 AL e ik i & /N 22 #
PRA WA FET] A (A 8, 2022, 20(8) :8-12.

XIAO T H,ZHOU X J,LI C W, et al. Estimation of nitrogen
content in winter wheat plants based on UAV hyperspectrum
[J]. Geospatial Information, 2022,20(8) :8-12.

(5] BWJE , Iv =4, EWE 45 . 5l AL 8 X & /N A I ™ iy

WAL LR A AR, 2025,31(1) : 19-23.

ZHAO A N,QIAO Y X,WANG X L,et al. Effects of fertiliza-

tion amount on growth and yield of winter wheat[J]. Anhui Ag-

ricultural Science Bulletin, 2025,31(1) : 19-23.

A B R T AL A R D' i B SRR A 0 A U FR AR DL TN [D .

TR AR K2, 2024,

LAI J Z. Monitoring the nitrogen nutrition status of flue-cured

—
(o))
[}

tobacco based on airborne hyperspectral remote sensing[D].
Zhengzhou:Henan Agricultural University, 2024.

Ve 055, i 4 L AL DE ) L 55 L BT CARS FHAE 5 B i 8 19 & /N &2
AR SR e B2 WM [T). Al 5 B, 2024, 36(3) : 102-119.
TAO T, MENG Y, DU X C, et al. Nitrogen concentration

monitoring in winter wheat plants based on CARS characteris-

—
-3
[}

tic band screening[J]. China Agricultural Informatics, 2024, 36
(3):102-119.

(8] My EIF . WL ¢ WA SPAD 5 i 6 1 B0 #4004 /N2 405
i [D] MA M A E B TR K, 2024
FENG H F. Detection of nitrogen content in winter wheat by
machine learning combined with SPAD and hyperspectral data

[D]. Nanjing: Nanjing University of Information Science &.

00



W PGP R 22 2025 4R 45 53 45 5 )

[9

[

[10]

[12]

[16]

Technology,2024.
WRIG, BUEE - . 8 AL 5 D't 3% 2 S A 1 2 L DN v 1 i
FHPER[T]. FEMIIE5E , 2024, 38(6) : 525-530.
CHEN Z G, LIAO G P. Application progress of unmanned
aerial hyperspectral remote sensing in crop phenotype monitor-
ing[J]. Crop Research, 2024 ,38(6) : 525-530.
FUY Y,YANG G J,PU R L, et al. An overview of crop ni-
trogen status assessment using hyperspectral remote sensing:
current status and perspectives[J]. European Journal of
Agronomy,2021,124:126241.
KET,KH,BRE, T IRAN S LI AR Lok
FRFE S AR FET). B EOR 5 R, 2024, 39(4) :927-939.
ZHANG X Y,ZHANG Y, XIA C Z, et al. Estimation of leaf
nitrogen content in maize based on UAV hyperspectral image
[J]. Remote Sensing Technology and Application, 2024, 39
(4):927-939.
Wik, 3 A AR, A T IR AL R TR IR I &N 4
R R T] O 56 S M, 2022, 42(10) £ 3269-3274.
YANG X,YUAN Z R, YE Y, et al. Winter wheat total nitro-
gen content estimation based on UAV hyperspectral remote
sensing[J]. Spectroscopy and Spectral Analysis, 2022,42(10) :
3269-3274.
T GE BT B AR, A R HITE AL I R 1 &/
22 R0 1 W [T, 5635 5 56 23 B, 2023, 43(10) - 3239-
3246.
FENG H K,FAN Y G,TAO H L, et al. Monitoring of nitro-
gen content in winter wheat based on UAV hyperspectral im-
agery[J]. Spectroscopy and Spectral Analysis, 2023, 43(10) :
3239-3246.
ZHANG M Z,CHEN T E,GU X H, et al. UAV-borne hyper-
spectral estimation of nitrogen content in tobacco leaves based
on ensemble learning methods[J]. Computers and Electronics
in Agriculture,2023,211:108008.
TKREE B BT I AL R OGBS Al
HE[T) A B4 5 %% 45, 2021(6) : 13-15.
ZHANG L L, LU X. Estimating method for nitrogen content
in rice leaves based on UAV hyper-spectrum[J]. Agricultural
Science & Technology and Equipment,2021(6):13-15.
W 5 T8, X /NGRS TR By &N E W R E
FrEDLIZ T R IE A BE2, 2023,48(1) 1 97-101.
YANG F Q,FENG H K, LIU X Q, et al. Hyperspectral diag-
nosis of nitrogen nutrition in winter wheat based on sensitive
band[J]. Journal of Northeast Agricultural Sciences, 2023, 48
(1):97-101.
BPHY . HE T AN S R R E AR R AR LS [D].
O R 5, 2019,
DUAN D D. Nitrogen diagnosis and decision of winter weat
considering a non-uniform vertical nitrogen distribution[D].

Jinzhong : Shanxi Agricultural University, 2019.

+100-

[18]

[19]

[21]

[22

[}

—
Do
w

[}

—
)
=

i

[25]

Eweet, EER, EWHT S TR AN &NEREGERE
b 1 05 G 3 e T (7). 1L P Rk B2, 2022, 50(9) : 1269-
1277.

YAN X B, WANG Z G, WANG Y X, et al. Hyperspectral
monitoring of effects of drought stress on photosynthetic pig-
ment content of winter wheat[J]. Journal of Shanxi Agricul-
tural Sciences, 2022,50(9) : 1269-1277.

FAG A JTALEE A JE T R AL A MO AL ) M p R Xt
B s ] 3 A R AELT). BRAR TR, 2025,41(1) : 100-107.

DU Q, WANG Y, WAN Z L, et al. The spatial distribution
characteristics of soil carbon in typical frozen soil areas of Hu-
zhong based on random forest model[J]. Forest Engineering,
2025,41(1):100-107.

e 22, WA, SRR L AR L A TR A Xk A /0N 22 i I
RS TE I R (1], 3, 2013,45(4) :591-597.

NIE S W,HUANG S M,ZHANG S Q, et al. Effects of nitro-
gen uptakes by winter wheat under various fertilizations during
filling stage[J]. Soils,2013,45(4):591-597.

Wt . NG K R RO Bk U R OGRS W7 5 T A
FE[D] Abst: A E Ak K2 (dEaT) , 2016.

YANG F Q. Research and application of wheat and corn nitro-
gen status hyperspectral diagnosis based on leaf and plant[D].
Beijing: China University of Mining & Technology, Beijing,
2016.

SRAE, TORNI, B, A5 R T 2 )2 GURE T L A1 A HLE R
11 4 /N2 A MR AR S TR LT ). Al T AR A% 4, 2024,40(12)
174-182.

GUO Y,WANG L G,HE J, et al. Predicting nitrogen content
in winter wheat plants using multi-level sensitive feature filter-
ing and UAV imagery[J]. Transactions of the Chinese Society
of Agricultural Engineering, 2024 ,40(12) : 174-182.
WY R B, A IR A, S5 RO I R Dl e T v A
FH I S AR B SR (0 T AT HE (). 2040 SO TR, 2014,43(4)
1265-1271.

LIUM B, TANG Y L,LI X L, et al. Feasibility of using suc-
cessive projections algorithm in spectral monitoring of rice
leaves nitrogen contents[J]. Infrared and Laser Engineering,
2014,43(4):1265-1271.

BLHEYR . 5T HLAR 2 2 KR T - SPAD [E AR R & 4 1Y
TR IAT L (D], Kb I Al k2%, 2021.

ZHU H J. Research on hyperspectral estimation of rice leaf
SPAD and nitrogen content based on machine learning[D].
Changsha: Hunan Agricultural University,2021.

WANG D L, LI R, LIU T, et al. Combining vegetation,
color, and texture indices with hyperspectral parameters using
machine-learning methods to estimate nitrogen concentration
in rice stems and leaves[J]. Field Crops Research, 2023, 304 :
109175.



